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Particulate methane monooxygenase (pMMO), a membrane-
bound metalloenzyme found in all obligate methanotrophs,

catalyzes the 2-electron, dioxygen-dependent oxidation of methane

to methanok? We have previously proposed that the catalytic
site of pMMO is a copper cluster on the basis of the observed
dependence of cellular growth and catalysis with copper ion
concentratiorf:* The number of copper ions strongly bound by
pMMO is large, up to 15 copper ions per pMMO unit, and we
have suggested that they are primarily arranged in multinuclear
clusters that are unlike other multinuclear copper centers found
in metallobiochemistry:> We recently presented a model that
differentiated the pMMO copper content into subsets of copper
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Figure 1. Three-pulse ESEEM spectra of ferricyanide- (solid line) and

ions that are associated with catalysis (C-clusters), on the basisair-oxidized (dashed line) pMMO-containing membrane samples. The

of their susceptibility to oxidation by air from the Cu(l) to the
Cu(ll) state, and those copper ions that can only be oxidized by
ferricyanidé (E-clusters).

Electron spir-echo modulation spectroscopy (ESEEM) has
been a useful tool for the identification and characterization of
nitrogenous ligands in copper(Il)-containing metalloprotéins.

In this paper, we present our initial characterization of the
copper(ll) ions of oxidized pMMO fronMethylococcus capsu-
latus (Bath) by ESEEM spectroscopy.

Dithionite-reduced pMMO-containing membranes were oxi-
dized by exposure to air at“€ for 20 min or by treatment with
ferricyanide (as a 10 mM solution). All ESEEM and ENDOR
experiments were performed at liquid helium temperature, on a
laboratory-built instrumen using a three-pulser(2 — 7 — 7/2
— T — #@/2) stimulated echo pulse sequence and a Davies pulse
sequenc¥ for the ESEEM and ESE-ENDOR experiments,
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applied magnetic field varies from 3600 G (1a), 3560 G (1b,c) and 3400
G (1d) with the other conditions being= 198 ns (1a, 1d)y = 132 ns
(1b,c); microwave frequency, 10.280 GHz; pulse width, 20 ns; pulse
sequence repetition rate, 3 ms; temperature, 4.2 K. Inset: Davies ESE-
ENDOR spectra of air-oxidized natural isotopic abundance (solid line)
and globally labeledN (dashed line) pMMO-containing membrane
samples. Experimental parameters: microwave frequent.203 GHz;
magnetic field= 3543 G;r = 200 ns;T = 5 us; RF power= 100 W;
temperature= 4.2 K.

respectively. Figure 1 presents representative Fourier transforms
of the time domain ESEEM patterns obtained from pMMO
samples oxidized by either air or ferricyanide and collected at a
frequency of 10.280 GHz with applied magnetic field values that
correspond to fields below, above, and directly at the maximal
ESE-EPR intensity for the observed signabat 2.06 (see the
Figure 1 caption for details).

The spectra shown in Figure 1, as well as similar spectra
obtained with other values af, all indicate a consistent set of
features at 0.6, 0.8, 1.6, and 2.2 MHz, with a fifth transition of
greater intensity and width at approximately 4.25 MHz. Such
spectral features are characteristic in shape, frequency, and
intensity of weakly hyperfine-couplédN nuclei in close proxim-
ity to an EPR active species, such as Cu(ll), near the “exact
cancellation” limit. At this limit, in one of theMs = +%/,
submanifolds, thé*N nuclear Zeeman and hyperfine interactions
cancelt® giving three intense low-frequency transitions at 0.6,
0.8, and 1.6 MHz. These transition frequencies are controlled
by the!“N nuclear quadrupole interaction (ngi) and are invariant
with applied magnetic field. Moreover, the sum of the frequencies
of the first two transitions should equal the frequency of the third.
A fourth transition, often referred to as the double quantum
transition,vqq arises from theAM, = 2 transition of the other
Ms = FY, submanifold® It is expected to exhibit a broad line
shape and to shift in frequency linearly with the applied magnetic
field. As clearly shown in Figure 1, only the transition-a4.25

(15) Mims, W. B.J. Magn. Reson1984 59, 291-306.
(16) The correct assignment bfs = +%, or Ms = —%, cannot be achieved
with knowing the sign of the hyperfine tens&ywhich is not known currently.
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(i.e., E-clusters) are not magnetically coupled to remote nitrogen
nuclei. Thus, the C-clusters of pMMO, which are the apparent
active site(s) of pMMO, contain the only multiple weakly coupled
1N nuclei, in addition to at least one strongly couptéd. This
is the first spectroscopic finding that directly distinguishes the
ligand environment (and therefore the chemical properties) of the
two distinct sets of pMMO copper-sites.

20 The nqi for thel = 1 N nucleus is parametrized by the
guadrupolar coupling constar€qQ, and the asymmetry param-
Figure 2. Time domain (A) and frequency domain (B) three-pulse eter,#, both of which can be directly computed from the ngi
ESEEM spectra for ferricyanide- and air-oxidized (2b) pMMO-containing frequencies and used to indicate the typé“df nuclei involved
membranes and their difference spectrum (2c, B). Experimental param-in the couplingt®!® The parameters for pMMO are quite similar
eters: magnetic fiele= 3560 G;v = 198 ns; pulse width, 15 ns; repetition  to those observed for other proteins that are known to exhibit
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rate, 5 ns; temperature, 4.2 K. copper coordination by histidine(s) (notably other multicopper
] ] o o o proteins such as laccase and ascorbate oxidase). Table S1
MHz shifts with varying field, indicating that it is indeegk (Supporting Information) summarizééN ESEEM-derived nqi

The remaining nqi feature observed in Figure 1, the weak 2.2 parameters for several copper(ll)-containing proteins, as well as
MHz feature, can be assigned @, a combination of the ngi  the ngi parameters derived here for pMM&gQ = 1.60 andy
components observed at 0.6 and 1.6 MHz. The presence of such= g 9g.* Furthermore, the observed ESE-ENDOR features yield
a feature indicatesultiple magnetically equivaleritN nuclei at a hyperfine coupling 0f-38 MHz for the!N -labeled sample,
the Cu(ll) centef? . . which agrees with literature values for imidazole nitrogens from
Whereas the ESEEM experiments can detect cc_)upllng b":‘t\’veer"nistidine residues bound to Cu(ll) centers in metalloproteins and
the Cu(ll) center and weakly hyperfine-coupled nitrogens, ESE- model compound®-2® Thus, we conclude the existence of

ENDOR can identify nitrogen nuclei more strongly coupledtoa . .: - - -
paramagnetic center. The inset of Figure 1 shows Davies ESE_h|s§|d|ne_ coordination for at least one of the copper ions in the
active site of pMMO.

ENDOR spectra for air-oxidized samples of pMMO that have . ) )
been cultured from either natural abundance nitrogen isotopes The presence of histidine(s) at the pMMO active site has not
(“N, solid line) or globally labeled®N nitrogen (dashed line).  been previously observed spectroscopically, and considering the
Spectra were collected using a short microwave pu|se |ength (15small number of histidine residues present in the protein O\ﬁerall,
ns) to minimize the contribution from strongly coupled protons the above findings further specify the location of the active site
and, in the natural abundance sample, the data show a blue-coppeef pMMO within the overall structure of the protein. PmoA, a
like hyperfine coupling that shifts appropriately to higher 27 kDa subunit of pMMO which is believed to contain the active
frequency’ upon incorporation of théN isotope, indicating the site, contains five histidine residuésKyte-Doolittle hydropathy
presence of atrongly hyperfine-coupled nitrogenous ligand in  analysis of this pMMO subunit, and the analogous subunit of the
addition to the weakly coupledN nuclei observed in the ESEEM  evolutionarily related ammonia monooxygerrdd@MO) from
experiments. Such signals typically demonstrate multiple features, Nitrosomonas europaeasuggest that both polypeptides are
which are not resolved in the present study due to poor angle comprised of transmembrane helices primarily (Figure S1, Sup-
selection at the magnetic field where the experiments were porting Information}® Early comparison of the gene sequences
performed. However, the expected Larmor (and quadrupole, for coding for PmoA and AmoA has shown that three of the five
the N case) splitting is well within the band width of the histidines are identical between the two genes (H38, H40, and
observed transitions. _ _ H168). Focusing on these identical histidines in PmoA, it appears
In assigning the chemical identity of tHéN nuclei detected  (jear that the active site may be localized at the membrane

in the FT spectra shown in Figure 1, we note that the ferricyanide- horipasm interface, assuming a hydropathy analysis of the PmoA
oxdized sample contains oxidized C- and E-clusters, whereas theggqjence as shown in Figure S1, Supporting Information.
air-oxidized sample only contains C-clusters that do not contain
the S = 3/, ground-state observed for E-clustér€onsidering

the time-domain 3-pulse ESEEM experiments for ferricyanide
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of the three E-clusters thought to be present per protein unit. This

is due to the anomalously low signal intensity for the ferricyanide- Supporting Information Available: Table S1 and Figure S2 (2 pages,

oxidized sample, resulting from observing only fe//Clevels print/PDF). See any current masthead page for ordering information and
of the S= 3, manifold at theg-value used. Moreover, a great  \yeb access instructions.

portion of the decay is expected to occur during the deadtime of
the experiment because of the expected shofsefor fully JA972968+
oxidized E- and C-clusters. The contribution from the C-clusters

should remain about the same (a 20% increase is expected) (18) The nuclear quadrupole coupling constafQ, and the asymmetry
. . parametery, are related to the nqgi frequenciesy= *,e2qQ(1 + #/3) and
between the two preparations. In any case, the difference;, =y,

: . Q.
spectrum (and corresponding Fourier transform) should reveal the  (19) Mims, W. B.; Peisach, J. Chem. Phys1978 69, 4921-4930.

presence of additional modulation components that are inherentSng%sRé)ki%gsé%éézBéownv T. G.; Hoffman, B. M.; Peisach, Am. Chem.
to the ferricyanide-oxidized sample regardless of the difference ™51y van camp, H. L. Sands, R. H.; Fee, J.JAChem. Phys1981, 75,

in overall echo intensity. Yet, as shown in Figure 2, such a 2098-2107.
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corresponds té*N nuclei. We take this result as evidence that ™ (23} Scholl, H.-J.. Httermann, JJ. Phys. Chem1992 96, 9684-9691.
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