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Abstract: Parallel X-ray absorption edge and EPR studies of the particulate methane monooxygesitaseveal

that the enzyme contains unusually high levels of copper ions with a significant portion of the copper ions existing
as Cu(l) in the “as-isolated” form (7880%). The observation of high levels of reduced copper in a monooxygenase

is surprising considering that the natural cosubstrate of the enzyme is dioxygen. Toward clarifying the roles of the
various copper ions in the enzyme, we have successfully prepared different states of the protein in the membrane-
bound form at various levels of reduction using dithionite, dioxygen, and ferricyanide. EPR intensity analysis of the
fully-oxidized preparations indicates that the bulk of copper ions are arranged in cluster units. The fully-reduced
protein obtained by reduction by dithionite has been used to initiate the single turnover of the enzyme in the presence
of dioxygen. Differential reactivity toward dioxygen was observed upon analyzing the copper reduction levels in
these synchronized preparations. The enzyme is capable of supporting turnover in the absence of external electron
donors in the highly reduced states. These results suggest the presence of at least two classes of copper ions in the
particulate methane monooxygenase. As a working hypothesis, we have referred to these classes of copper ions as
(1) the catalytic (C) clusters, which function principally as the catalytic core of the enzyme, and (2) the electron-
transfer (E) clusters, which are presumed to be the source of endogenous reducing equivalents and therefore function

in an electron-transfer capacity.

Introduction

Recently, the X-ray crystal structure of the sMMO hydroxylase
isolated fromMethylococcus capsulatBath) has been solvéd.

The enzyme methane monooxygenase found in methan-The hydroxylase active site contains a non-heme binuclear iron
otrophic bacteria catalyzes the conversion of methane tocjyster. In contrast, the particulate methane monooxygenase

methanol using dioxygen as a cosubstrate at ambient temper

atures and pressurésThis system has attracted considerable
attention since it provides an ideal natural model to study

methane activation and functionalization, a subject of significant E-

current interest. Two distinct forms of methane monooxyge-
nase (MMO) are known to exist at different cellular locations,
a cytoplasmic (“soluble”y) MMO and a membrane-bound
(“particulate”) MMO23 The soluble MMO (sMMO) is a
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(pPMMO) is a copper protei®?21 This enzyme is much less sequestered substrate-based radical intermediate, albeit very
well-characterized despite its technological importance and short-lived3¢ These results clearly indicate that the two enzymes
natural preponderance. The main obstacle in studying theoperate with fundamentally different mechanisms. Thus, the
pMMO is the unusual instability of the enzyme activity. oxygen-containing intermediates employed by these two en-
Activity is frequently lost upon cell lysis, detergent solubiliza- zymes as hydroxylating agents must be significantly different
tion, and freezethaw cycle€-23 Enzymatic activity is also  species.
very sensitive to exogenous ligands as well as the choice of In a previous report, we have summarized our preliminary
buffer. As a result, a highly active and purified preparation of findings on several intriguing aspects of this seemingly intrac-
the enzyme has been slow in forthcoming. table systeni’ First, we have found that iM. capsulatugBath)
Despite the enzyme labilitin vitro, the pMMO appears to  the presence of copper ions in the growth medium is important
be expressed in all methanotrophs. So far the SMMO has beenfor the assembly of the pMMO, that these copper ions are
detected in only the following strains and speciddethylo- eventually incorporated into the membrane fractions of the
coccus capsulatus, Methylosinus trichosporium, Methylosinus organism, and that the enzyme activity is proportional to the
sporium, Methylocystis sp. M, Methylomonas methanicd,68 copper/protein ratio in the membrarfés? The enzymatic
andMethylobacteriunCRL-262428 Yet, in strains capable of  activity also seems to correlate with the level of membrane-
expressing either the SMMO or pMMO, the SMMO is expressed bound EPR-active copper ions. Second, the pMMO-associated
under copper-limiting conditions (no copper added to the growth polypeptides (45 kDa, and the 26 kDa acetylene-binding
medium and/or high cell density§. 32 Otherwise, the pMMO polypeptide) were found to be the most abundant polypeptides
is expressed?2%-33 Copper ions not only regulate the expres- in the membranes, suggesting that the pMMO is overexpressed
sion of the pMMO but have been found to be crucial for pMMO  and is the major protein in these membraffeJhird, EPR and
activity 2%2° The expression of the pMMO is accompanied by magnetic susceptibility measurements suggest the presence of
the formation of an extensive network of intracytoplasmic spin-coupled trinuclear copper clusters in the highly-oxidized

membranes, where the membrane-bound pMMO resffés® membrane preparations. On the basis of the turnover chemistry,
In addition, an increase in carbon to biomass conversion we proposed that these copper ions constitute the active site(s)
efficiency is also observed. of the pMMO?2!

Results published to date indicate that the SMMO and pMMO  |n the course of our preliminary EPR and magnetic suscep-
have distinct properties, most notably their different range of tibility characterization of the pMMO membranes, we have also
sensitivity to substrate’s?? While the SMMO is capable of  observed that the “as-isolated” membranes typically contain
oxidizing a vast array of hydrocarbons (more than 250 com- significant amounts of diamagnetic copper ihsvarying, yet
pounds known todate), the pMMO has a very narrow substrate similar, levels of diamagnetic copper ions can be inferred from
specificity, and is only capable of oxidizing C5 hydrocarbons magnetic susceptibility measurements. These observations point
or smaller3?23¢ The pMMO is also more sensitive to inhibition  to an unusual heterogeneity associated with these membrane-
by oxygen analogs and metal chelat8tsRecently, stereo-  bound copper ions. The nature and location of the EPR-silent
chemical analysis of chiral ethanol products derived from copper ions and their participation in dioxygen and methane
pMMO-catalyzed hydroxylation of chiral ethane points to a activation remain intriguing and important pieces of the pMMO
concerted reaction mechanism proceeding with complete reten-puzzle. In this paper, we present our characterization of the
tion of substrate configuratioft. In contrast, significant inver-  copper ions in the pMMO system by parallel X-ray absorption
sion of configuration was observed in the case of the reaction edge spectroscopy, EPR, and magnetic susceptibility measure-
catalyzed by the sMMO, suggesting the formation of a ments. Conclusive evidence for Cu(l) ions as the source of the
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after inoculation) by centrifugation at 15 000 rpm for 15 min, washed temperature was maintained at 77 K with a liquid nitrogen dewar or at
once with 20 mM Pipes (pH 7.2), and resuspended in the Pipes buffer. 4.2 K with an ESR-900 Oxford Instruments (Oxford, England) liquid
Membrane Isolation. Cytosolic and membrane fractions were helium cryostat. The EPR samples were prepared by sealing 200 mL
separated by passing a cell suspensied.b g wet weight of cells per of membrane suspensions under an atmosphere of Ar in quartz EPR
mL) three times through a French pressure cell at 20 000 psi. Unlysed tubes at a total protein concentration-e$50 mg/mL in 20 mM Pipes
cells and cell debris were removed by centrifugation at 15 000 rpm for (pH 7.2). Following preparation of the samples, the membrane fractions
40 min. The supernatant was then ultracentrifuged at 60 000 rpm for were rapidly frozen in liquid nitrogen. Quartz EPR tubes equipped
90 min to pellet the membrane fraction. The clear supernatant obtainedyith a septum port were used in anaerobic reductive experiments.
after ultracentrifugation was used as the cytosolic fraction. The gplutions of freshly-prepared sodium dithionite were purged with argon
membrane pellet was washed by suspending it in 0.25 N NaCl in 20 and added anaerobically to the sample with a gas-tight Hamilton syringe.
mM Pipes (pH 7.2) using a Dounce homogenizer. The membrane The concentration of the dithionite solution was determined by
fraction was repelleted by ultracentrifugation and resuspended in a gpectrophotometric titration with ferricyanid@ n= 1010 M cm-).

volume of 20 mM Pipes buffer (pH 7.2) equivalent to the volume of X-ray Absorption Edge Spectroscopy. X-ray absorption spec-
the original cell suspension. This process was repeated one or twot dat lected at St f d Svnchrot Radiati
more times until the supernatant was virtually free of heme-containing roscopy data were coflected a anford synchrotron Radiation
soluble proteins and/or soluble protein as determined by absorption at-aboratory, SSRL (beam line 7-3, 8-pole wiggler, unfocused, Si(220)
280 and 412 nm. double crystal monochromator, 50% detuned to minimize higher

MMO Activity Assay. The MMO activity of samples was measured harmonics, 3 GeV, 4690 mA, internal energy calibratio). Al

by the propene epoxidation assay. For whole cell assays, sodiumSamples were loaded into lucite EXAFS cells (23 mn2 mm x 3
formate was used as reductant; for membrane fractions the reductanf™™: ~140 mL) with 62 mm Mylar windows. During the measurements
was NADH. In both cases the reductant was added to the cell or the samples were kept at 10 K maintained by using an Oxford
membrane suspensions to give a final concentration of 5 mM in a total Instruments continous-flow liquid helium CF1208 cryostat. Fluores-
volume of 1.0 mL. The assay was performed at@5and at~5—7 cence data were measured using an Ar-filled ionization chamber
min intervak a 1 mLaliquot of the solution was removed and injected ~ detectof! equipped with a Ni filter and Soller slits. Data represent an
directly onto a gas chromatograph (Carbograph 60/80 mesh, AllTech) average of 1824 scans. Data reduction included energy calibration
at 165°C for chemical analysis. The propene oxide produced from assigning the first inflection point of the Cu foil to 8980.3 eV, pre-
the propene epoxidation reaction catalyzed by the pMMO was detectededge subtraction using a polynomial function, spline removal, and
by flame ionization. The activity of the pMMO was determined from normalization. Multiple samples (three reduced, five as-isolated, two
the limiting initial slope of a propene oxide concentration vs time plot. air-oxidized, two ferricyanide-treated, one reoxidized turnover) were
Specific activity was then obtained by dividing the activity by the total recorded to ascertain reproducibility.

amount of protein in the sample determined by the Lowry me#fod. Measurement of EPR Intensity and Spin Concentration Quan-
A small volume of 100 mM CuSQwas added to a number of samples  titation. Copper nitrate standard solutions (7550, 3895, 779, 156, and
in order to assay the activity of the pMMO in the presence of excess 77.9,M) in ultrapure water containing 10 mM EDTA were prepared.
copper. The EPR spectra of these copper standards were recorded at 4.2 K
Metal lon Analysi_s. Metal ion analysis (copper, iron, zinc, cobalt,  \with 0.01 and 0.05 mW of microwave power. Upon performing
manganese, and nickel) was performed by induced-coupled plasma-aseline correction, the spectra were double-integrated from 2500 to
mass spectroscopy (ICP-MS). The copper concentration of the samples3s0g G and a standard curve correlating the EPR intensity with copper
was determined relative to standard solutions of Cu{hl@anging in concentration was then generated. The EPR spectra of different
concentration from 7.3 to 155 mM in 0.1 N HNOA solution of 0.1 prenarations described above were recorded with microwave powers
N HNO; in distilled water was used as a copper-free control. Samples ¢ 5 91 and 0.05 mW, and double-integrated from 2500 to 3500 G.
of membrane fractlon_s We_re_burned n aC|d-V\_/a_shed crucibles. The aShThe copper spin concentration measured against copper nitrate standards
was then Q'SSOIVed with dlstllled_water_conta@m N HN05 and then was then inferred on the basis of the EPR signal intensity and the
diluted using 0.1 N HN@ solution prior to anaIyS|§. '_I'he values standard curve. The same samples used in EPR spin quantitation
reported are the averages of three separate determinations. The sam xperiments were subsequently analyzed for metal content by ICP-
samples were used for iron analysis, but the standards were prepare S as descibed earlier. The level of EPR-detectable copper ions for

by diluting an iron atomic absorption standard purchased from Sigma each preparation was calculated as the ratio of the copper concentration

Chemical (St. Louis, MO) with 0.1 N HN© . . .
Sample Preparations and Redox PoisingFully-reduced samples determined by_ EPR-spin count and the value obtained from metal
content analysis by ICP-MS.

were prepared by treating the membrane suspensions with dithionite
or a dye (thionine) under anaerobic conditions. The as-isolated pMMO  Magnetic Susceptibility Measurements. Magnetic susceptibility
membranes were purged repeatedly with dioxygen-free argon, mixed data were collected using a SQUID magnetometer (model MPMS by
anaerobically with deoxygenated dithionite solution (20 mM dithionite Quantum Design, San Diego, CA). Membrane fractions were isolated
in 20 mM Pipes, pH 7.2) and repelleted. Highly- or fully-oxidized as described previously prior to the experiments. The pelleted
preparations were obtained by incubating the isolated membranes withmembrane preparations were frozen in liquid nitrogen, and immediately
potassium ferricyanide. After the membranes were suspended in Pipedyophilized at ambient temperature for 12 h at a pressure gh3of
buffer (20 mM, pH 7.2) containing potassium ferricyanide (20 mM) Hg just prior to magnetic susceptibility measurements. Lyophilized
and the mixture was allowed to stand on ice for 30 min, the membranes membranes as obtained were quickly packed into a gelatin capsule free
were repelleted and washed repeatedly with oxidant-free buffer until of any paramagnetic impurities. The capsule containing lyophilized
no trace of the oxidant was observed in the supernafans €ricyanide membranes was then purged repeatedly with helium gas to remove
=420 nm). Synchronized-turnover samples were prepared by treatingresidual moisture and, particularly, oxygen before susceptibility mea-
deoxygenated membranes with dithionite (5 mM) anaerobically, surements. Magnetization saturation data were obtained at 1.8 K by
followed by reexposing the suspension to air with vigorous shaking varying the magnetic field from 0 to 5.5 T. Temperature-dependent
for 10 min or less (in the absence of hydrocarbon cosubstrate). The magnetization data were collected over the temperature range-ef 1.8
reduction and reoxidation processes were monitored by EPR spectros-300 K and at a field strength of 1 T. The paramagnetic component of

copy. The reduced, highly-oxidized, as-isolated and reoxidized mem- the magnetization was deduced by subtracting the diamagnetic contri-
branes were pelleted immediately upon their preparations and resus-hytion from the observed magnetization.
pended in deoxygenated glycerol and/or buffer for EPR and X-ray

absorption measurements. (40) Scott, R. A.; Hahn, J. E.; Doniach, S.; Freeman, H. C.; Hodgson,
EPR Spectroscopy.EPR spectra were recorded on a Varian E-line K. O. J. Am. Chem. S0d.982 104, 5364-5369.

Century X-band spectrometer. In the EPR experiments, sample (41) (a) Lyle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.;

Wong, J.; Spiro, C. L.; Huffman, G. P.; Huggins, F. Bucl. Instrum.
(39) Lowry, O. H.; Rosenbrough, N. J.; Farr, A. L.; Randall, RJJ. Methods1984 226, 542-548. (b) Stern, E. A.; Heald, S. MRev. Sci.

Biol. Chem.1951 193 265-275. Instrum.1979 50, 1579-1582.
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1.4 | | T | constitute>30—50% of the detected iron, irersulfur proteins,
and nonspecific iron. Occasionally, zinc and nickel were also
1.2+ e 1 detected. However, no stoichiometric amount of iron has been
Z < detected in theurified pMMO.#® The presence of iron in the
E o1.0r pMMO suggested by a recent reddris clearly a result of
-3 unaccounted-for heme-containing contaminants in the prepara-
g 0.8} tions as well as the experimental protocols employed in the
o study, particularly when the organisms were cultivated under
W 0.6 unusually high iron concentrations. High levels of iron during
3 growth (60uM in contrast to a typical +2 uM) would lead
Z o0.4f to higher amounts of nonspecific iron as well as sMMO
) expression, resulting in sMMO-containing membranes if care
0.2 was not exercised during membrane-washing. Furthermore, in
the aforementioned repdtt,the copper ions were thought to
0.0 ' L ' . be associated with a copper-binding cofactor which has a MW
8980 8990 9000 9010 of ~1200. This species, which roughly corresponds to a hexa-
ENERGY (eV) to dodecapeptide, was considered capable of accommodating

Figure 1. Cu K-edge X-ray absorption spectra of successive as-isolated with specificity six Cu(ll) ions, i.e., one Cu ion per one or two
pMMO samples. The legend indicates which year the respective samplesamino acid residues. Thus, the result reported does not make

were prepared and studied. sound chemical sense. As such, this preparétisas devoid
of any metallic cofactors and low activity if any should be
Results expected.

Enzyme Stability and Activity. As we became increasingly
more successful in improving our “pMMQO” preparations with
time from 1991 to the present, these preparations contain
progressively more Cu(l) ions as judged by X-ray edge
spectroscopy. The improvements on pMMO preparations can
be assessed by two criteria: stability of the activity and specific
activity. The pMMO-enriched membranes used in this study
do exhibit higher stability as the level of reduction increases.
Except for the 1992 preparation, for which the activity was more
labile, other preparations since 1993 have been exceptionally
stable. The activity was stable with respect to several freeze
thaw cycles, and prolonged storage-&0°C. X-ray absorption
samples stored since 1993 are still active now. These prepara-
tions exhibited no activity reduction after several days of storage

t 4°C and often showed increasing activity as they “aged”.
he enhanced stability is indeed remarkable for these prepara-
tions, considering what has been known about the enzyme
lability in the past. The maximal specific activity possible,
however, varies from preparation to preparation. In addition,
for a given preparation, its specific activity can be enhanced
method to ascertain the oxidation states of copper ions since jtUPon aging under aerobic condltlor_ls, or upon dioxygen treat-
ment(vide infra). Therefore, many indicators have been used

provides a direct spectroscopic probe of Cu(l) iéhsinalysis . . )
of X-ray absorption spectra of the as-isolated preparations to evaluate a certain preparation. The pMMO preparations used

reveals that a significant portion of the membrane-bound copperIn t.he prgient lstudydexhlblt e'thﬁr no redug’ilon _ohr enhanced
ions exist in the cuprous form. The absorption feature&384 ?rg[fle\gte)itvr\:gwFi:roc?ensgeihesmeriﬁiet)),i tt ae;/ ?3§fiscta:acﬁv\;¥lt ofr zstpigg[s':o
eV in the Cu K-edge X-ray absorption spectra has been shown5 d as hi hy 6(5 yl/ . ‘()j tain t y for at
to be associated quantitatively with reduced cogperFhis has and as high as 60 nmol/(mmg), and sustain turnover for a

been attributed to the s 4p electric dipole-allowed transition lﬁiait ggt;“;go rr':)%rjcf[?\'ﬁl hnSlrJr:g]egr;Ct(levrltZr?zssr%& I‘Ir']t?leczttlartlgils
in Cu(l) ions of various coordination environments according 9 ytic p ty P yme.

to ligand field analysid? This diagnostic signature of Cu(l) of the procedure to obtain these preparations will be presented

; : .__in our upcoming pMMO purification papé?.
ions has been observed in all of the Cu K-edge X-ray absorptlonI - -
spectra of the as-isolated pMMO membranes obtained to date, Redox-Poising. Fully-Reduced and Fully-Oxidized Prepa-

albeit with varying degrees of intensity, hence indicative of rations. Since large variations in the Cu(Il)/Cu(l) ratio of as-
different levels of reduction ' isolated pMMO preparations indicate heterogeneity in the redox

Metal lons in Membranes Containing Overexpressed state of the enzyme molecules, we have developed methods to
pMMO. The presence of other metal ions in addition to copper prepare pMMO in & more well-defined, poised, redox state than

: X th -isolated form. As shown in Figure 1, th -isolat
in the membranes has been repoRedesides an anomalous e as-isolated fo s sho gure 1, the as-isolated
amount of copper, these membranes also contain some iron. (43) (a) Nguyen, H.-H. T.; Zhu, M.; Elliott, S. J.; Nakagawa, K. H.;

i i i i Hedman, B.; Costello, A. M.; Peeples, T. L.; Wilkinson, B.; Morimoto,
The level .Of iron n our. membrane preparatlons Varle.s’ buta H.; Williams, P. G.; Floss, H. G.; Lidstrom, M. E.; Hodgson, K. O.; Chan,
Cu/Fe ratio of 7_20/_1 is typical. The iron deteCteq n th_e S. I. In Microbial Growth on C1 Compoundsidstrom, M. E., Tabita, F.
membranes mostly is from heme-containing proteins which R., Eds.; Kluwer Academic Press: Dordrecht, The Netherlands, 1996; pp
150-158. (b) Nguyen, H.-H. T.; Elliott, S. J.; Yip, J. H.-K,; Chan, S. I.
(42) Kau, L. -S.; Spira - Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, Manuscript in preparation.
K. O.; Solomon, E. 1.J. Am. Chem. S0d.987 109, 6433. (44) Zahn, J. A.; DiSpirito, A. AJ. Bacteriol.1996 178 1018-1029.

Redox States of Copper lons in the Native Preparations.
Evidence for Cu(l) ions. Cu K-edge absorption spectra of the
as-isolated pMMO membranes collected over the years are
shown in Figure 1. The intensities of the observed fluorescence
signals were unusually strong relative to those of typical
concentrated copper-containing proteins in solution, lending
further credence to the assertion that the pMMO membranes
are highly enriched in copper ions. The observed fluorescence
intensities of pMMO-enriched membranes correspond3e-6
mM levels of copper ions at least, in contrast to submillimolar
to a few millimolar levels as commonly obtained for other
copper-containing protein solutions specifically prepared for
X-ray absorption measurements. This high level of copper ions
in the membranes is clearly a unique feature of the pMMO
system. Preparations used for X-ray absorption studies reporte
here contain~150-170 nmol or higher of copper/mg of
membrane proteins. After considering several possibilities, we
concluded previously that the bulk of these membrane-bound
copper ions is associated with the pMMO.

X-ray absorption spectroscopy has proved to be the ideal
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Figure 2. Cu K-edge X-ray absorption spectra of (A) dithionite-
reduced, (B) ferricyanide-oxidized, (C) as-isolated, (D) reoxidized
turnover, and (E) dioxygen-treated pMMO samples. The inset shows,
from left to right, fully reduced; 80/20, 70/30, and 60/40 fully reduced/
oxidized; and fully-oxidized samples, with the as-isolated data super-
imposed as the solid line.

dx"/dH

pMMO membranes obtained since 1992 contained varying
levels of reduced copper ions. As indicated by the intensity of
the 8984 eV feature as well as by the shift in the edge energy,
the level of reduction increased progressively as improvements
in pMMO preparations were made. This observation prompted
us to attempt to fully reduce the membrane-bound copper ions. T
Among various reductants tested (thionire#'(= 0.064 V), 2500 2150 3000 3250 3500
NADH (E*" = —0.320 V), ascorbateE(" = 0.058 V), various Magnetic Field (Gauss)
quinol analogs (1,4-benzoquinol, tetramethyl-1,4-benzoquinol, Figure 3. EPR spectra of (A) dithionite-reduced, (B) ferricyanide-
ubiquinol Q-10), and dithioniteR>" = —0.527 V)), dithionite oxidized, (C) (dotted line) as-isolated prior to reduction, and (solid line)
yielded the best result, capable of reducing most if not all of reoxidized turnover, and (D) dioxygen-treated pMMO samples. Spectra
the membrane-bound copper ions. The extent of copperwere recorded at the X-band frequency at 4.5 K with a microwave
reduction can be ascertained by examining the intensity of the power of 0.05 mW, modulation frequency of 100 kHz, and modulation
absorption at~8984 eV in the Cu K-edge spectra. The amplitude of 10 G.
pronounced shoulder at 8984 eV observed in the absorptionpasis of the metal content and the saturated magnetic moment
spectra of dithionite-reduced samples provides a clear indicationyt e sample in conjunction with the X-ray absorption
of Cu(l) ions. On the basis of the energy position and absorption peasurements.  Concomitantly, the EPR spectrum of this
intensity of the~8984 eV feature, we infer that the majority of  ,reparation shows an increase in intensity. A dramatic change
membrane-bound copper ions are reduced in the d|th|0n|t§- in the EPR signal line shape is also noted (Figure 3B). While
treated samples (Figure 2A). EPR measurements concur withy foyr-line hyperfine pattern EPR spectrum typical of Cu(ll)
this result. As shown in Figure 3A, the dithionite-reduced jong in pseudo-square-planar coordination is often observed for
sample does not exhibit any EPR-detectable species, implyingine as-isolated sample, the EPR spectrum of the highly-oxidized
that most if not all of the membrane-bound copper exists as preparation exhibits dramatically different characteristics. The
Cu(l) in this sample. spectrum now clearly shows only the broad and quasi-isotropic
The fully-oxidized form of the enzyme, it turns out, is much  features of the previously proposed spin-coupled copper clusters.
more difficult to prepare. For all oxidants tested to date (1,4- The origin of this EPR absorption has been attributed to the
benzoquinone, tetramethyl-1,4-benzoquinone, ubiquinone Q-10,|—1/20}— |+1/20Xransition in the ground quartet manifold of a
p-aminoN,N-dimethylaniline ' = 0.38 V), p-aminophenol  spin-coupled trinuclear copper cluster. Since there is no intense
(B~ =0.314 V), Co(phenj* (E* = 0.370 V), ferricyanide&*’ feature toward higly values, particularly neag ~ 4, the EPR
= 0.338 V)), ferricyanide yields the best result, capable of spectrum is consistent with a quartet with a very small axial
oxidizing most, if not all, of the membrane-bound copper ions zero-field splitting parameteR. The overwhelming presence
with a single incubation. Occasionally, residual Cu(l) ions are of the isotropic signal suggests that the bulk of the membrane-
still observed, however. The level of oxidation achieved appears pound copper ions in this sample are organized into cluster units
to be a function of both oxidant tension and incubation time. of undetermined homogeneity and defined magnetic/chemical
The most dramatic changes in the X-ray absorption edge andproperties. Thus, the EPR signature of the copper cluster can
EPR spectra are observed in the case of ferricyanide-treatedbe directly observed simply upon fully oxidizing the copper
membranes. The bulk of the pMMO-associated copper ions ions in the membranes, and it is not necessary to employ high
are seen to be oxidized in this preparation as indicated by amicrowave powers to saturate the “type 2" copper EPR in order
complete loss of the absorption edge feature 8984 eV, and to discern this signal as we have done in the past.
the shift in the edge features to higher energy (Figure 2B). This  Dioxygen Chemistry. Synchronized-Turnover Experi-
observation allows us to ascertain that the major fraction of the ments. Since a fully-reduced enzyme can be produced by
membrane-bound copper ions are present as Cu(ll) in thisdithionite, we have attempted to use this species to synchronize
sample. The oxidation level of the copper ions in the ferricya- the generation of other homogenous states. In our earlier work,
nide-treated membranes was also independently verified on thewe have reported preliminary evidence that the copper clusters
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Table 1. Percentage of Cu(ll) lons in Different Preparations As Determined from X-ray Absorption Edge and EPR Spin Quantitation

percentage of Cu(ll) ions percentage of Cu(ll) ions
deduced from X-ray absorption percentage of Cu(ll) ions basedpredicted by the two turnover

preparation edge data on Cu EPR intensity models
dithionite-reduced 0 0 0
as-isolated 3310 23+5 29/27°
synchronized turnover with air for 10 min 30+ 10 19+ 4 29427
turnover with pure @for 2 h 50+ 10 57+ 7 57/53
fully-oxidized with [Fe(CN}]3~ 100 41+ 7 (~103) 100

aModel: four E clusters and three C clustétsdodel: three E clusters and two C clustei¥alue obtained after correction for the intensity
anomaly expected from the intensity of thel/20— |+1/2(0transition within theS = 3/2 quartet manifold.

participate in dioxygen activatioch. However, if each of the  As the samples contain multiple coppers, it is not possible to
putative trinuclear Cu(l) clusters are involved in hydroxylation isolate the individual contributions. Using the assumption that
chemistry and under synchronized turnover, then ca. one-thirdthe dithionite-reduced sample contains 100% Cu(l) and the
of the copper ions should remain reduced after reaction with ferricyanide-oxidized sample contains 100% Cu(ll) and that
dioxygen. This is so because the monooxygenase reactionthere was no significant coordination difference among the
coupled with substrate oxidation only consumes two electrons. various copper sites in their respective oxidation states, a series
The third electron must stay in the system. A consequence of of percent-weighted numerical additions of the two spectra was
the O-0O bond cleavage paradigm as applied to the pMMO performed and the best match to the edge structure/energy
system is that one of the copper ions in the cluster merely position was assessed. Edge analysis then suggeststbé
provides the third electron to facilitate heterolytic cleavage of + 10% of the total copper ions exist as Cu(l) ions in the as-
the O-O bond and should remain reduced after turnover. isolated preparations employed in these experiments, in which
However, if the reaction is carried out in the absence of high and unusually stable activity was also observed (Figure
hydrocarbon substrates, the hot “oxygen intermediate” is not 2C). Errors given indicate the level at which the agreement
consummated and it ultimately must also be reduced to water, between calculation and the data deviates beyond acceptability
because of its high reduction potential. This “catabolic” step within the context of this model. Consistent with this level of
requires an additional two electrons, which must come either copper reduction, EPR spin quantitation on these as-isolated
from the remaining Cu(l) ions in the enzyme, including the samples also indicates thaR3%+ 5% of the total membrane-
“odd” electron remaining within the cluster, and/or from bound copper ions are EPR-visible (Table 1).
oxidizable amino acid residues in the protein matrix. The level of agreement between X-ray absorption edge data
Upon exposing a completely-reduced preparation to air, a and EPR spin quantitation allows us to conclude that the EPR-
significant fraction of the copper ions is rapidly oxidized as silent copper ions in the as-isolated preparations must be
indicated by the fast recovery of the sample EPR intensity to reduced. The uncertainty for this result is no greater than 10%
the level prior to reduction withirc10 min (Figure 3C). XAS of the total membrane-bound copper ions, the same as the error
edge analysis of this preparati@ide infra) revealed, however,  associated with the model and experimental protocols. This
that~70% of the total copper ions in this synchronized sample spin-count result thus eliminates one of the possible sources
still exist as Cu(l) ions (Figure 2C,D). The remaining population for the diamagnetic copper ions observed from magnetic
of Cu(l) ions is higher than expected, hence demonstrating thatsusceptibility measurements on the as-isolated samples noted
all of the pMMO-associated copper ions do not exhibit the same earlier. Magnetic susceptibility measurements indicate a sig-
reactivity toward dioxygen. As mentioned above, if these nificant level of diamagnetic copper ions in the as-isolated
membrane-bound copper ions are the pMMO site(s) of dioxygen samples. Antiferromagnetically-coupled copper ions such as
activation, prolonged exposure of the sample to dioxygen, or type 3 copper ions could give rise to the aforementioned
increasing the dioxygen tension, should yield a more oxidized diamagnetism. However, considering the level of agreement
sample. Treating as-isolated, reoxidized, or fully-reduced between the X-ray absorption results and the EPR spin quan-
pMMO membranes with pure dioxygen for-2 h doesyielda titation data, the presence of a significant level of antiferro-
more oxidized preparation as indicated by the Cu K-edge magnetic Cu(ll) ions is very unlikely. At most, no more than
absorption spectrum (Figure 2E). However, edge anafy&ls 10% of the total membrane-bound copper ions can be postulated
infra) reveals that ca. 4650% of the total membrane-bound to exist in this form in the as-isolated preparatiéhsHence,
copper ions still exist as Cu(l) ions. The remaining Cu(l) ions both X-ray data and spin-count results indicate that, in typical
appear to resist further oxidation by dioxygen as demonstratedas-isolated preparations, approximately 70% of the total mem-
by the failure to obtain a highly or fully-oxidized preparation brane-bound copper exists as Cu(l). This result resolves any
upon prolonged @exposure. In parallel EPR measurements, mystery from previous magnetic susceptibility data.
the dioxygen-saturated sample exhibits intense features typical In contrast, spin quantitation results on ferricyanide-oxidized
of magnetically-isolated or weakly-coupled copper ions (Figure preparation indicate a very different story. Even though X-ray
3D). Thus, the level of reduced copper ions in these synchro- absorption data indicate that all of the membrane-bound copper
nized preparations is inconsistent with our expectation regardingions are oxidized, spin quantitation at nonsaturating microwave
the function of these copper clusters, namely, that thiy power conditions (0.01 and 0.05 mW) reveals that on85—
participate in dioxygen activation and hydrocarbon hydroxyla- 40% of the membrane-bound copper ions are EPR-detectable
tion. This finding represents the most significant insight to (Table 1). This result, however, is further evidence in support
emerge from the present study. of the presence of a spin-coupled trinuclear copper cluster in
Level of Copper Reduction and Spin Quantitation. The the fully-oxidized preparations. Ferromagnetic-coupling of three
level of copper reduction can be estimated by examining the copper ions $ = 1/2) would give rise to & = 3/2 quartet
Cu K-edge spectrum of these preparations. The intensity of ground spin state in addition to tw®= 1/2 doublet spin states
the ~8984 eV feature, however, reflects both the amount of (see the next section). As EPR absorption mainly arises from
reduced copper and the nature of the coordination environment.the allowed |—1/20— |+1/20transition within the quartet
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manifold at low temperaturel (< 10 K), an intensity anomaly =~ EPR spectrum of ferricyanide-treated preparations at liquid
is thus expected. Under these conditions where the quartet spirhelium temperature, where the copper ions of the clusters are
state is expected to dominate the EPR spectra, EPR spinfully-oxidized as confirmed by X-ray absorption spectroscopy,
guantitation results obtained from the fully-oxidized pMMO s consistent with this interpretation. Fofa 3/2 spin system,
preparations can be analyzed using the energy levels derivedhe EPR spectrum can be deduced from the spin Hamiltonian
for S= 3/2. Assuming that the sample geometry, the filling
factor (7), and the loaded quality factoQf are identical, the
total number of spins in the fully-oxidized samples can be
inferred from copper sulfate/EDTA standar&= 1/2) through
the expression

A = Bgri-8 + DIS? — (U3)(S+ )] + E[§] - §)

whereD andE are the axial and rhombic zero-field splitting
parameters, respectively, g is the average isotrgpialue of
the trimer, and Hs the applied magnetic field. For a system
possessing a near trigonal axis of symmekys expected to
be small. An isotropicg is assumed in accordance with
observations from EPR experiments even though a small
anisotropy is likely. The anisotropy of the spectrum then arises
mostly from the ZFS termd) andE). In the case of smalD
andE, the spin Hamiltonian predicts three EPR transitioh3/@
< +1/2,+1/2< —1/2, and—1/2< —3/2) of relative intensities
3:4:3. However, the+3/2 < +1/2 transitions are very
anisotropic, and are outside the range of the typical X-band EPR
experiments, even in the case of relatively small zero-field
splittings (D| ~ 0.05 cm~1). Also, they are expected to be
highly broadened as a result of the large distribution in ZFS
and¢; and¢; are the eigenfunctions of the spin Hamiltonian. parameters @-strains) in a protein environment as well as
Short of any significant changes @nvalues, about 40% of the  variations inD among the copper clusters. As such, these
expected intensity based on the total membrane-bound coppetransitions are either not observable at X-band or too smeared
ions (assuming magnetically-isolated Cu(ll) ions) should be out to be observable. Only the centragtl/20< |+1/20
detected by EPR. The level of EPR intensity observed in the transition is sufficiently isochronous to be discerned in the
ferricyanide-treated preparations, when compared with Cu(ll) powder spectrum. For small axial zero-field splittings, iB,
ions standardsS= 1/2), is consistent with this analysis. < gfH, the resonance field for this transition is only weakly
EPR Spectra of the Fully-Oxidized Preparations. Even orientation dependent, concentrating in the spectral region
though it is almost certain that the copper clusters in the pMMO aroundg = 2. In the case of larg®, i.e., |D| > gfH, this
do not exist as symmetric triads, the quantum mechanics thatresonance field becomes more orientation-dependent. The
describe the EPR spectrum of the ferromagnetically-coupled derivative powder EPR spectrum is dominated by features near
fully-oxidized trinuclear copper cluster in iS = 3/2 quartet g ~ 4 arising from those clusters with the applied magnetic
ground state remain unchanged. When the exchange couplindield H along thex andy principal axes of the zero-field splitting
parameters among the three Cu(ll) ions are nonidentical, thetensor. These axes lie within the triangular planes of the various
degeneracy of the excited doublet states is lifted, however. trinuclear clusters. When the applied field is aligned along the
Considering only isotropic coupling interactions, it is relatively  zprincipal axes, namely, parallel to the normals to the triangular

2
I samp Creflvij | ref

Csamdv

2
ij |samp

Nsamp= Nref

l ref

whereN is the number of sping,is the measured EPR signal
intensity obtained by double integratidd js the normalization
constant, andV;|?(P;) is the transition probability matrix
element for the transition— j. The transition probabilitieB;
are given by

Pij = |Vij|2 = |@i|ﬂ'H1|¢j[ﬂ2

whereu is the magnetic momenti; is the microwave field;

straightforward to deduce the spin energy levels of the asym-
metric trimer from the Hamiltonian

H=53%S§
1<)
whereJ; denotes the exchange interaction betweeritthand
jth copper ions. The expressions for the energy levels are
complicated and given as

E(3/2)= (1/14)Q., + Jps + 19

E,(1/2)=— (1/4)Q, + Ip5+ J19 +

1/ 2)(3122 + 3232 + ‘]132 ~Jipdos = Jipdis ‘]13323)1/2
E1/2)= — (U4)J, + 3+ Jyg) —

(2)01 + o3 + Ii5 = Ipdos — Jipdis — Jigdee)

whereE(3/2) denotes the energy level of the quartet spin state
and E;(1/2) andE,(1/2) denote the energy levels of the two
doublet spin states. The above expressions can be used t
calculate the energy separations between the ground state an
the excited states of the copper cluster with any symmetry.
The EPR spectrum of the highly oxidized preparations at low
temperaturesT( < 10 K) have been interpreted in terms ofa
= 3/2 quartet species with a small axial zero-field splitting. The

planes, the resonance field occurgat 2. The EPR spectra
observed for the fully-oxidized samples (ferricyanide-treated)
are consistent with the centrigh1/2[1— |+1/2(transition of a
guartet species with smdll. Since only this central transition

is observed, an intensity anomaly is expected on the basis of
the concentration of Cu(ll) ions present. Only 40% of the
expected EPR intensity is anticipated, as observed.

Finally, we have found that this EPR signal is very difficult
to saturate. The basis of this power saturation behavior, of
course, is the thermal accessibility of the two low-lying excited
states (th&s= 1/2 doublets), which provide efficient relaxation
pathways for the electron spins via the Orbach protess.
Exchange-coupled trinuclear Cu(ll) clusters are rare; however,
a few examples are knowfi. These compounds often exhibit
an EPR powder spectrum with a quasi-isotropic resonange at
~ 2 devoid of any half-field transitionAMs = 2) or fine
structure. The copper ions in the pMMO apparently are
arranged in some triangular form, and adjacent ions are in

(45) Orbach, RProc. R. Soc1961, A264 458-484.
(46) (a) Chaudhuri, P.; Winter, M.; Della Vedova, B. P. C.; Bill, E.;

991, 30, 2148-2157. (b) Frey, S. T.; Sun, H. H. J.; Murthy, N. N.; Karlin,

. D. Inorg. Chim. Actal996 242 329-338. (c) Colacio, E.; Domingu-
ezvera, J. M.; Escuer, A.; Klinga, M.; Kivekas, R.; Romerosa) AChem.
Soc., Dalton Transl995 3, 343-348. (d) Ghomashchi, ESpectrosc. Lett.
1994 27, 849-860. (e) Diez, J.; Gamasa, M. P.; Gimend)dganometallics
1993 12, 2213-2220. (f) Cole, A. P.; Root, D. E.; Mukherjee, P.; Solomon,
E. I.; Stack, T. D.PScience 2731848-1850.

irautwein, A.; Gehring, S.; Fleischhauer, Nuber, B.; Weiskatg. Chem.
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sufficient close juxtaposition that the motions of the spins are associated with the membranes is minimal, certainly not large
correlated when the ions are in the Cu(ll) state. These copperenough to grossly distort the conclusions reached here, particu-
ions are not expected to be equivalent as Jafeiler distortion larly given that the pMMO is overexpressed in the membranes,
will lift the site symmetry fromCs, or D3, to some lower the high copper content associated with the pMMO, and the
symmetry. The observed ferromagnetic-coupling is most likely fact that most of the coppers in the purified membranes as well
the consequence of spin frustration. as the enzyme are reduced as isolated. On the basis of our best
Levels of Oxidized Copper lons and Specific Activity. As estimate, the amount of adventitious copper associated with the
shown above, the as-isolated membranes contain significantmembranes cannot amount to more that2Icopper ions per
levels of reduced copper ions. Cupric ions are often found to protein molecule, or-10% of the total copper content.
constitute only~30% or less of the total membrane-bound However, it remains whether the70% (or 40% after longer
copper ions in as-isolated preparations. Upon treating the dioxygen treatment) of the Cu(l) ions that do not react with
membranes with dioxygen, the membrane-bound reduced coppedioxygen might not be actually associated with the pMMO. We
ions can be oxidized further, albeit rather slowly. Up+60— address this issue specifically here. The answer to this question
60% of the total membrane-bound copper ions can be prepareds provided by the intensity and nature of the EPR signal after
in the divalent state via this route. This increase in the level of all the copper ions have been oxidized by ferricyanide. Only
cupric ions is also accompanied by a substantial increase in thethe cluster EPR signal is observed, after all the copper ions have
specific activity and the total turnover numbers (higher final been oxidized according to the X-ray absorption edge. In
oxidation product (propylene oxide) concentration). In atypical particular, no type 1 or type 2 copper EPR is discerned in the
preparation, the as-isolated membrane preparation exhibits aspectrum which would otherwise be characteristic of isolated
specific activity of~5.7 nmol of propylene oxide produced/ type 1 or type 2 Cu(ll) ions normally found in copper proteins.
(min-mg of protein). The same preparation upon dioxygen Type 3 coppers are EPR invisible, but contribute to the copper
treatment exhibits a specific activity 6f20.2 nmol of propylene X-ray edge as Cu(ll). We find that the intensity of the cluster
oxide produced/(mitmg of protein). Thus, & 300% increase EPR signal accounts for all the coppers in the sample. Thus, it
of activity was observed. This result strongly suggests that is very unlikely that the Cu(l) ions that do not react with
either (i) a significant portion of the Cu(l) ions become capable dioxygen could be accounted for by other copper-containing
of directly participating in hydroxylation chemistry upon, O  species in the membrane preparation. The uncertainty in our
activation or (ii) there is conformational hysteresis associated estimate of the level of pMMO-associated copper ions in the
with this system, which is relieved by allowing the enzyme to membranes is again at worse 10%. Thus, despite the inevitable
react with Q. This kind of conformational hysteresis is presence of other copper proteins in the membranes, it is clear
commonly observed for membrane proteins, particularly those that pMMO is by far the most abundant copper protein in the
involved in signal and energy transduction. Higher levels of preparations and the analysis of the spectroscopic results is not
oxidized copper ions can also be obtained by further prolonged compromised by the relatively insignificant level of these
storage at 4C under Q-saturated ambient atmosphere (“aerobic “contaminants”. On the basis of Cu/protein ratio data, it is
aging”), hence allowing more reacting time for dioxygen. evident that the pMMO contains multiple copper sites. It also
However, enzymatic activity decreases dramatically (eventually seems certain that all of these copper ions are not in identical
becoming totally inactive) upon further copper oxidation. This environments. Moreover, the differential reactivity of these
latter observation strongly suggests that the remaining Cu(l) ions copper ions toward dioxygen suggests that the copper ions are

are also crucial for pMMO activity. sequestered into distinct cluster sites, most likely with different
functions, reminiscent of the P and M clusters of nitrogerfase.
Discussion The new observations that we present here clearly add new

) ) dimensions to the complexity of the problem we are now facing
~ The overexpressed pMMO intracytoplasmic membranes asin our attempt to analyze the accumulated spectroscopic
isolated contain an abnormally high level of copper ions. This jnformation.
level of copper in pMMO membrane preparations has resulted £ nctions of the Cu(l) lons in the pMMO System. X-ray

in unusually intense Cu X-ray fluorescen_ce signals,_not COM- ahsorption spectroscopy provides a powerful probe for the
monly observed for other copper-containing proteins. The nresence of Cu(l) ions. The presence of these diamagnetic Cu(l)
presence of a copper storage protein has yet to be conclusivelyiong in the as-isolated pMMO membranes is established upon

ruled out, but in light of (a) the pMMO-activity-stimulation  4naysis of the Cu K-edge X-ray absorption spectra as well as
effect of membrane-bound copper ions and (b) the redox-active ihq reqox-active nature of these membrane-bound copper ions,

nature of the copper ions, the bulk of the membrane-bound j,yding their reactivity toward dioxygen. These copper ions
copper ions appear to be associated with pMMO. This can exist in both Cu(l) and Cu(ll) oxidation states in the
conclusion is supported by our pMMO isolation effort. Inthese empranes. The fact that the as-isolated membrane-bound

studies, we found that pM(I’\/IO is in fact the major protein in - ¢qhher ions obtained at different times contain different Cu(ll)/
these membranes, ca.780% of the total membrane proteins, ¢ () ratios indicates that the membrane-bound copper ions are

and the membrane-bound copper ions are found to be mostlyyeqox-active toward dioxygen, and different copper sites in the
associated with the pMM®. Since pMMO constitutes the bulk yempranes exhibit different reactivity. As shown by X-ray

of the membrane proteins, and the molecular mass of pPMMO gpsqrption data, these copper ions are sensitive to dioxygen
is on the order of 94 kDa, based on a subunit composition of tgngjon, and can be oxidized with varying ease in the presence
three polypeptides of molecular masses 45, 26, and 23*kDa, of O,. The reduced copper ions for any given as-isolated
the level of copper observed in the pMMO-containing mem- ,enarations can be oxidized by,,Qconcomittant with an
branes used in the present study (ca.-1500 nmol of Cu/mg  jycrease irin-vitro activity. These results strongly suggest that
of total protein) translates into 28 3 copper ions per pMMO .« membrane-bound copper ions participate in dioxygen
molecule. This copper content is close to the stoichiometry (ca. activation, and constitute the active site(s) of the pMMO. Since

15) determined for the purified protefA. Furthermore, since  yhe native and highly active preparations contain cuprous ions,
the overexpressed pMMO membranes were subjected to a large

number of salt washes, the amount of adventitious copper (47) Chan, M. K; Kim, J. S.; Rees, D. Sciencel993 260, 792-794.
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the functional form of the enzyme must be the fully-reduced or depending on the conditions of solvent, temperature, and copper
partially reduced form. The presence of significant levels of ligand identity®* In such model systems,-@D bond homolytic
Cu(l) ions is indeed an interesting feature of the system. This cleavage is thought to be the case, implying the generation of
revelation renders the pMMO a unique Cu protein since with oxygen- and substrate-based radicals in the process of hydrox-
most redox-active copper-containing enzymes, the oxidized form ylation. Recently, pMMO-mediated hydroxylation of chiral

is most often isolated. This very unusual feature of the pMMO ethane was shown to proceed with 100% retention of substrate
is likely to have significant ramifications regarding its dioxygen configuration; hence, a radical mechanism is unlil&lyThis
activation and methane hydroxylation chemistry. Furthermore, result implies that model chemistry is insufficient to explain
the requirement of high levels of reduced copper ions may pMMO-mediated hydroxylation. While it is unlikely, it may
contribute to the unusual instability of the enzyme activity prove neccessary to invoke exotic species such as high-valent
vitro. Cu(lll) ions to account for the unusual stereospecificity of the

In our view, Cu(l) ions in the pMMO system are directly pPMMO.
correlated to the dioxygen and methane activation chemistry The existence of a significant level of cuprous ions in the
performed by the enzyme. While this report shows that there pMMO indicates that the enzyme may buffer itself with a
are distinctions among the membrane-bound copper ions, thereservoir of endogenous reducing equivalents. This possibility
physical nature of the catalytic site is not resolved. A postulated is intriguing. On the basis of the reduction levels in several
turnover cycle which incorporates general features of our current as-isolated preparations, the pMMO system is indeed very rich
understanding of dioxygen activatid#,53 involving a trinuclear in electrons. Since Cu(l) ions can readily form dioxygen adducts
copper cluster site, can be proposed. The fully-reduced copperwith Oy, their function as site(s) of dioxygen activation is certain.
cluster would bind dioxygen, followed by two-electron reduction However, with arexces®f Cu(l) ions as observed, these copper
and possibly proton transfer to form a coppeeroxy inter- ions can function as an additional source of reducing equivalents,
mediate. Assuming that the pMMO follows a pathway similar particularly under scenarios when the hydrocarbon cosubstrate
to many other monooxygenases;-O bond cleavage proceeds is not available, or when the electron pressure is low. Ef-
subsequently, generating a coppekygen intermediate capable fectively, these additional copper ions serve in the capacity of
of alkane hydroxylation. The exact nature of this species, the electron transfer. These Cu(l) ions can channel electrons to
pMMO hydroxylating agent, has yet to be elucidated. In the dioxygen-reduction sites and reduce the “activated” oxygen
presence of alkane substrate(s), hydroxylation will rapidly occur further to water, as is evident in the-@rnover experiments.
and the product is formed. In such a mechanism involving a This “undesirable” oxidase function occurs in the absence of
trinuclear copper cluster, two electrons are consumed for eachhydrocarbon substrates. The built-in oxidase function could be
turnover in agreement with the overall reaction scheme. a means of detoxifying the enzyme from highly reactive
However, in general and most often found to be the case, aactivated oxygen species. The reduction of dioxygen to water
third electron is needed to facilitate irreversible heterolytic@ (a four-electron process) requires additional electrons which are
bond breakage after two-electron reduction of dioxygen and to provided by these “buffer” Cu(l) ions. These copper ions, which
generate the hydroxylating aget*® Unlike iron, copper ions also appear to be arranged in cluster units, constitute another
do not have ready access to higher oxidation states such aslass of copper ions present in the pMMO, apart from the copper
Cu(lll), and the formation of the hydroxylating oxygen inter- ions which directly participate in the dioxygen reduction. The
mediate requires at least one more electron to lower the kinetic picture that emerges from this analysis is that there are at least
barrier for heterolytic @O cleavage. The third electron can two classes of copper ions in the pMMO system. One class of
be supplied by the remaining copper ion in the cluster and copper clusters (C clusters) functions primarily as the catalytic
retained after each turnover. Thus, the copper cluster is in effectcenters of the enzyme. The other class of copper ions (E
one-electron-reduced after each turnover. If one assumes thatlusters) can function in an electron-transfer capacity. These
all copper ions exhibit similar reactivity toward dioxygen and two functions performed by the two classes of copper ions in
all clusters react with @at the same time, 1/3 of the total the pMMO are, however, not necessarily mutually exclusive.
membrane-bound copper should remain reduced in the syn- C and E Copper Clusters. A Hypothesis. In a separate
chronized turnover samples. The level of reduction observed report, we will describe isolation and purification of the pMMO
in synchronized turnover experiments by exposing fully-reduced as well as the progress we have made to-date toward character-
preparations to dioxygen is not in agreement with this expecta- izing the proteirf3 Experiments are also in progress toward
tion. On the basis of the X-ray absorption edge data, we must clarifying the function of the different possible classes of copper
conclude that ca~50% of the copper clusters are not directly clusters within the pMMO. The level of copper ions in the
participating in dioxygen chemistry. While the formation of present X-ray absorption samples is in the range of-115@M
an “activated-oxygen” species is presumed to be a necessity,nmol of Cu/mg of protein, which corresponds to2@ copper
the structural requirements to generate such a species are napns per pMMO. The copper content is close to the stoichiometry
well understood. Recent reports have shown that dioxygen of ca. 15 coppers that has been determined for the purified
cleavage and aliphatic hydroxylation can proceed in binuclear- protein. The data, taken together, seem most consistent with
copper model systems with varying rates and efficiencies the following model, which we presently take as a working hy-

. - — - - pothesis: the pMMO has a stoichiometry ©1.5—20 copper
2351%8) Tian, G.; Berry, J. A.; Klinman, J. Biochemistryl 994 33, 226~ ions, sequestered into-5 clusters of 3, which may be further
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Mechgnism, and Bioche_mistrgbrtiz de Montellano, P. R., Ed.; Plenum  normal synchronous turnover in the presence gfttis model
Press: New York, 1986; pp 21+271. . S .

(51) McMurry, T. J.; Groves, J. T. ICytochrome P-450: Structure, ~ Would predict 27-29% reoxidation of the copper ions to Cu(ll).
Mechanism, and Biochemisfrrtiz de Montellano, P. R., Ed.; Plenum  Under prolonged incubation of the as-isolated or fully-reduced

Press: New York, 1986; pp-128. reparations with @in the absence of substrate, we expect
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Figure 4. Schematic presentation of the C and E clusters in the pMMO and single turnover in the absence of hydrocarbon substrate, assuming a
15 or 21 Cu stoichiometry per enzyme.

further reduction of the dioxygen intermediate to water with of carbon and enerdf?. As such, the enzyme can use these
concomitant consumption of two additional reducing equivalents endogenous electrons for substrate oxidation once they are
per dioxygen molecule. Such a scenario would result in exposed to methane again. Hence, having the capability of
complete reoxidation of the two (or three) C clusters as well maintaining a robust viability of the pMMO is clearly a survival
the withdrawal of two (or three) additional reducing equivalents plus.
from the E clusters, depending upon the exact copper stoichi- Unresolved Issues.On the basis of pMMO characterization
ometry. Approximately 5357% of the pMMO copper ions  results presented here and elsewRéfé*3and what is known
will be reoxidized at this juncture, a prediction that is in about related systenig?*Cthere are several issues yet to be
accordance with the X-ray absorption edge data as well as theresolved conclusively.
EPR. A final prediction of this model is that the isotropic EPR First, we need to fine-tune the mechanism of alkane hydrox-
signal characteristic of the fully-oxidized trinuclear copper ylation mediated by the pMMO. Specifically, we need to work
cluster begins to manifest itself only at this stage, also in accord out the exact sequence of the steps in the turnover cycle. Itis
with experiment. At the moment, we are still trying to ascertain possible that the pMMO needs to be reduced before the
whether the level of copper found in the purified pMMO hydrocarbon substrate can bind. Presumably dioxygen then
preparations obtained to date has been compromised despite thbkinds to the active sites and becomes activated, and hydroxy-
mild purification conditions employed. The copper stoichiom- lation of the substrate ensues. The exact order has yet to be
etry determined for the purified protein is 25% lower than the elucidated, however. In the absence of substrate, the fully-
copper content of the purified membranes employed in the reduced enzyme still can activate dioxygen. However, this
present study. The outcome of these studies, however, will notoxidation is unproductive, since it results only in water
affect the C cluster/E cluster hypothesis proposed here; only ultimately. Hence, this route is suppressed by the enzyme. The
the number of E clusters and C clusters need ultimately to be mechanism for suppression is not clear at the moment, although
revised when the copper content is obtained with greater it must involve control of the electron flow, considering the
accuracy. fact that the system is so rich in reducing equivalents. Enhanc-
The source of endogenous reducing power must provide ing the enzyme substrate-binding affinity or designing a system
certain advantages for the pMMO system and the organism, which activates dioxygen only after hydrocarbon substrate-
since, with this high level of cuprous ions, the so-called binding would avert the unproductive oxidation process. The
nonproductive oxidation is more likely to occur, and if not existence of a large number of cuprous ions (up to 80%) as
suppressed, would result in autooxidation of the protein, a wasteobserved here, even undep-€aturated isolating conditions,
of reducing equivalents, and, ultimately, enzyme inactivation. suggests that the enzyme may have a preference to bind substrate
In many monooxygenase systems known to date, a redoxbefore dioxygen activation. In other words, there is only limited
partner, i.e., a reductase, channels electrons to the dioxygendioxygen activation without bound hydrocarbon substrate(s), and
reducing site(s) embedded in the hydroxylase after eachthe enzyme remains mostly reduced. Nevertheless, the reduced
turnover. Normally, the reductase would rescue the inactivated enzyme can still react with dioxygen and generate the active
hydroxylase simply by reducing it. Since the as-isolated oxygen intermediate in the absence of hydrocarbon substrates.
preparations are often found to be mostly reduced, the enzymeThis oxygen species is expected to decay rapidly. On the time
in principle can support turnover on its own up to a certain scale of the synchronized turnover experiments (typical 5 min
extent, in the case of interrupted electron flow as in starvation or more), one often observes an EPR spectrum associated with
conditionsin vivo, without the need to interact with its reductase. the resting form(s), namely, the four-line EPR spectrum of
In fact, we have observed that as-isolated membranes in themagnetically isolated or weakly coupled copper ions in pseudo-
absence of reductants yield a burst of oxidation products when square-planar coordination. EPR signals suggestive of transient
exposed to substrates with the concomitant increase in Cu(ll) species have also been detected in these synchronized turnover
ions levels. This turnover phenomena only lasts eal% min experiments.
in contrast to a sustaining turnover in typical assay conditions Second, aside from obtaining a more accurate number for
which could last anywhere from 30 min to 2 h. The E clusters the copper stoichiometry, we need to determine the structures
are thus suggested to be an immediate source of reducingof the “so-called” C clusters as well as those of the involved
equivalents, providing electrons for turnover under limiting intermediates. In light of recent stereochemical analysis of the
electron pressure. The number of turnovers which the enzymechiral ethanol products derived from pMMO-catalyzed hydrox-
can sustain in the_absen?e of external NADH offers an estimate (55) (@) In their natural habitat, obligate methanotrophs own their
of the buffer that is serving as the electron storage. To be an precarious existence to only methane as the source of carbon and energy.
effective buffer, the number of E clusters must be larger than However, their ability to form resting bodies (exospores and cysts) enhances

the number of C clusters. This feature appears to be an adaptiv%heir survival in adverse conditions. These resting stages confer resistance
’ o desiccation and heat, and survival in the absence of methane for weeks

strategy employed by the organisms. Methanotrophs often goit not months. (b) Whittenbury, R.; Davies, S. L.; Davey, J.JEGen.
through extended periods without methane, their only source Microbiol. 197Q 61, 205-218.
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ylation of chiral ethane, a concerted mechanism with the possiblespectrsocopy. The fully-reduced protein has been used to
involvement of exotic species such as Cu(lll) ions must also synchronize the enzyme turnover in the presence of dioxygen.
be entertained. Also, we surmise that the different copper ions A detailed X-ray absorption edge study of this turnover has led
constituting the C clusters may have different functions: two us to conclude that the copper ions are possibly arranged into
of the copper ions are likely to be responsible for dioxygen catalytic (C) and electron-transfer (E) clusters.
binding, while the third carries the additional electron needed Results obtained so far in the characterization of the pMMO
to lower the activation barrier for heterolytic -6 bond paint an often confusing picture regarding the enzyme, yet it is
cleavage and to generate the hydroxylating agent or to stabilizeclear that the present combined X-ray and EPR spectroscopic
the high oxidation state copper intermediate. With this scenario, study has laid certain aspects of the problem in order. On the
we expect structural inequivalence among the copper ions within other hand, it is evident that we have reached that stage of the
the C clusters, including different ligand coordinations and problem where every experiment is beginning to raise more
structures. This implies that the copper cluster geometry must questions than it is providing concrete answers. With the recent
deviate from the symmetric triad assumed earlier. Finally, the progress toward isolation and purification of the enz{hees
role of the so-called E clusters needs to be confirmed. Experi- well as cloning of the genes for its polypeptidé&>¢a more
ments must also be designed to ascertain their ligand structuresietailed understanding of this important enzyme should be on
and geometry, as well as spatial distributiois-a-vis the C the horizon.
clusters.
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