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Abstract

While there is broad agreement on the catalytic mechanism of Multicopper Oxidases (MCOs), the
geometric and electronic structures of the resting trinuclear Cu cluster have been variable, and
their relevance to catalysis debated. Here, we present a spectroscopic characterization,
complimented by crystallographic data, of two resting forms occurring in the same enzyme, and
define their interconversion. The resting oxidized form shows similar features to the resting form
in Rhus verniciferaand Trametes versicolor laccase, characterized by ‘normal’ type 2 Cu EPR
features, 330nm absorption shoulder, and a short type 3 (T3) Cu-Cu distance, while the alternative
resting form shows unusually small A-parallel and high g-parallel EPR features, lack of 330nm
absorption intensity, and a long T3 Cu-Cu distance. These different forms are evaluated with
respect to activation for catalysis, and it is shown that the alternative resting form can only be
activated by low-potential reduction, in contrast to the resting oxidized form which is activated via
the type 1 Cu at high potential. This difference in activity is correlated to differences in redox
states of the two forms, and highlights the requirement for efficient sequential reduction of resting
MCOs for their involvement in catalysis.

Multicopper Oxidases (MCOs) are a large group of enzymes, including laccase, CueO,
Fet3p, and Bilirubin Oxidase (BOD).! These enzymes couple single electron oxidations of
various substrates to the four electron reduction of dioxygen to water.2 This reactivity is
performed with a minimum of four Cu ions, arranged in a type 1 (T1) Cu and a trinuclear Cu
(TNC) site, respectively.3 The T1 Cu, ranging in potential from +350-800mV,* receives
electrons from the substrate, and transfers these to the TNC, which is the site of dioxygen
reduction.® A generally accepted reaction mechanism for O, reduction by the TNC involves
two two-electron transfers, starting from a fully reduced enzyme.8 In the first step, O, is
reduced by two electrons, forming the so-called Peroxy Intermediate (PI). This is followed
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by a second two-electron transfer, which results in cleavage of the O-O bond, and formation
of a second intermediate, the Native Intermediate (NI). The catalytic cycle is completed
upon reduction of NI by a total of four electrons, regenerating a fully reduced enzyme.®

Different resting forms of MCOs have been observed, and there has been some debate as to
which is the relevant form for activation for catalysis.” The most well characterized form is
the as-isolated resting oxidized form observed in RAus verniciferaand Trametes versicolor
(TvL). This resting form is also obtained in the decay of NI in the absence of reducing
substrate.® In the resting oxidized form, the TNC is fully oxidized with spectroscopically
defined mononuclear T2 Cu(lIl) and binuclear T3 Cu(ll) sites. The T2 Cu(ll) is magnetically
isolated, with ‘normal’ Electron Paramagnetic Resonance (EPR) parameters of g = 2.22—
2.27 and A = 170-200x10~4cm™1, and the absence of intense UVVvis absorption features.
The T3 Cu(ll)’s are antiferromagnetically coupled, with intense charge transfer transitions
around 330nm, originating from a bridging hydroxide ligand.2 Correlated crystal structures
show an oxygen bridging atom in between the T3 Cu’s, which are separated by <4A9 (Table
1). In contrst, an alternative resting form of MCOs has been observed primarily in Bilirubin
Oxidases (BODs), including CotA from Bacillus subtilis. This alternative resting form is
characterized by a TNC with an unusually small A (80-100x10~4cm™1),10 Jack of 330nm
absorption intensity, and T3 Cu-Cu distances of >4.7A, with a dioxygen or single oxygen
bridging the two T3 Cu’s”11 (Table 1).

Herein, we define both the resting oxidized and the alternative resting forms of MCOs in the
same BOD enzyme, and show these can be interconverted. From a detailed spectroscopic
analysis, we identify a difference in the redox states of the TNC in the two forms, and
correlate this to differences in activation for catalysis and in geometric structure. BOD from
Magnaporthe oryzae was expressed in Pichia pastoris and purified to homogeneity.12 The
as-isolated enzyme has an intense blue color (ie. oxidized T1 Cu), and 3.7-3.9 Cu’s/
molecule as determined by the biquinoline method and by atomic absorption spectroscopy
for the enzyme solution at neutral pH.12 Figure 1 shows the EPR spectrum (black) of the as-
isolated BOD, with spin integrated intensity of 1.8-1.9 Cu(l1)’s per molecule, consistent
with one paramagnetic Cu in the TNC (in addition to the oxidized T1 Cu). The EPR
parameters of the non- T1 Cu (g = 2.37, Ag = 82x10~%cm™1), are similar to those reported
for the alternative resting form (Table 1). Interestingly, these features resemble those
previously reported for a ‘“Type 0’ Cu site, observed in mutationally modified T1 Cu from
Azurin.13 Furthermore, the absorption spectrum, of the as-isolated BOD, shows no 330nm
shoulder (Fig. S1, Supporting Information), again consistent with the alternative resting
form (Table 1). To reduce the as-isolated BOD, dithionite was added in small increments, to
anaerobic enzyme, with concomitant monitoring by EPR. This allowed for selective
reduction of the T1 Cu (Fig. S2, Supporting Information), followed by reduction of the TNC
EPR active Cu. This indicates that the EPR active TNC Cu has a significantly lower
potential than that of the T1 Cu. Upon complete reduction, the BOD was exposed to
dioxygen, which resulted in an immediate return of the blue color consistent with
reoxidation of the enzyme. The TNC EPR features of the reoxidized resting enzyme are
considerably different from those of the as-isolated form, as shown in Fig. 1 (red), with g =
2.24, Ag = 182x10™%cm™1, similar to the resting oxidized form of MCOs (Table 1). Also,
the absorption spectrum of the reoxidized enzyme clearly shows the 330nm shoulder (Fig.
S1, Supporting Information), indicating that all three TNC Cu’s have been oxidized.
Importantly, when the reoxidized enzyme was exposed to ClI~ ions, a known inhibitor of
MCOs, and followed by EPR, regeneration of the alternative enzyme form was observed
(Fig. S3, Supporting Information). It should be mentioned that we observed a similar
conversion in commercially available Myrothecium verrucariaBOD (‘Amano 3°) from
Amano Enzymes Inc. (Fig. S4, Supporting Information). Based on the above, BOD from
M.oryzae, has two distinct resting forms, that can be interconverted: the resting oxidized
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form (1), generated upon reoxidation by O, of fully reduced enzyme, and the alternative
resting form (2), observed in the as-isolated enzyme, and upon CI~ addition to 1.

The electrochemical behaviors, in the presence of O,, of the two resting forms of the BOD,
were investigated. 1 and 2, respectively were adsorbed on spectrographic graphite electrodes
(SPGEs), and subsequently evaluated in air-saturated buffer by cyclic voltammetry. Fig. 2
shows the cyclic voltammograms (CVs) obtained with absorption of the as-isolated
alternative form, 2. Compared to the background CV of a bare SPGE electrode (blue),
significant catalytic current is observed, verifying activation of the enzyme by direct
electron transfer (DET) from the electrode. Importantly, the CVs of the first (black) and
second scan (red) are markedly different, with onset of catalytic current observed at ~
+400mV (vs. NHE) in the first scan, shifting to ~+800mV in the second scan. A +800mV
onset agrees with previous reports on immobilized BODs, where this was ascribed to DET
to the T1 Cu.1® When the resting oxidized form, 1, is adsorbed, catalytic current is also
observed (Fig. S5, Supporting Information). The onset in this case is at ~+800mV, thus
coinciding with the onset of the catalytic current in the second (and subsequent) scan of 2.
Therefore, the alternative form, 2, can be activated for O, catalysis only at sufficiently low
electrode potentials, consistent with the observation of a low potential TNC Cu (vide supra),
whereas the resting oxidized form, 1, is activated at the much higher potential of the T1 Cu.
Electrochemical interconversion of 1 and 2, similar to solution behavior was also
investigated. Upon electrochemical activation of 2, followed by a resting period of several
hours (i.e. no applied potential), the onset current was observed at ~+800mV (Fig. S6,
Supporting Information). This strongly indicates that upon reductive activation, the
alternative resting form, 2, of the enzyme is converted to the resting oxidized form, 1. Also,
if an electrode with adsorbed activated enzyme (ie. resting oxidized), 1, is placed in NaCl
buffer overnight, the CV shows a return of the low activation potential (Fig. S7, Supporting
Information), consistent with the interconversion behavior observed in solution.

Activities of the two resting forms in solution were also explored, using 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS), a common MCO substrate showing a
distinct absorption band upon one electron oxidation that can be followed
spectrophotometrically. Under continuous turnover in air saturated phosphate buffer, the
resting oxidized enzyme showed more than ten-fold higher activity than the alternative
resting form (248 vs. 22 units/mg). This is consistent with the high redox potential
(+650mV) of ABTS,1° again indicating that 2 can only be activated by a sufficiently low
reductant (ie. dithionite), whereas 1 is activated by high potential substrates. The residual
activity of 2 is ascribed to the presence of a small amount of 1.

To further elucidate differences between the two resting forms of the BOD, we were able to
obtain crystals of the as-isolated enzyme, grown for two days in pH 4.6 acetate buffer, pH-
adjusted with HCI. In order to correlate the crystal structure to the spectroscopy, as-isolated
(ie. alternative resting) enzyme, 2, was buffer exchanged into the crystallization buffer, and
monitored by EPR over the same time period. After two days, this resulted in an EPR
spectrum equivalent to that of 2 (Fig. S8, Supporting Information), verifying that the crystal
structure corresponds to the alternative resting form of the enzyme. Under the crystal growth
conditions, the resting oxidized form, 1, of the BOD, converts to the alternative resting form,
2. We are currently pursuing different conditions that may allow crystallization of 1 in BOD.
Here, we focus on the structural differences between 1 and 2 of the TNC by comparing the
crystal structure of M. oryzae BOD (Table S2, Supporting Information), 2, to the previously
published structure of 7. versicolor (1GYC)%, 1. The correspondence of the TvL structure
to 1 is validated by a. the equivalent spectroscopic features of the resting oxidized forms in
M. oryzae BOD (described above) and TvL,16 b. the conservation of activity after X-ray
exposure of TvL, and c. the fact that we found that CI~ does not convert form 1 to form 2
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in TvL.17 Fig 3 depicts the geometric structures of the TNCs of BOD and TvL, both to
resolutions of 1.9A. Relevant first and second sphere residues are included in addition to the
three Cu’s. Three oxygen atoms in undefined protonation states, are also included. Oxygen
(i) is weakly coordinated to the T2 Cu, whereas oxygen (ii) is situated in between the two T3
Cu’s, in hydrogen bonding distance (Table S2, Supporting Information) to an additional
oxygen (iii). It should be mentioned that although the crystallization buffer of the BOD
includes chloride ions, no evidence of these was found at or near the TNC (Fig. S9,
Supporting Information). As seen in Fig. 3, the overall motif of the TNCs is similar in the
two enzymes forms. However, there are two highly important differences. First, the crystal
structure of the BOD shows an almost linear T3 Cu-O-Cu angle (171°), in contrast to the
133° angle observed for TvL (Fig. 3, and Table S2, Supporting Information). Second, the
distance between the two T3 Cu’s is 5.0A in BOD, compared to only 3.9A in TvL (Fig. 3,
and Table S2, Supporting Information). A long Cu-Cu distance is in agreement with crystal
structures of other BODs, where either one or two oxygen atoms are observed in similar
positions as oxygen (ii). 711

The origin of the activation, structural, and spectroscopical differences between these two
resting forms, 1 and 2, was revealed by Cu K-edge X-ray Absorption Spectroscopy (XAS).
Studies on copper containing model complexes have shown that Cu(l) has an intense
transition at 8984eV, arising from excitation of a core electron from a Cu 1s to its 4p
orbitals.18 This property has been invaluable in determining the redox states of intermediates
in MCOs.19 Fig. 4 shows XAS spectra of the as-isolated alternative form (black), 2, and the
resting oxidized form (red), 1, of M. oryzae BOD. For comparison, the spectrum of the fully
reduced enzyme (blue) is also included. For 1, very little intensity is observed at 8984eV,
consistent with the spectroscopic features of this site, indicating a fully oxidized enzyme. In
contrast, 2 is observed to have significant intensity at 8984eV, approximately half of that
observed for the fully reduced enzyme. This, complimented by EPR spin integration and the
absence of a 330nm absorption shoulder, allow assignment of 2 to a 2x Cu(l), 1x Cu(ll)
TNC (with the T1 Cu oxidized). Importantly, when 2 is regenerated from 1, by the addition
of CI™ ions (vide supra), the XAS edge spectrum is identical to that of as-isolated enzyme 2
(Fig. S10, Supporting Information), confirming the partially reduced redox state of the
alternative resting form, 2. This redox state of 2 may be correlated with the long T3 Cu-Cu
distance observed in the crystal structure (vide supra). Structures of MCOs obtained from
either crystallography or computations, show significantly longer T3 Cu-Cu distances in the
fully reduced, compared to the fully oxidized forms of the TNC.20

In summary, two forms of resting MCOs, resting oxidized and alternative resting, that can
be interconverted, have been identified and characterized in the same BOD. The latter is
responsible for an unusual TNC EPR signal, a long T3 Cu-Cu distance, and a low redox
potential of a TNC Cu. Only the resting oxidized form, 1, is catalytically active under
normal assay conditions, whereas the alternative form, 2, requires a low potential reductant
to be fully reduced for O, reactivity. This reflects the fact that the alternative form has a
partially reduced TNC that is not capable of O, reduction. This emphasizes the requirement
for correct sequential reduction of resting MCO to the fully reduced enzyme, the origin of
which is currently being investigated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
ABTS 2,2’-azino-bis(3-ethylenebenzothiazoline-6-sulphonic acid)
BOD bilirubin oxidase
CcvVv cyclic voltammogram
DET direct electron transfer
EPR Electron Paramagnetic Resonance
MCO multicopper oxidase
NI native intermediate
PI peroxy intermediate
SPGE spectrographic graphite electrode
XAS X-ray absorption spectroscopy
TNC trinuclear cluster
TUT2/T3 type 1/2/3
TvL Trametes versicolor laccase.
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Field (G)

EPR spectra of the as-isolated (black) and reoxidized (red) forms of M.oryzae BOD. TNC
A features are indicated by vertical lines. T1 Cu features are similar in the two forms with
0o 2.22 and A ~83x104cm 1.
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Figure2.

CVs of a polished SPGE (blue) and first scan (black, 1s) and second scan (red, 2s) of the
alternative resting form of M.oryzae BOD adsorbed on SPGE in air-saturated sodium
phosphate buffer, pH 6, room temperature. Scan rate 5mV/s.
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M.oryzae BOD T.versicolor Laccase

i @i)
o (i) 0 .

Figure 3.

Pymol generated structures of TNCs in the alternative resting M.oryzae BOD, and the
resting oxidized 7.versicolorlaccase (ATTC 20869) (pdb: 1GYC). Golden spheres represent
Cu atoms and red spheres represent oxygen. T3 Cu-Cu distances and Cu-O-Cu angles are
included.
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Figure4.
Cu K-edge XAS spectra of as-isolated alternative resting (black), resting oxidized (red), and
fully reduced (blue) forms of BOD from M.oryzae.
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Spectroscopic and structural properties of resting forms of MCOs.

2.34-2.39

EPR (Ag, 9o) 330nm T3-T3
abs. Cu
distance
Resting oxidized 170-200x10%m™t yes <4A
2.22-2.27
Alternative resting | 80-100x10~4cm™t no >4.7A
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