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The particulate methane monooxygenase (pMMO) from Methylococcus capsulatus contains 14-15 re-
duced copper ions, and it has been proposed that these copper ions are arranged in the form of trinuclear clus-
ters. Two of these clusters have been referred to as catalytic clusters (C-clusters) and have been implicated in
dioxygen activation and alkane hydroxylation. The remaining copper ions appear to provide a “reservoir” of
reducing equivalents to replenish the electrons at the C-clusters following dioxygen activation at the
C-clusters during turnover. Accordingly, they are normally reduced and have been called electron-transfer
clusters (E-clusters). For pMMO prepared in highly enriched membranes, or purified as the pMMO-detergent
complex from these membranes, only the C-cluster copper ions are oxidized. Recently, the low temperature
EPR spectrum of as-isolated pMMO was deconvoluted into a type 2 Cu(II) signal and a broad, but nearly iso-
tropic EPR signal centered at g ~ 2.1. Earlier magnetization and magnetic susceptibility measurements have
suggested that the latter EPR signal, which is not sensitive to microwave power saturation, might arise from a
ferromagnetically exchange-coupled trinuclear Cu(Il) cluster with J ~ 20 cm™ and D < 0.05 cm™. Toward con-
firming these results, several triangular model Cu(Il) complexes, both antiferromagnetically and ferro-
magnetically coupled and with well-defined structural and ligand information, were reviewed to gain insights
into magneto-structural correlations. Spectral simulations of the pMMO cluster EPR signals were then per-
formed based on the structural and spectroscopic information provided by the ferromagnetic model com-
plexes. We show that only Cu(II) ions with proper g-tensors and appropriate relative orientations between
them can give rise to the unique EPR signal observed for the C-cluster(s) in pMMO. The putative C-cluster
EPR signal observed for the as-isolated pMMO at 3 K was best fitted by a triad of ferromagnetically coupled
Cu(IT) ions with the following sets of g-values: (1.983, 2.030, 2.218), (1.983,2.029,2.218) and (2.000, 2.033,
2.207); and zero-field splitting parameters D = 0.017 + 0.002 cm™ (175 + 25 Gauss) and E/D = 0.15. The fit
was not sensitive to the value of J so long as the exchange interaction was much larger than the Zeeman inter-
action (J >> gfH).

Keywords: Electron paramagnetic resonance; Ferromagnetic exchange coupling; Monooxygenases;
Oxidases; Spectral simulations; Trinuclear copper clusters.

1229

INTRODUCTION

Many multi-copper-containing oxidases and monooxy-
genases are known in nature. The best characterized oxidases
include laccase,'™ ceruloplasmin,5 and ascorbate oxidase,’
where the x-ray structures have been determined and a good
deal of information is known about structure and function. In
each of these oxidases, the oxidation of an organic substrate
is linked to the reduction of dioxygen. The latter chemistry

involves a cluster of three reduced copper ions, although
other copper ions, particularly blue copper(s), are often also
involved in shuttling reducing equivalents from the substrate
to the trinuclear copper cluster(s). Among the monooxygen-
ases, tyrosinase is perhaps the best understood.® Other multi-
copper monooxygenases include B-dopamine monooxygen-
ase’ and the copper based peptidyl monooxygenase.'® The ac-
tive site in tyrosinase involves only a pair of reduced copper
ions, which not only activates molecular oxygen but also me-
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diates the ultimate transfer of one of the oxygen atoms to the
tyrosine substrate to form the catechol at the catalytic center.
Recently, similar chemistry has also been suggested at the
catalytic site of the membrane-bound (particulate) methane
monooxygenase (pMMO).'"""* Here, a pair of reduced trinu-
clear copper clusters are implicated. In fact, the dioxygen
chemistry in pMMO appears to mimic that of the multi-
copper oxidases, whereas the oxo-transfer chemistry mimics
that of tyrosinase.

Although all of the above oxidases and the pMMO
seem to involve trinuclear copper clusters in the activation of
dioxygen at the active site, the details of the chemistry medi-
ated appear to be very different. In the case of the oxidases,
the copper cluster catalyzes the conversion of dioxygen to
two water molecules. In the case of pMMO, two trinuclear
copper clusters are apparently involved.'® One of the copper
clusters catalyzes the oxo-transfer to a C-H bond and the re-
duction of the second oxygen atom in the presence of protons
to form a water molecule. The other copper cluster appears to
mediate dioxygen chemistry only, with the fourth electron re-
quired originating apparently from the C-cluster where the
alkane hydroxylation occurs. Apparently, the structural de-
tails of the trinuclear copper clusters among the various pro-
teins are also not the same. The catalytic sites in the case of
pPMMO appear to involve fairly symmetrical trinuclear Cu(I)
clusters."" " In the case of the multi-copper oxidases, the
structure of the copper cluster is asymmetric, with a reduced
type 2 copper site in close proximity to a reduced type 3
binuclear copper site.®® In other words, the geometrical dis-
position of the three copper ions is intrinsically different at
the active site(s) between the two types of enzymes.

It has been proposed that when the trinuclear copper
clusters of pMMO are fully oxidized, each of the oxidized
clusters consists of three type 2 copper centers that are mutu-
ally weakly ferromagnetically coupled.'' Evidence in partial
support of this picture for at least one of the C-clusters has re-
cently been derived from analysis of the low temperature
EPR of the as-isolated pMMO, when the enzyme is isolated
and re-oxidized in air but without the hydrocarbon co-sub-
strate.'® In contrast, when the copper ions in the correspond-
ing clusters of laccase, ascorbate oxidase, or ceruloplasmin
are oxidized, one observes a type 2 Cu(II) site that is at most
weakly coupled to a pair of type 3 copper ions that are strongly
antiferromagnetically coupled through a bridging hydroxyl
ligand.® While these differences in the electrostatic proper-
ties of the clusters no doubt reflect the different structural ar-
rangements of the copper ions in the clusters, the detailed
ligand structures of the copper ions in the clusters most cer-
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tainly account for variations in the catalytic activity.

Electron paramagnetic resonance (EPR) spectroscopy
has proven to be one of the most powerful tools in classifying
the various copper sites in multi-copper oxidases, and simi-
larly, EPR is proving to be useful in defining the various cop-
per sites in pMMO. Unfortunately, in the case of pMMO,
there are far too many copper ions, and they all seem to be
grouped into trinuclear clusters of rather similar structures.
Accordingly, in the fully oxidized enzyme, the EPR spectrum
of the copper ions is a composite of heterogeneous contribu-
tions from several trinuclear copper clusters at the same time.
While this general picture has been confirmed by magnetic
susceptibility measurements on the fully oxidized protein,'" a
detailed characterization of the individual clusters has re-
mained untractable. It is possible to make some limited prog-
ress toward this problem by exploiting the differential reac-
tivity of the C-clusters and E-clusters toward dioxygen (and
to NO).'? The E-cluster copper ions remained reduced under
these conditions so that the reaction products formed at the
C-clusters could be followed and characterized by EPR. Nev-
ertheless, further insights could be derived from the EPR if
the correlation of the motions of the spins associated with the
copper ions in the oxidized clusters could be better under-
stood in structural and electronic terms.

This paper focuses on the EPR of one of the C-clusters
in the pMMO, namely the one that is typically observed in the
as-isolated form of the enzyme.'®!” Since the biological ac-
tivity of pMMO is rather unique, and there is certainly no pre-
cedent for the EPR spectrum that we have observed for the
oxidized pMMO copper clusters in metalloenzymes, we have
decided to appeal to model compounds of trinuclear Cu(II)
clusters with well-defined ligand structures and geometry
that have already been reported in the literature. Specifically,
we compare the EPR spectra observed for one of the C-clus-
ters of pMMO with those of model trinuclear Cu(II) clusters
and use this exercise to derive some insights into the possible
ligand structures present within the trinuclear copper clusters
in pMMO. We shall fine-tune the spin Hamiltonian parame-
ters for the copper ions in these clusters via computer simula-
tions to fit the 3 K and 77 K spectra recently recorded for the
putative C-cluster in the as-isolated protein.'®

MATERIALS AND METHODS

pMMO-Enriched Membranes from Methylococcus
capsulatus (Bath)
The pMMO enriched-membranes were isolated and pu-
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rified from cells of Methylococcus capsulatus (Bath) that
were grown under NMS buffer (ATCC medium: 1306 nitrate
mineral salts medium) at 30 pM CuSO, on a Bioflo 3000 fer-
mentor (New Brunswick Inc.) equipped with a 5-L fermentor
vessel, and adapted with a hollow-fiber reactor that allows
precise control of the copper ion concentration in the culture
media, as described in a recent publication from this labora-
tory.'” The membranes were typically 80% enriched in the
pMMO, and were suspended in 25 mM PIPES buffer (pH
7.4). The average copper content in the pMMO was 13-14
moles of copper/mole of protein, assuming that the pMMO
hydroxylase is a monomer with a subunit composition of o}y
of molecular mass 99 kDa.'” The pMMO in these membranes
exhibited a specific activity of 60-80 nmol propylene oxide/
min/mg protein when assayed using NADH as the reductant.

EPR Spectroscopy

EPR spectra were obtained at X-band (9.49 GHz) by
using a Bruker E500 spectrometer equipped with a Bruker
TE102 cavity. During EPR experiments, the sample temper-
ature was maintained at 77 K by immersion of the EPR tube
in a liquid-nitrogen containing finger dewar, or 3 K by using
an Oxford Instruments continuous liquid-helium cryostat
equipped with a helium pump to lower the vapor pressure of
the liquid helium. A 500 uM of CuSO4 in a 1:1 v/v water/
glycerol mixture was employed as a standard sample for spin
counting purposes. EPR spectra of the background were also
recorded prior to double integration to determine the Cu(II)
concentration in the sample.

THEORETICAL TREATMENT

Cluster models

The chemistry of trinuclear Cu(Il) complexes has
drawn considerable interest following their identification as
the active sites of oxidases and oxygenases.'™'"'>!'* Over the
years, however, there has also been much interest in these
complexes for the development of new inorganic materials
showing molecular ferromagnetism.'®*° Thus, many triangu-
lar Cus complexes have been reported.”** Examples of some
equilateral triangular copper clusters are shown in Fig. 1. De-
pending on the coordination geometry of the copper ions in
the clusters and the degree of potential “overlap” of the d-
orbitals containing the unpaired electron spins, these com-
plexes exhibit varying degrees of exchange interactions, both
antiferromagnetic and ferromagnetic. Thus, the model com-
plexes 17*** and 2***” in Fig. 1 exhibit antiferromagnetic in-
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teractions among the Cu(Il) ions, whereas complexes 3 and 4
show ferromagnetic interactions.’**° In 1 and 2, the Cu(II)
ions adopt square pyramidal coordination with the (d,>_,2)"
ground “hole” states. The strong antiferromagnetic interac-
tion (J =-61 to -500 cm™) in 1 is due to the effective overlap
of the magnetic d,2_,> orbitals arising from the co-planarity
of the coordination planes of the three subunits. Compound 2
displays a much weaker magnetic interaction (J =-12 to -15
cm’™') than 1. In 2, bridging O atoms coordinate pairs of
penta-coordinated copper atoms in an axial-equatorial ar-
rangement, and a central O (or OH) bridge constrains the co-
ordination planes to be orthogonal to each other. Thus, the
overlap of the magnetic orbitals, either through the pair-wise
bridging O ligands or the central O bridge, is weaker.”** It is
evident that the magnitude of the magnetic coupling in these
triangular Cu(IT) complexes strongly depends on the overall
degree of co-planarity of the ligand frameworks associated
with each of the copper ions.

Compound 3 belongs to the class of trinuclear Cu(II)
clusters where a carbonate anion serves as a tridentate
bridge.*** Here, the coordination environment of each cop-
per ion is also square pyramidal so that each copper ion has
the (d«>_,2)" ground “hole” states, as those in 1 and 2 (squares
are drawn by dashed line in Fig. 1). However, the interaction
among the Cu(Il) ions is weakly ferromagnetic, and the com-

@ ()

N
™ |
0—Cu—N \CU\O
N c‘) \/O T I In
NS o—_1
(/Cg /Cu\N /Cu/\ /CU\N
N OiN\/ N ‘ O
N
1 2
(© (d)
N OH,
A
N: 1
N \ o
(0] N\ e} T
/ /Cu \ /u "
-0—cC 3 :
Hoe= N /) N / N//\Gu W
rCu OTC,fJ,/N _—N-
i/ N N \
OH,
3 4

Fig. 1. Molecular structures of equilateral triangular
Cu(II) clusters (a) taken from reference 23; (b)
taken from reference 26; (c) taken from refer-
ence 40; and (d) taken from reference 36.
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plex exhibits a S = 3/2 quartet ground state, similar to that
proposed for the C-clusters in pMMO. According to Kahn,*
the exchange coupling constant J can be expressed as a sum
of both ferromagnetic (J§) and antiferromagnetic (Jar) contri-
butions; i.e., J = Jr + Jar. Both the antiferromagnetic and fer-
romagnetic contributions become attenuated when the metal
ions are bridged by extended polyatomic ligands. However,
the antiferromagnetic contribution is typically only impor-
tant when there is direct overlap between the magnetic or-
bitals centered on nearest-neighbor metal ions, where it is
then proportional to the square of the overlap integral be-
tween magnetic orbitals. In 1 and 2, the exchange coupling is
provided by a single bridging O, and the Cu-O-Cu pathway
offers efficient overlap of magnetic orbitals on adjacent
Cu(Il) ions to mediate a strong antiferromagnetic exchange
interaction. In 3, the syn-anti arrangement of the O atoms in
the carboxylate anion predisposes the 2p-orbitals of the oxy-
gen atoms on the bridging carboxylate to an unfavorable
overlap.*’ In addition, the CuN;O planes are tilted with re-
spect to the practically planar COs;Cus fragment by an aver-
age dihedral angle of 61.5° so that the equatorial planes of ad-
jacent copper ions form average dihedral angles of 80.9°.
This non-co-planarity is expected to decrease the overlap of
the magnetic orbitals in the bridging region further and to
lower the antiferromagnetic interaction. Accordingly, the
ferromagnetic contribution becomes more dominant (J = 6 to
8 cm™), as revealed by magnetic susceptibility measure-
ments.

On the other hand, the ligand geometry of each Cu(Il)
ion in compound 4 is best described as a distorted trigonal
bipyramid, which leads to a d,> ground “hole” state.’® The
Cu-O-Cu angles in this complex (112°-113°) are also larger
compared to those of the other two complexes. A fairly strong
ferromagnetic interaction (J = 54.5 cm™) among the copper
ions in compound 4 was concluded from magnetic suscepti-
bility measurements. However, an analysis of the super-
exchange pathway(s) that might lead to the observed ferro-
magnetic coupling among the copper ions is not straightfor-
ward.

Trinuclear Cu(Il) complexes exist also as isosceles tri-
angular complexes. Most show the doublet ground state, and
only one complex has been shown to exhibit the quartet
ground state. Fig. 2 shows two examples of such model com-
plexes. Complex 5 exhibits a total spin S = 1/2 for the ground
state,” while complex 6 has a quartet ground state.’*** In
both complexes the environment around the Cu(II) ions is
distorted square pyramidal so that the magnetic orbitals cen-
tered on the Cu(II) ions have predominantly d>_,> character.
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In the case of complex 5, the observed strong antiferro-
magnetic coupling (J = -448 cm™) could be accounted for in
terms of a super-exchange mechanism operating via the
Cu-N,0,-Cu linkage. However, such bridging networks are
not co-planar, which should diminish the overlap between the
magnetic orbitals. Thus, the unusually large spin exchange
interaction in this complex was suggested to involve the elec-
tronic structure of the bridging ligand with a c-orbital ex-
change pathway, which is independent of the angles between
the basal planes of Cu(Il) ions. On the other hand, the non-
co-planarity of the mixed-bridge system in complex 6 results
in a ferromagnetic exchange interaction of ~ 26 cm™ between
the central and terminal Cu(II) ions, while the exchange cou-
pling constant between the terminal copper ions is ~ 0 cm™.
Based on the results of a SCF-CI calculation of a dimeric
model molecule constructed from the crystal structure of 6,
the exchange coupling changes from antiferromagnetic to
ferromagnetic exchange coupling as the dihedral angle be-
tween the basal planes of central and terminal Cu(II) in-
creases, i.e., from co-planar structure to folded structure.
Similar results have also been obtained in a study of the ferro-
magnetism of binuclear copper clusters with small Cu-O-Cu
angles (< 97.5°). Therefore, the magneto-structural correla-
tion of polynuclear copper clusters could be understood in
terms of the exchange interactions of their binuclear building
blocks, which are already quite well established experimen-
tally and theoretically.*’

A cluster model for the C-clusters of pMMO

Of the various cluster models discussed in the previous
section, complex 6 probably offers the most likely compari-
son to the C-clusters in pMMO, particularly given the ligand
types that are available for the copper ions in a protein envi-
ronment. Nevertheless, we have undertaken EPR simulations
on two of the ferromagnetically exchange-coupled trinuclear
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Fig. 2. Structures of isosceles triangular Cu(Il) model
complexes (a) taken from reference 29; and (b)
taken from reference 32.
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Cu(II) model complexes highlighted in the previous section,
namely 3 in addition to 6, to allow comparisons with the ex-
perimentally EPR spectra reported for these complexes. Al-
though no EPR spectrum has been reported for complex 4, we
have considered both the trigonal bipyramidal coordination
of the Cu(Il) ions in complex 4 as well as the square pyrami-
dal coordination in complex 3 and 6, in order to ascertain the
effects of local coordination geometry on the EPR spectrum.

Obviously, in each case, the observed g values and di-
rections must refer to the individual g-tensors of the three
copper ions in the complex. The relative orientation between
the g-tensors of the Cu(II) ions as well as the strength of the
ferromagnetic interactions vary with the geometrical disposi-
tion and the coordination geometry of the Cu(II) ions. The
g-tensor orientation of individual Cu(II) ions for 3, 4, and 6
are depicted in Fig. 3(a), (b), and (c), respectively. In each
case, the principal axes of the local coordinate system for the
individual Cu(II) ions are labeled as x*, y*, and z* for the
g-tensor. For either square pyramidal coordination in 3 and 6
or trigonal bipyramidal coordination in 4, the equatorial
plane defines the x*-y* plane, whereas the z* axis lies along
the apical (axial) direction. Although distortions from ideal
coordination geometry might occur, these distortions will be
neglected and the g-tensors are assumed to align with the ide-
alized geometry.

EPR simulations

The spin Hamiltonian appropriate to describe the three
interacting paramagnetic copper ions within a trinuclear Cu(II)
complex can be written as the sum of the spin Hamiltonians
for the individual spin centers and the spin Hamiltonian de-
scribing the exchange interaction (eq 1):

H= BE'B'gA'SA + BE'B'gB'SB + BE'B'gC'SC
—2-JaB*Sa-Se — 2:Jc-SB-Sc — 2-Jca-Sc-Sa

+ Sa-Dag-Sg + Sg:Dec:Sc + Sc-Dea-Sa @)
(a) (b)
X*
Yoo i

Fig. 3.
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Here, the three Cu(Il) ions are labeled as A, B, and C, respec-
tively. g, Jij, and Dj; denote the Zeeman g-tensor of spin cen-
ters 1; the isotropic (or scalar) exchange interaction between
interacting centers i and j; and the zero field splitting tensor
(anisotropic part of the exchange and the dipolar interactions)
between the interacting spin centers i and j, respectively. For
the trinuclear Cu(II) complex, each Cu(II) ion has S = 1/2.
The overall zero-field splitting is taken into account when the
total electron spin St is 2 1. D will be used to describe the
anisotropic part of the overall exchange interactions and the
magnetic dipole-dipole interactions. Normally, two energy
parameters, D and E, representing the axial and rhombic pa-
rameters, respectively, are used to describe the overall zero-
field splitting. The D value refers to 3/2 of the Djj or D,, com-
ponent in the D-tensor, and E is defined as (D, — D,)/2, or
(Dxx—Dyy)/2. Here, X, y, and z denote the principal axes of the
D tensor in the plane and perpendicular to the triangular
plane.

Each Cu(Il) ion in the trinuclear cluster can be repre-
sented by a g-tensor. The principal axes of the universal refer-
ence frame throughout the course of the present study are
shown in Fig. 4(a). The local g-tensors are not necessarily di-
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Fig. 4. (a) Principal axes of the universal coordination
system used in the EPR simulations. (b) Rela-
tive orientation of the D-tensors for each inter-
acting Cu(II) pair in the trinuclear Cu(II) cluster
complexes.

(c)

The orientations of the local g-tensors for compounds 3, 4, and 6, ((a), (b), and (c), respectively).
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agonal in this reference frame, but they are diagonal in their
local coordinate systems (see Fig. 3). Therefore, these local
g-tensors have to be transformed to the reference frame.

It is well known that the g-tensor of exchange-coupled
systems (gs.;s,p) can be expressed as a linear combination of
the local g-tensors.*® For symmetric triads of S = 1/2 centers,
the relations of the g-tensors are given below:

B321=1/3 (84t 8+ 20)s
S =—1/3g, +2/378,+2/37,

2120 = Ea- (2)

In the case of the zero-field splitting, the major contri-
butions are from the spin-orbit couplings and the magnetic
dipolar interactions between adjacent copper ions. Thus, the
principal axes of the D-tensor of each interacting pair in the
trinuclear cluster cannot be explicitly determined. In the
present study, the relative orientation of the D-tensors is de-
picted in Fig. 4(b), in which the z**-axis of each D-tensor is
chosen to be perpendicular to the Cus plane. When the D-
tensors are axial (E = 0), the tensors do not change (remain di-
agonal) upon rotation about their own z"*-axes, which are
parallel to the z-axis.

Calculations of the EPR transitions were carried out us-
ing the EPR-NMR program kindly provided by Professor J.
A. Weil of the University of Saskatchewan. The program not
only allows setup of the spin Hamiltonian of three interacting
spins with the desired g-tensor orientations and their zero-
field splittings, but also finds the eigenvalues and eigen-
vectors through diagonalization of the Hamiltonian. To be
consistent with our previous reports, the sign convention of
the exchange interaction presented in this paper is opposite to
the sign used in the program.

RESULTS AND DISCUSSION

EPR Signals Associated with the Oxidized C-clusters of
pMMO

Nguyen et al.'' were the first to report the 4.2 K EPR
signal associated with the oxidized C-clusters in as-isolated
pMMO membranes. We have recorded this spectrum again at
3 K on as-isolated pMMO-enriched membranes (pMMO con-
tent = 80% of total membrane proteins by weight) obtained
by an improved method of culturing the Methylococcus
capsulatus bacteria under controlled copper concentrations
in growth medium.'®!” The pMMO in these membranes
showed high specific activity whether NADH or duroquinol
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was used to assay the propene epoxidation. When these
pMMO-enriched membranes were solubilized in B-dodecyl-
D-maltoside and purified by gel filtration, a pMMO-deter-
gent complex of molecular mass 220 kDa was obtained, con-
sisting of an afy protein monomer in a micelle of ~240 deter-
gent molecules. The copper content of the pMMO thus puri-
fied contained ~14 atoms per protein monomer. Only adven-
titious iron was detected in the preparation (Cu/Fe ~ 80:1).
The pMMO-detergent complex also showed excellent spe-
cific activity toward NADH or duroquinol when either of
these reductants was employed as the co-substrate.'”

The EPR spectrum of the as-isolated pMMO-enriched
membranes is a composite of both a type 2 Cu(Il) signal as
well as a cluster Cu(II) signal, as shown in our companion pa-
per.'® In the as-isolated pMMO, only the copper ions of the
two C-clusters are presumably oxidized. According to the
chemistry that we have proposed for the C-clusters,'® when
the enzyme is turned over in dioxygen without the hydrocar-
bon co-substrate, one oxidized trinuclear Cu(II) cluster is
formed at one of the C-cluster centers and a type 2 Cu(II) ion
and an EPR silent bis(p-ox0)Cu™, or (u-n*n-peroxo)Cu',
dicopper core are formed at the other C-cluster site. Unlike
EPR signals from type 1 or type 2 copper sites, the cluster sig-
nal could not be saturated even at relatively high microwave
powers."'

Fig. 5A depicts the 3 K EPR spectrum of the as-isolated
PMMO at the low microwave power of 2 pW.'® Under these
conditions, neither the type 2 Cu(Il) signal nor the cluster
Cu(Il) signal would be saturated. Accordingly, the putative
cluster signal could be reliably obtained by recording the
EPR of the as-isolated pMMO at this low microwave power
and subtracting out a simulated spectrum of the type 2 Cu(II)
associated with the other oxidized C-cluster, as was recently
reported by us.'® Details of this deconvolution of the EPR
spectrum of the C-clusters are as follows. Basically, the com-
posite spectrum was taken as a linear combination of a type 2
Cu(II) signal and a trinuclear Cu(II) cluster signal (principal
components). The type 2 signal was simulated from the g-
values, the Cu(1I) hyperfine tensor, and the '*N superhyper-
fine interactions expected for tetragonal Cu(Il) centers. The
cluster signal was calculated by the method outlined in this
study as described later. With the EPR parameters for the type
2 Cu(II) center held fixed, the various spin Hamiltonian pa-
rameters for the trinuclear Cu(Il) cluster as well as the rela-
tive proportions of the two types of copper centers were then
adjusted until a best fit was obtained between the simulated
overall EPR spectrum and the experimental spectrum.

The deconvoluted spectra for the type 2 Cu(II) and the
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cluster Cu(Il) centers are delineated in Fig. 5A. Double inte-
grations of the two component signals gave an intensity ratio
0f 0.9 £ 0.2 for the Cu(II) cluster to the type 2 Cu(Il) signals.
Spin counting of the composite EPR signal against CuSO,4
standards gave a total overall Cu(Il) EPR intensity of 1.7 £
0.4 copper ions per protein monomer.

dy"/dH

Fig. 5B shows the corresponding EPR spectrum ob-
tained for the oxidized trinuclear Cu(Il) clusters at 77 K."¢
This spectrum was recorded for the as-isolated pMMO at a

—— Experiment
—— Simulated spectrum
— Deconvoluted cluster Cu(ll) signal

~ Deconvoluted type 2 Culh signal sufficiently low microwave power (200 uW) where neither

26I00 zéoo 3(I)oo 3'200 34'10() 3I600 35'300 4000 the type 2 Cu(II) signal nor the cluster Cu(II) signal would be

Magnetic Field (Gauss) saturated at this temperature. Again, we deconvoluted the ob-

served spectrum into a sum of the type 2 and cluster Cu(II)
signals, and their relative proportions were adjusted to fit the
experimental spectrum. The identical spin Hamiltonian pa-
rameters for the type 2 and cluster signals that provided the
best fit to the 3 K EPR spectrum were used at the outset to
generate the two principal component spectra in the spectral

dy"/dH

deconvolution. It was only necessary to adjust slightly the

zero-field splitting D for the Cus cluster signal to obtain the

——Experiment

——Simulated spectrum
——Deconvoluted cluster Cu(ll) signal
——Deconvoluted type 2 Cu(ll) signal

best fit. At 77 K, however, the cluster signal needed to be cor-
rected for the contributions from the excited doublet states

(vide infra), even though it was still dominated by the transi-
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Fig. 5. The EPR spectra of as-isolated pMMO in

highly pMMO-enriched membranes from M.
capsulatus (Bath) recorded at X-band (9.49
GHz) under low microwave power levels at 3 K
and 77 K (taken from reference 16), and those
of the type 2 Cu(Il) center and the putative oxi-
dized C-cluster obtained from a deconvolution
of the composite spectra. At each temperature,
the composite spectrum was taken as a linear
combination of a type 2 Cu(Il) signal and a
trinuclear Cu(Il) cluster signal, and the relative
proportions of the two signals as well as the
spin Hamiltonian parameters for both the type 2
and the cluster centers were adjusted to best fit
the observed composite spectrum. See refer-
ence 16 for details. A: Spectrum recorded at 3 K
at the microwave power level of 2 uW. B: Spec-
trum taken at 77 K at the microwave power
level of 200 uW. The simulated best-fit EPR
spectra for the putative C-cluster were based on
structural model 3 with g-tensors for the three
Cu(IT) ions of (1.983, 2.030, 2.218), (1.983,
2.029, 2.218) and (2.000, 2.033, 2.207); ex-
change interaction J = +20 cm’!, and zero-field
splitting parameters D = +0.017 cm™ (175
Gauss) and E/D =0.15 at 3 K and D =+0.019
cm™ (200 Gauss) and E/D = 0.15 at 77 K (green
spectra).

tions from the quartet state. These details are discussed later
in this paper.

The deconvoluted type 2 and cluster Cu(Il) signals are
depicted in Fig. 5B. Double integrations of the two compo-
nent signals that made up the 77 K EPR spectrum gave an in-
tensity ratio of 0.8 + 0.2 for the the cluster Cu(II) to the type 2
Cu(II) signals, and spin counting against CuSOj4 standards
yielded a total EPR intensity for the composite spectrum cor-
responding to 1.6 £ 0.2 Cu(II) ion per protein molecule.

Assignment of the Putative C-Cluster EPR Spectrum
Fig. 6 depicts the energy levels for three exchange-
coupled Cu(Il) ions with a ferromagnetic ground state. It is
relatively straightforward to assign the above relatively
broad but nearly isotropic signal at g ~ 2.1 to the St = 3/2
quartet manifold of the trinuclear Cu(II) cluster. As described
later, at 3 K only the quartet manifold contributes to the EPR,
even for arelatively small J. However, depending on the mag-
nitude of D, the three transitions within the quartet would
contribute to the observed spectrum in varying proportions in
different regions of the spectrum. For | D| << gfH, all three
transitions contribute to give an isotropic feature centered at
g ~2.1. As| D is gradually increased, the spectrum would
still be dominated by this central feature. The resonance
fields for the -1/2 — 1/2 transition remain essentially isotro-
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pic under these conditions. However, the resonance fields for
the -3/2 — -1/2 and 1/2 — 3/2 transitions become sensitive to
ID| and are anisotropic, appearing towards lower and higher
fields of the central feature. The latter contributions could be-
come part of the baseline for a powder sample because of the
large orientational anisotropy of the resonance fields for
these transitions when | D| becomes sufficiently large. For
ID| > gBH, the -3/2 — -1/2 and 1/2 —> 3/2 transitions would
no longer be accessible by X-band EPR. Thus, only the -1/2
— 1/2 transitions could be observed under these conditions,
with the more intense perpendicular contributions resonating
at g ~ 4.2 and the weaker parallel contribution at g ~ 2.1.
Strains in the g, D, and E (if the cluster depart from equilat-
eral symmetry) could also contribute to the breadth of the
EPR spectrum and the smearing out of the transitions that add
to the background.

Aside from their different intrinsic transition probabili-
ties, the relative contributions of the three transitions to the
composite spectrum depend also on the populations of the
clusters occupying the various energy states of the quartet
manifold. At 77 K, we also expect additional contributions to
the cluster Cu(II) spectrum from the excited doublet states, if
|3J| ~ KT at this temperature. These various spectral features
of a ferromagnetic coupled trinuclear Cu(II) cluster are high-

Hung et al.

lighted in the detailed calculations summarized in the next
section. Finally, there could be effects on the spectrum aris-
ing from thermal decoupling of the spins at the higher tem-
peratures when the electron relaxation rate 1/T; becomes suf-
ficiently rapid compared with the exchange interactions
among the Cu(Il) spins. These latter considerations are com-
plex and are beyond the scope of the present study.

Calculations of the Trinuclear-Copper-Cluster EPR at 3
K Based on Model Compounds

Here, we present the results of our efforts to simulate
the EPR signal observed at 3 K for the oxidized trinuclear
Cu(II) cluster of pMMO. Calculations on equilateral clusters
will first be performed, and the local coordination geometry
of the copper ions and their relative geometrical disposition
within the cluster will be taken to be similar to that in model
complexes 3 and 4. Deviations from the symmetric triad will
be then considered, including both the isosceles arrangement
and the general triad. Although compound 6 is representative
of an isosceles triangular model for a trinuclear cluster, some
of our simulations were actually built on model complex 3
with the inclusion of a rhombic distortion in the zero-field
splitting. The calculations will include variations over a
range of zero-field splitting (D) in the case of equilateral

Energy
s M M
A : °
12 +1/2 +1/2
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T e— — transitions
-1/2
3J
+3/2_
+3/2
2.y LS = +1/2
— . ; 2D BT
------- I S -::::::___~_~_.______._1/2 EPR
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Exchange-Coupling

+Zero Field Splitting

+Magnetic Field

Fig. 6. Energy level diagram for a ferromagnetically coupled equilateral triad of Cu(II) ions (exchange interaction J > 0) with
and without zero-field splitting (D > 0), and after the application of a magnetic field. When the triad deviates from
equilateral, the degeneracy of the two upper doublet states is removed. The energy levels are otherwise unchanged.
Only the EPR transitions observable at X-band are highlighted. For J = 15-20 cm™', only the quartet manifold is appre-
ciably populated at 3 K. However, the transitions within the doublet states account for 16% of EPR intensity at 77 K.
The spacings between the energy levels are not drawn to scale.
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triad, but the effects of E, in addition to D, will also be ex-
plored in the case of the less symmetric clusters.

Equilateral Clusters

Fig. 7 summarizes the results of our EPR simulations of
the putative cluster signal in pMMO for equilateral clusters.
These calculations were performed using the g-tensor ar-
rangements derived from the coordination geometry of 3 and
4 and a range for the spin Hamiltonian parameters (J and D)
based on the estimates previously reported from the magneti-
zation measurements.'' From the temperature dependence of
the magnetic moment and the magnetic susceptibility for the
fully oxidized pMMO sample, Nguyen et al.'' have deduced
estimates of 15-20 cm™ and < 0.05 cm™ (531 Gauss) for the
exchange interaction J and the axial zero-field splitting D, re-
spectively.

Scheme I lists the transformed local g-tensors (g*,y.,)
used for each of the three Cu(Il) ions in the cluster and the

interspin D-tensors between pairs of Cu(Il) ions based on the
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original sets reported for complexes 3 and 4. Even though
various g-values could be chosen to fit the EPR spectrum of
the C-cluster, the degree of variation in the coordination ge-
ometry at the individual copper ions places a limit on the lo-
cal g-tensor (diagonal in local coordinate system).

=S U= .
For a symmetric triad, Dg = E(DAB + Dy + D¢, ). Since

D=3/2Djor3/2D,,, foraD of 531 Gauss or 0.05 cm’, it fol-
lows then that D= D,, =354 Gauss. To yield a D =531 Gauss

in D, D%, = D% = DZ, = 708 Gauss so that D; :é(ms x3)=

354 Gauss and D = 3/2 D = 531 Gauss. Since this D value
represents an upper limit according to the magnetic suscepti-
bility measurements, D was varied from 0 to 500 Gauss only
in the EPR simulations summarized below.

Although we have assumed that the exchange coupling
constant between pairs of Cu(Il) ions in the cluster is 20 cm™,
the outcome of the simulations is not sensitive to the exact
value of J, so long as J is sufficiently large that the strong ex-

Scheme I The g-tensors for EPR simulations of pMMO based on the structures of 3 and 4 are shown in a and b, respec-
tively. The D-tensors for the case of D = 531 G are also listed

2.1534 0.0885 -0.0726

a
g, = 2.0511 -0.0419
2.0955
2.1534 -0.0885 0.0726 2.00 0.0885 0
g = 2.0511 -0.0419 g = 2.2045 0.0839
B
2.0955 2.0955
o 35400
D, =Dy =D¢y = -354 0
708
b 220 00 00
g, = 2.0401 -0.0566
2.1799
2.08 -0.0693 0.0491 2.08 0.0693 -0.0491
g, = 2.16  0.0283 g = 2.16  0.0283
2.1799 2.1799
354 0 0
D,y =Dy =Dy = -354 0
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change limit is obtained. For ferromagnetic coupling, the en-
ergy levels of the ground quartet state are insensitive to the
magnitude of J within this limit.

In the strong exchange limit, only the transitions within
the ground quartet states are thermally accessible at 3 K. In
the presence of zero-field splitting, the details of the observed
EPR signal are strongly dependent on the relative magnitude
of the zero-field splitting and the frequency of the micro-
waves used to excite the spins in the spectrometer. When gBH
>> D, the spectrum is centered about g ~ 2, although the reso-
nance fields for the -3/2 — -1/2 and 1/2 — 3/2 transitions are
not exactly coincident with the -1/2 — 1/2 transition. As D
becomes progressively larger in magnitude, the -3/2 — -1/2
and 1/2 — 3/2 transitions begin to appear to higher and lower
resonance fields. Variations of the trinuclear cluster EPR
spectrum with axial zero-field splitting D from D = 0 through
500 Gauss are illustrated in Fig. 7 for the two equilateral rep-
resentative coordination geometries noted earlier. The rela-
tive contributions of the three transitions to the composite
spectrum of the quartet state are illustrated in Fig. 8. It is evi-
dent that for small D values, of the order of 50 Gauss, the -3/2
— -1/2 and 1/2 — 3/2 transitions contribute mainly to the
center of the EPR signal, resulting in an overall signal that re-
mains relatively isotropic but with a larger resonance width.
For a cluster with three Cu(II) ions with coordination geome-
try similar to that in the model complex 3, the center of these
EPR spectra can be readily explained by g32,1 in eq 2, with an

D=400G
M
CErwy
M@

D=150G

dyldH

D=100G

T

T T T T T
2000 2500 3000 3500 4000 2000 2500 3000 3500 4000
Magnetic Field (Gauss)

Fig. 7. Calculated 3 K EPR spectra for a ferromagnetic
coupled trinuclear Cu(Il) cluster for a range of
the zero-field splitting D. Simulations shown in
panels A and B are based on the equilateral
structural model of compounds 3 and 4, respec-
tively. The g-tensors are listed in Scheme 1.
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effective g value corresponding to gave ~ 2.1 (= 1/3 (Tr g*)).
In the case of model 4, all the composite spectra are shifted to
somewhat lower fields, corresponding to the average g value
of 2.14 for trigonal bipyramidal coordination.

Deviation from equilateral clusters

In general, there are three possibilities of the triangular
arrangements for a trinuclear cluster: equilateral, isosceles,
and the general triad. Since each spin interacts with the adja-
cent ones, the strength of these interactions determines the
magnetic geometry of the triad. In the most general case
when no two J;j values are equal, then states with the same St
value can be admixed, and the corresponding g-tensors are
given by

§3/2,1 =1/3 ( EA + g]; + Ec)a
Bioa=—(1/3-4/3sin* L) g, +2(1/3 - 1/3 sin’* &
— 1/\3 sink cosh) g +2(1/3 — 1/3 sin® A
+1/73 sinA cosA) B,
Bino=(1-4/3sin’)) g,
+2 (1/3 sin®A + 1/\3 sink cos)) g
+2 (1/3 sin’A — 1/43 sin) cosh) B,
L=1/2tan" [3"*(Jap — Tac)/(2Tac— Tac — Tap)]. (3)

dy"ldH

T T T T T
3500 4000 2000 2500 3000 3500 4000

Magnetic Field (Gauss)

T T
2000 2500 3000

Fig. 8. Relative contributions of the three transitions to
the composite spectrum of the quartet state. In
each panel, dashed line, solid line, and dotted
line represent the -3/2 — -1/2, -1/2 — 1/2, and
1/2 — 3/2 transitions, respectively. The simula-
tions depicted in panels A and B are based on
the structural model of compounds 3 and 4, re-
spectively. The g-tensors are listed in Scheme I.
The individual spectra have not been weighted
by the Boltzmann populations of the clusters
among the spin states of the quartet.
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Thus, the transitions within the two doublet states vary with
the magnetic geometry of the triad. Note, however, that L =0°
for both the equilateral and isosceles magnetic geometry, and
the result for the symmetric triad is obtained.

Thus, for a ferromagnetically coupled trinuclear cluster
in the strong exchange limit, when the observed EPR spectra
are dominated by the transitions within the quartet states,
with g = g3/,.1, the observed g-values for the quartet do not
vary with the shape of the triangle. The contributions from
the two doublet states are also the same, except in the case of
the totally asymmetric triad, but these transitions are only ob-
served at rather elevated temperatures (depending on the
magnitude of the exchange coupling).

Compound 6 is representative of an isosceles triangular
model for the trinuclear clusters in pMMO. The local
g-tensors (g*y.,) used for each of the three Cu(Il) ions in the
cluster and the inter-spin D-tensors between pairs of Cu(II)
ions are listed in Scheme II. In this case, the exchange inter-
actions between the terminal copper ions are negligible.*>**
Accordingly, both Jgc and Dgc were set to zero in the simula-
tions. Spectral simulation results obtained with the axial
zero-field splitting D varying from D = 0 through 500 Gauss
are illustrated in Fig. 9A. Here, we find that the “central” fea-
ture in the spectrum is significantly more sensitive to D than
those seen in Fig. 7, so that the spectrum exhibits greater ani-
sotropy and weaker intensity. In Fig. 9B, the contribution of
the three transitions within the quartet state are shown for D =
50 and 300 G. It is clear that the resonance fields for the -3/2
— -1/2 and 1/2 — 3/2 transitions move away from the g = 2
region and manifest themselves towards higher and lower
magnetic fields even for relatively smaller D’s, as compared
to the case of the equilateral triangular clusters.
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The general triad

As the triangular arrangement of a trinuclear cluster de-
parts from the symmetric triad, the thombic zero-field split-
ting becomes important. In order to ascertain the effects of
the rhombic zero-field splitting parameter E on the EPR sig-
nal of the trinuclear Cu(II) cluster, non-zero E values were in-
troduced in the EPR simulations of the cluster signal based on

D=500G
D=400G
D=300G

D=250G

D=200G
D=150G

dy"/dH

T T T
2000 2500 3000 3500 4000 2500 3000 3500 4000
Magnetic Field (Gauss)

Fig. 9. A. Calculated 3 K EPR spectra for a ferromag-
netically coupled trinuclear Cu(II) cluster
based on the isosceles structural model of com-
pound 6. Details of the spin Hamiltonian are
given in Scheme II. B. Contributions of the
three transitions -3/2 — -1/2 (dashed line), -1/2
— 1/2 (solid line), and 1/2 — 3/2 (dotted line)
within the quartet state are depicted separately
in this panel. These component spectra have not
been weighted by the Boltzmann populations
among the spin states of the cluster.

Scheme II The g-tensors for EPR simulations of pMMO based on the structure of 6. The D-tensors for the case of D =

531 G are also listed
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the g-tensors of compound 6 (Scheme II). Some simulations
are presented in Fig. 10 for the representative coordination
geometries employed in this study, and varying D over the
range of 50-500 Gauss, and E/D over the range 0f 0.01 to 0.3.
As expected, the cluster spectra do not exhibit significant
changes for small D values and small E/D’s. However, for
sufficiently large D’s, the inclusion of a non-zero E leads to
the smearing out of the features arising from -3/2 — -1/2, and
1/2 — 3/2 transitions. The -1/2 — 1/2 transition giving rise to
the central feature of the spectra remains relatively un-
changed even at relatively large D and E values, although the
anisotropy of this signal is increased with increasing E.

Contributions from the excited doublet states
At sufficiently high temperatures (depending on the
strength of the exchange coupling (J)), the two excited dou-
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blet states become populated. Under these conditions, the
transitions within the doublet states would contribute to the
EPR spectrum of the trinuclear copper cluster. As mentioned
in eq. 2, the g tensors associated with the transitions from the
doublet states can be expressed as a linear combination of the
local g-tensors of a symmetric triangular cluster. These
g-tensors are normally not the same as that for the quartet
states. As an example, we have calculated these transitions of
the doublet states and compared their sub-spectra with those
of the quartet state for the case of D =300 G and E = 0. As
shown in Fig. 11A, the EPR signals of the two doublets are
centered at g =2.01 and g = 2.20. Since the transition proba-
bility (double integration area) for each of these doublet con-
tributions is 0.25, compared with 1.00 for the -1/2 — 1/2 tran-
sition, and 0.75 for either the -3/2 — -1/2 or the 1/2 — 3/2
transition, the bulk of the EPR intensity arises from the tran-

4 D=500G
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Fig. 10. The effects of a rhombic distortion in the zero-field splitting on the calculated 3 K EPR spectrum of a ferromag-
netically coupled trinuclear Cu(1l) cluster based on the isosceles structural model of compound 6 for different axial

zero-fielding splittings (50 < D < 500 Gauss).
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A. Calculated EPR transitions for both the
quartet (-3/2 — -1/2 (dashed line), -1/2 — 1/2
(solid line), and 1/2 — 3/2 (dotted line)) and
the excited doublet states (heavy solid and
dashed lines) based on the structural model of
compound 3, the spin Hamiltonian parameters
T=420 cm!, D = 250 Gauss, and E/D = 0.15,
and the g-tensors listed in Scheme I. The spec-
tra associated with the various transitions have
not been weighted by the Boltzmann popula-
tions. B. Calculated overall composite EPR
spectra for the putative cluster center at 77 K
(weighted according to the Boltzmann popula-
tions) with and without the quartet state contri-
butions, and comparison with the “observed”
or deconvoluted “best fit” cluster EPR spec-
trum. Again, the simulations were based on the
structural model of compound 3, with J =+20
cm™!, D =250 Gauss, and E/D=0.15, and the g
tensors listed in Scheme 1. The EPR signals
calculated for the individual transitions (not
weighted to Boltzmann population differ-
ences) are also depicted together with their rel-
ative weights in accordance with their ex-
pected transition probabilities.
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sitions within the quartet state. Thus, in terms of integrated
intensities, the contributions of the doublet states to the over-
all spectrum are relatively small, even when these states are
appreciably populated. As noted earlier, the overall compos-
ite EPR spectrum is dominated by the central feature contrib-
uted by the -1/2 — 1/2 transition of the quartet, as the intensi-
ties of the other two transitions of the quartet are spread out
over a spectral width exceeding 1000 Gauss. As an illustra-
tion, we show at the bottom of Fig. 11B the overall EPR spec-
trum predicted for a trinuclear Cu(II) cluster at 77 K based on
structural model 3, the spin Hamiltonian parameters J = +20
cm™!, D =250 Gauss, and E/D = 0.15, and the g-tensors listed
in Scheme I. The composite spectrum is clearly dominated by
the -1/2 — 1/2 transition of the quartet; however, a compari-
son of the simulated overall spectrum with and without the
doublet contributions (orange spectrum versus blue spec-
trum) indicates that the latter contributions could stand out
above the background in spite of their low integrated intensi-
ties. In contrast, the -3/2 — -1/2 and 1/2 — 3/2 transitions of
the quartet are expected to contribute primarily to the base-
line.

Simulation of the 3 K EPR spectra for the putative
C-cluster in pMMO

On the basis of these simulations, it is clear that the C-
cluster signal from pMMO could be reproduced by an equi-
lateral of three ferromagnetically coupled square pyramidal
Cu(IT) ions (model complex 3) with an overall zero-field
splitting of the order of +0.017 cm™ (175 Gauss). For a zero-
field splitting of this magnitude, all three transitions of the
quartet manifold will contribute to the spectrum, even after
weighting each contribution according to the Boltmann pop-
ulation difference associated with the spin states involved in
the transition of the cluster. With equilateral model complex
3, the central feature appears at an overall g-value of 2.1, in
excellent agreement with the observed spectrum. Note that
this g-value for the cluster signal is significantly higher than
g1 (~2.06) for the type 2 center (compare green and blue
spectra in Fig. 5A).

The simulated 3 K spectrum for the putative C-cluster
that provided the best fit to the overall composite spectrum
obtained for the as-isolated pMMO at this temperature is
shown in Fig. SA. In order to improve the overall fit at the
higher g-values, it was only necessary to introduce some
asymmetry in the zero-field splitting (E). This spectrum was
simulated with the following sets of g-values: (1.983, 2.030,
2.218), (1.983, 2.029, 2.218) and (2.000, 2.033, 2.207); and
zero-field splitting parameters D = +0.017 cm™ (175 gauss)
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and E/D = 0.15. Thus, evidently, the cluster is essentially a
symmetric cluster, or at most a slightly asymmetric triad.

A simple analysis based on the intrinsic transition prob-
abilities of the three transitions and the Boltzmann popula-
tion of the clusters at 3 K predicted an EPR intensity ratio
0.96 £ 0.1 for the putative cluster Cu(II) signal relative to that
of'a type 2 EPR center of the same concentration as the clus-
ter (or 1/3 the copper concentration associated with the tri-
nuclear cluster) at the same temperature. Thus, the observed
ratio of 0.9 £ 0.2 corresponds essentially to the ratio of the
cluster center to the type 2 center in the as-isolated pMMO.
The total EPR intensity predicted for the composite signal
observed at 3 K should then correspond to 1.9 + 0.2 Cu(II)
ions per protein, if there is indeed one type 2 Cu(II) center as-
sociated with the as-isolated pMMO. This predicted Cu(II)
intensity is in good agreement with the value of 1.7 + 0.4 de-
termined from spin counting. Most precisely, these results in-
dicate that the trinuclear Cu(II) cluster is contributing an in-
tensity corresponding to 0.8 £ 0.3 of a Cu(II) ion to the EPR
spectrum, and that 0.9 + 0.3 of a type 2 Cu(II) center is being
observed at 3 K. In other words, the composite EPR spectrum
observed at 3 K is comprised of contributions from one type 2
Cu(II) center and one trinuclear Cu(II) center, within the ex-
perimental uncertainty of our EPR measurements.

As noted earlier, for a ferromagnetically coupled tri-
nuclear Cu(Il) cluster in the strong exchange limit, the ob-
served EPR spectrum at 3 K is dominated by the transitions
within the quartet states, and the observed g-values for the
quartet are insensitive to the magnitude of the exchange inter-
action (provided J is sufficiently large), and do not vary with
the shape of the triangle. On the other hand, the details of the
spectrum are sensitive to the values of D and E.

The putative C-cluster EPR signal at 77 K

Depending on the magnitude of the exchange coupling,
the two doublet states could contribute to the EPR spectrum
at elevated temperatures. Under these circumstances, the
contributions of the transitions from the two doublet states to
the EPR intensity could be used to obtain a measure of the J
coupling. The putative C-cluster signal that yielded the best
fit to the observed composite EPR spectrum for the as-iso-
lated pMMO at 77 K is shown in Fig. 5B. The spectrum was
simulated using the same spin Hamiltonian parameters as
used to best fit the 3 K spectrum, except that D was increased
from 175 to 200 Gauss. The doublet state contributions were
also included. The intensities of the doublet and quartet tran-
sitions were weighted according to the Boltzmann population
of the clusters occupying these levels at 77 K assuming a J of
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+20 cm™. Under these conditions, the doublet state contribu-
tions would amount to some 16%, so that the cluster EPR in-
tensity ratio would be substantially under-estimated if these
excited state contributions were not taken into consideration
in the simulation of the spectrum for the cluster Cu(II) center.
Thus, the EPR intensity of the cluster signal relative to that of
a type 2 center of 1/3 of the Cu(II) concentration at the same
temperature allows one to obtain an estimate of the size of the
exchange coupling. For a ferromagnetic exchange interaction
of the magnitude of J =+20 cm™, the total contribution of the
cluster to the 77 K spectrum should correspond to 1.0 £ 0.1
isolated Cu(II) ions per protein at the same temperature. This
is the intensity ratio expected for the cluster center relative to
the type 2 center EPR signals in the deconvolution of the
composite EPR spectrum for the as-isolated pMMO, if there
is one type 2 Cu(II) center associated with the as-isolated en-
zyme. The measured intensity ratio is 0.8 £ 0.2, and the mea-
sured total EPR intensity is 1.6 = 0.2 Cu(II) ions per protein.
These results indicate that the trinuclear Cu(II) cluster is con-
tributing an intensity corresponding to 0.7 £ 0.2 of a Cu(Il)
ion to the EPR spectrum, and that 0.9 £ 0.2 of a type 2 Cu(II)
center is being observed at this temperature.

Thus, the EPR intensity of the putative cluster signal,
together with the difficulty in saturating this signal at high
microwave powers, both point to the presence of a trinuclear
Cu(II) center, in addition to a type 2 Cu(II) center in pMMO
(of ~1/3 of the copper concentration per protein compared to
the trinuclear copper cluster), when the enzyme is partially
oxidized in the absence of hydrocarbon substrate.

SUMMARY

Toward understanding the nature of the ferromagnet-
ically coupled trinuclear Cu(II) clusters in oxidized pMMO
and the EPR spectra associated with these clusters, we have
undertaken a review of the model triangular Cu(II) clusters
that have been reported in the literature. Among the over
100-trinuclear copper clusters (including linear clusters) that
have been synthesized and characterized so far, only a few
show ferromagnetic exchange coupling. Nevertheless, these
complexes exhibit sufficient variation in local ligand-coor-
dination geometry and structural arrangements of the copper
ions to allow us to build on these magneto-structural frame-
works for the purpose of the present study. We found that it
was possible to simulate the EPR observed for the putative
C-cluster of pMMO on the basis of a slightly asymmetric
triad of type 2 Cu(II) ions with an axial zero-field splitting of
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D=0.017+0.002 cm™ (175 £ 25 Gauss). The variation in the
EPR intensity of the cluster signal with temperature also pro-
vided an estimate of the exchange interaction of 15-20 cm’
between the copper ions, in accord with the estimate previ-
ously inferred from magnetic susceptibility data.
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