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ABSTRACT: Multicopper oxidases (MCOs) carry out the most energy efficient reduction of O, to H,O known, i.e., with the
lowest overpotential. This four-electron process requires an electron mediating type 1 (T1) Cu site and an oxygen reducing
trinuclear Cu cluster (TNC), consisting of a binuclear type 3 (T3)- and a mononuclear type 2 (T2) Cu center. The rate-
determining step in O, reduction is the first two-electron transfer from one of the T3 Cu’s (T3f) and the T2 Cu, forming a
bridged peroxide intermediate (PI). This reaction has been investigated in T3/ Cu variants of the Fet3p, where a first shell His
ligand is mutated to Glu or Gln. This converts the fast two-electron reaction of the wild-type (WT) enzyme to a slow one-
electron oxidation of the TNC. Both variants initially react to form a common T3/ Cu(II) intermediate that converts to the Glu
or Gln bound resting state. From spectroscopic evaluation, the nonmutated His ligands coordinate linearly to the T3/ Cu in the
reduced TNCs in the two variants, in contrast to the trigonal arrangement observed in the WT enzyme. This structural
perturbation is found to significantly alter the electronic structure of the reduced TNC, which is no longer capable of rapidly
transferring two electrons to the two perpendicular half occupied #*-orbitals of O,, in contrast to the WT enzyme. This study
provides new insight into the geometric and electronic structure requirements of a fully functional TNC for the rate determining

two-electron reduction of O, in the MCOs.

COs catalyze the four-electron reduction of dioxygen to

water, by oxidizing metal-ions and organic substrates, via
a type 1 (T1) or blue copper site, which ranges in redox
potential from ~350' to ~800 mV.”> These electrons are
transferred to a trinuclear copper cluster (TNC), comprised of
a coupled binuclear T3 Cu- and a mononuclear T2 Cu center,
which reduce dioxygen.> MCOs are found in all kingdoms of
nature* and are involved in a number of functions, including
iron homeostasis in mammals (ceruloplasmin)® and yeast
(Fet3p),6 and degradation of lignin in fungi (laccase).” The
MCOs also have biotechnological applications,8 including paper
pulp bleaching” and bioremediation.'"’ Additionally, much
attention has been devoted to their incorporation into
electrodes as biocathodes in devices such as implantable
power sources and biosensors.' "
perspective, MCOs have been intensively studied, primarily by

From a more fundamental
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a range of spectroscopic and kinetic techniques."*'* A main
objective of these studies has been to elucidate the mechanism
by which MCOs operate, in particular how the three
spectroscopically defined Cu sites work in concert to achieve
fast and energy-efficient reduction of dioxygen to water,
coupled to four one-electron oxidations of substrates.

The spectroscopic characteristics of the three types of Cu
sites in their resting oxidized form include an intense charge
transfer (CT) transition in the absorption spectrum at ~600
nm and a small hyperﬁne A, value (~40—80 X 10~*em™) in
EPR for the T1 Cu,"® a broad charge transfer (CT) absorption
shoulder at ~330 nm originating from a bridging OH-ligand
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that leads to antiferromagnetic coupling of the T3 Cu’s (thus
no EPR signal),'® and a normal large A,y value (~170—200 X
10_4§m_1) and lack of an intense absorption band for the T2
Cu'

The catalytic mechanism of MCOs can be divided into two
parts (Scheme 1)."*'7'® The first involves the binding of O, to

Scheme 1. Catalytic Cycle of MCOs“
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“The first part includes the four-electron reduction of O, to form NI,
proceeding in two two-electron transfer steps, via PI. The second part
includes four one-electron oxidations of substrate, regenerating the
fully reduced enzyme. The decay rate of NI to the resting oxidized
enzyme and the reduction rate of the resting oxidized to fully reduced
enzyme are both too slow to be part of the catalytic cycle.

the reduced TNC with four-electron transfer, generating the
native intermediate (NI), where the O—O bond has been
cleaved, but the product oxygens remain bound as bridging
ligands in the TNC. The second part of the catalytic cycle
involves the reduction of NI by a series of three electrons via
the T1 Cu, regenerating the fully reduced TNC, followed by
reduction of the T1 Cu, leaving a four-electron loaded enzyme
ready for further O, reduction. Upon depletion of the reducing
substrate, the catalytic cycle is arrested, and NI decays to the
resting oxidized form of the enzyme.'”*° The first part of the
catalytic cycle, the O, binding and O—O bond cleavage,
proceeds in two steps.'>'”'® First, two electrons are transferred
from the T2 and T38 Cu’s (the T3 Cu closest to a conserved
aspartate residue (D94 in Fet3p) at the T3/-T2 edge, tuning
down the redox potentials of both of these Cu’s), to form the
peroxide intermediate (PI).>"** Second, fast ET from the T1
Cu to the T2 Cu, activates the TNC for a second two-electron
transfer (involving the T2 and T3a Cu sites) cleaving the O—O
bond of PI to generate NL>' Both PI and NI have been trapped
and spectroscopically characterized. PI can be trapped by
mutation to form the type 1 depleted (T1D) derivative™ or by
chemical removal of the T1 Cu to form the T1 mercury
substituted derivative (Tng).24 The depletion of the T1 Cu
leaves only one electron readily available at the TNC, and this
greatly reduces the formation rate of NI from PI due to the

3703

slow one-electron reduction of peroxide.”>*® Alternatively, with
a functional T1 Cu, NI is rapidly formed upon exposure of the
fully reduced enzyme to O, with no observation of PL
Importantly, the formation rate of PI in both the T1D and
T1Hg derivatives is kinetically competent to be a precursor step
in the formation of NI, indicating that the first two-electron
transfer is rate determining in this four-electron reduction of
0,."*'7 Indeed, the formation of NI is observed in the slow
reduction of PI in the T1Hg derivative.*

A detailed molecular mechanism for the second two-electron
step, forming NI from PI, has been determined.”’ In contrast,
little is known about the rate determining first two-electron
step generating PI In a recent study of first shell T3 Cu ligands
in the MCO Fet3p,”> we showed experimentally that the T2
and T3# Cu(l)’s donate the first two electrons to O,, in
agreement with a computational evaluation of possible PI
structures.”’ By mutating T3« and T3/ Cu His ligands to Gln
in T1D Fet3p, the reduced T3a variant, TIDH126Q, formed
PI in a rapid reaction with O,, whereas no fast O, reactivity was
observed for the T3f variant, TIDH483Q. The spectroscopic
features and formation rate of PI in the T3a variant were
identical to those of WT TI1D, consistent with the non-
perturbed T3/ and T2 Cu’s constituting the reactive edge of
the TNC in the first two-electron transfer to O, in the MCOs.

Understanding the unique arrangement of the TNC, which
enables the efficient rate determining reaction of the T2 and
T34 Cu’s with O,, is highly important. We have therefore
extended the mutational studies of the Fet3p first shell residues
to include the T3f Cu variant, H483E. This mutation was
chosen for its negatively charged side chain, which lowers the
potential of the T3/ Cu. The reactivity of this variant is found
to involve a slow one-electron reduction of O,, in contrast to
the fast two-electron reduction observed in the WT enzyme.
Further, examination of the T1DH483Q variant on a longer
time scale reveals an analogous but slower one-electron activity.
From comparative spectroscopic studies, a detailed mechanism
for this one-electron reaction with O, is elucidated. The
difference in reactivity between the WT TNC and its T3f
variants is explained in terms of the orbital requirements for
two-electron reduction of O, to form a bridged PI, thus
providing novel insight into how ligation and geometry
program the TNC for this essential two-electron O, reduction.

1. MATERIALS AND METHODS

All chemicals were minimum reagent grade or higher and used
without further purification. MES buffer was purchased from
Genscript. All other chemicals were purchased from Sigma.
Water was purified on a Nanopure Diamond purifier from
Barnstead to a resistivity of >17MQ cm™.

The mutant FET3 alleles were constructed directly in
pDY148 by site directed mutagenesis using the QuickChange
kit from Strategene. WT T1D and H483E mutants were
generated using complementary primers in PCR amplification
of the vector. The double mutants, TIDH483E and
T1DH483Q_ were generated in two sequential rounds of
mutagenesis. Sequences of Fet3p mutants were confirmed by
automated fluorescence sequencing using an ABI PRISM 377
instrument. The vectors expressing the mutant proteins were
transformed into yeast strain M2* for soluble protein
expression. WT, T1D, H483E, T1DH483E, and TIDH483Q
mutant proteins were expressed, isolated, and purified as
previously described. Purified protein was characterized by the
Bradford dye-binding assay”’ and the 2,2-biquinoline assay,”®
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for protein concentration and copper content determination,
respectively.

UV—visible (UVvis) absorption spectra were acquired on an
Agilent 8453 diode array spectrophotometer, in the energy
range from 190 to 1100 nm. EPR spectra were obtained with a
Bruker EMX spectrometer, an ER 041 XG microwave bridge,
and an ER4116DM cavity. A sample temperature of 77 K was
maintained using a liquid nitrogen finger dewar. EPR settings
were as follows: freq. &% 9.6 GHz, power ~10 mW, rec. gain =
5.02 X 10°, mod. freq. = 100 kHz, mod. amp. = 10.00G, time
constant = 327.68 ms, conversion time = 81.92 ms, and sweep
time = 83.89 s. All spectra were averaged over 3 scans. EPR
simulations were done using SIMPOW® software.”” EPR spin
quantitation of the paramagnetic copper content was
performed using a 1.0 mM standard solution of CuSO,-5H,0,
2 mM HC], and 2 M NaClO,. Magnetic circular dichroism
(MCD) spectra were measured on a Jasco J-810-150S
spectrapolarimeter with an S-20 photomultiplier tube coupled
to an Oxford SM4000-8T magnet in the UVvis region. In the
near-IR region, MCD spectra were measured with either a Jasco
200-D or J-730 spectrapolarimeter and a liquid nitrogen cooled
InSb detector coupled either to an Oxford SM4000-7T or
SM40008T magnet. MCD samples were prepared in deuterated
MES buffer at pD 6.0 and mixed with 50% (v/v) glycerol-d3, to
obtain high quality glasses. The MCD cells have two quartz
disks sealed with a 3-mm rubber spacer. Zero-field baseline
effects were eliminated in MCD by taking an average of the +7
and —7 T scans, [7 — (—=7)]/2 T. Gaussian fitting of the MCD
data was done using PeakFit 4.0 (Jandel).

Cu K-edge X-ray absorption spectra were measured at XAS
stations BL9-3 (focused) and BL7-3 (unfocused) at the
Stanford Synchrotron Radiation Lightsource (SSRL) under 3
GeV and 80—350 mA storage ring operating conditions. Energy
selection was attained using a Si(220) double-crystal mono-
chromator. A Rh-coated premonochromator collimating and
harmonic rejection mirror was used for both beamlines. A
cylindrical Rh-coated bent postmonochromator mirror was also
used on BL9-3 for focusing. Protein samples were loaded into
Lucite cells with Kapton windows. The samples were
immediately frozen and stored under liquid nitrogen. An
Oxford Instruments CF1208 liquid He continuous-flow
cryostat held samples at a constant temperature of 10 K during
XAS measurement. Data were measured in fluorescence mode
using a Canberra Ge 30-element array detector. Internal energy
calibration was accomplished by simultaneous measurement of
the absorption of a Cu-foil placed between two ionization
chambers situated after the sample. The first inflection point of
the foil spectrum was assigned to 8980.3 eV. The energy-
calibrated data from 8675 to 9350 eV (k = 9.5 A™') were
processed by fitting a second-order polynomial to the pre-edge
region and subtracting this from the entire spectrum as a
background. Normalization of the data was achieved by scaling
the postedge data to 1.0 at 9,000 eV. This background
subtraction and normalization was done using PySpline.”® For
each sample, several scans from 8675 to 9350 eV were collected
and normalized in PySpline. Several faster scans from 8970 to
9020 eV were also collected for the oxidized samples to
minimize photoreduction in the beam. Subsequent scans
collected over time on the same sample spot revealed an
isosbestic point around ~8994 eV. The postedge of the shorter
scans were normalized in KaleidaGraph by maintaining the
same isosbestic point as the data normalized using PySpline®’
of the 8675—9350 eV scans. The pre-edge of the shorter scans
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were processed to match the pre-edge of the longer PySpline-
processed data. Data presented here are the first scans of each
data set to eliminate spectral changes from photoreduction.

Reduced protein was obtained by argon purging for ~4 h
followed by the addition of excess dithionite in a Vacuum
Atmosphere glovebox. Complete reduction of the protein was
confirmed by EPR and UVvis absorption spectroscopies. Prior
to reoxidation, excess dithionite was removed in the glovebox
by buffer exchange into degassed MES buffer using 10K
Amicon Ultra centrifugal filters from Millipore. Reoxidation
experiments were performed by mixing fully reduced protein
with oxygenated buffer. The reoxidation process was followed
by continuous UVvis monitoring and through EPR and XAS
spectra of LN, quenched samples obtained at various time
points.

DFT calculations were performed using the Gaussian 09
software package.>’ The starting point of the geometry
optimized structures was obtained from the coordinates of
the Fet3p crystal structure (1ZPU). The first sphere His ligands
were truncated by replacing the a-C by H’s. These hydrogens
were frozen along with the hydrogens of the noncoordinating
His-N’s. The geometry optimization was performed using the
B3LYP functional and TZVP basis sets on all atoms. Solvation
effects were included with the polarized continuum model as
implemented in Gaussian 09 with a dielectric constant of 4.0.
Orbital contours were visualized with Gaussview.

2. RESULTS AND ANALYSIS

2.1. Isolation and Characterization of T1DH483E.
2.1.1. As-Isolated T1DH483E. The T3f- ligand, H483 of the
TNC, was mutated to glutamate (E) and expressed in the holo
(i.e, with T1 Cu ligands intact)- and T1-depleted forms, H483
and T1DH483E, respectively. A detailed characterization of the
holo H483E variant is given in Supporting Information
(Figures S1—S4). The spectroscopic features of the holo and
T1D H483Q variants are described in ref 22. Here, we focus on
the TIDHA483E variant of Fet3p. Elimination of the T1 Cu in
both the TIDH483E and Q variants allow for the spectroscopic
features of the TNC to be characterized and the initial reaction
of reduced Fet3p enzyme with O, to be monitored.

From Biorad and Biquinoline assays, as-isolated TIDH483E
incorporates 2.9 Cu/enzyme, verifying that Cu does not bind at
the T1 site. This correlates with the lack of 610 nm intensity
observed in the absorbance spectrum (Figure 1a). The 330 nm
band observed in the WT T1D enzyme is also absent, indicative
of a perturbed TNC in the T1DH483E variant. The EPR
spectrum of T1DH483E (Figure 1b) shows features from a
single paramagnetic Cu(II) in the TNC with a spin integration
of 0.9 Cu/enzyme. The EPR spectrum can be simulated with g,
= 2286, A, = 158 X 107 em™, g, = 2.079, A, = 25 x 107"
ecm™, g, = 2052, and A, = 14 X 107* cm™' (Figure SS,
Supporting Information), consistent with a slight rhombically
distorted tetragonal Cu geometry with g, > g,g.. The EPR
spectrum of the Cu(Il) of the TNC in the TIDH483E variant
is markedly different from that of the WT T1D enzyme (g, =
2.243,A, =190 X 10" cm™, g, = 2.055, A, = 17 X 10~ cm™",
g.=2.041,and A, = 15 X 10 *cm™"), previously assigned to the
T2 Cu(II) (Figure 1b, dashed line). This indicates that a
different Cu is paramagnetic in the TNC of T1DH483E,
compared to the WT enzyme.

The redox state of the TNC in as-isolated TIDH483E was
evaluated by Cu K-edge XAS, probed by the intensity of the
8984 eV feature correlated to reduced Cu. As observed in

dx.doi.org/10.1021/bi4002826 | Biochemistry 2013, 52, 3702—3711
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Figure 1. (a) UVvis absorbance spectrum of as-isolated TIDH483E
(solid line). The spectrum of WT TID in the resting enzyme form
(dotted line) is included as reference. MES buffer, pH 6.0. (b) EPR
spectrum of as-isolated TIDH483E (solid line) and WT T1D in the
resting enzyme form (dashed line). MES buffer, pH 6.0.

Figure 2, the TNC in T1IDHA483E is ~60% reduced, based on a
comparison with the fully reduced and fully oxidized WT T1D.
This result allows for the assignment of the TNC of
T1DHA483E to 1Xx Cu(Il), 2X Cu(I), which is in agreement
with the EPR and absorption results.

2.1.2. Reduced T1DH483E- Cu K-edge XAS. The shape of
the 1s — 4p transition at ~8984 eV is sensitive to the geometry
of the Cu(I) ion and from a comparison to a library of Cu(I)
sites with known geornetries,a'2 the coordination environment
of a Cu(I) site can be evaluated. The experimental XAS
spectrum of fully reduced T1DH483E (Figure 3) has a
normalized value of 0.73 for the 8984 eV feature. This is more
intense than the corresponding peak in the fully reduced WT
T1D (Figure 2), indicating a change in geometry of the reduced
Cu’s of the TNC in T1DH483E compared to those of the WT
T1D enzyme. To determine the geometry change upon
reduction of the single oxidized TNC Cu in as-isolated
T1DHA483E, fits of the fully reduced spectrum were obtained
by subtracting 1xCu(II) from the as-isolated spectrum (i.e.,
containing 1xCu(II) and 2xCu(I)), and substituting it with
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Figure 2. Cu K-edge XAS spectrum of as-isolated TIDH483E (solid
line). Resting WT T1D (dotted line), i.e., fully oxidized and reduced
WT T1D (dashed line), is included as reference. MES buffer, pH 6.0.
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Figure 3. Cu K-edge XAS spectrum of fully reduced TIDH483E
(solid line). As-isolated T1DH483E (dashed line) is included as
reference. MES buffer, pH 6.0.

1xCu(I) from the library of model complexes. The best fits
were achieved with a linear two-coordinate Cu(I) or a linear
Cu(I) site with a weakly bound third ligand, whereas nonlinear
three- and four-coordinate Cu(I) sites result in too low an
intensity in the 8984 eV region (Figure S6, Supporting
Information). Therefore, in the T1DH483E variant, the
mutated His to Glu ligand is no longer capable of binding to
the T3f Cu in the reduced state, which results in the
nonmutated His ligands, H128 and H418, adapting a close to
linear conformation. This is in contrast to the WT Fet3p, where
the crystal structure reveals a trigonal pyramidal geometry of
the T3 Cu(I).>® The geometry change observed in the
T1DH483E variant compared to the WT TID enzyme is
consistent with the behavior of TIDH483Q, found in our
previous study.””

2.2. Reactivity of Reduced T1DH483E with O,.
2.2.1. Reoxidation of the TNC in T1DH483E. The first facile
two-electron transfer from a fully reduced TNC to dioxygen has
been studied in the type 1 depleted variant, where the

dx.doi.org/10.1021/bi4002826 | Biochemistry 2013, 52, 3702—3711
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elimination of the T1 electron allows for trapping of PI In
Fet3p, it was previously found that WT T1D as well as the
T3a-variant, TIDH126Q, formed PI, whereas no fast O,
reaction was observed with fully reduced T1DH483Q.*
Formation of PI in the reaction of O, with fully reduced
T1DHA483E was evaluated by absorbance, Cu K-edge XAS, and
EPR. From the absorbance difference spectrum of fully reduced
T1DHA483E before and immediately following the addition of
O, (Figure 4), no absorption at ~30,000 cm™ is observed,
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Figure 4. UVvis absorbance difference spectra of TIDH483E in the
reduced form subtracted from T1DH483E reoxidized with O, for 30 s
(solid line). Corresponding difference spectrum for WT T1D (dashed
line). MES buffer, pH 6.0.

consistent with the lack of PI formation. To detect possible
oxidation events, not detectable by absorbance, the reaction
was monitored by Cu K-edge XAS. As observed in Figure Sa,
no significant change occurs in the 8984 eV region within the
first 30 s of O, addition to reduced TIDH483E (overlaying
black and red lines), indicating that oxidation of the TNC does
not occur in this time frame. This is in contrast to WT T1D,
where this intensity decreases by more than 60% within the first
30 s (Figure Sb), reflecting the rapid two-electron reduction of
O, to form PI Importantly, when reduced T1DHA483E is
allowed to react with O, over extended times (>15 h), the 8984
eV feature in the XAS spectrum eventually decreases to the
level of the as-isolated enzyme (Figure Sa, green and blue line),
indicating oxidation of a single Cu of the TNC. Thus, the
mutation of the T34 Cu ligand H483 to E converts the O,
reactivity from facile two-electron oxidation to a slow one-
electron oxidation of the TNC.

The slow one-electron oxidation of the TNC in TIDH483E
was monitored by EPR (Figure 6), allowing for the kinetics of
this process to be determined by integration of the spin
intensities at various time-points (Figure 6, insert). A
reasonable fit to the EPR intensities can be obtained with a
first order reaction rate of 5.6 X 107> min™', more than S orders
of magnitude slower than the facile two-electron oxidation rate
of WT T1D (~200 s7!).** Inspection of the time-dependent
EPR spectra reveals that the reoxidation of the TNC proceeds
via an intermediate species (Figure 6, solid blue line) that
slowly decays to the final form (Figure 6, solid red line) with
the same EPR features as those of the as-isolated TIDH483E
enzyme (Figure 6, dashed green line). Simulated spectra
(Figures S7 and SS, Supporting Information) of the

3706

2
- -
N S
T
1

—
}/
{
7
f

o

@
T

~
!

Normalized Intensity
o
()]
‘//‘
Y

o
~

o
N}
—

J

0 b—

8970 8990 9000 9010 9020

Energy (eV)

8980

b) 1.4

12 | PSRN .

-
T

Normalized Intensity
° o o
£ [0} [o]
T T T

o
N

9000 9010

8970 8980

8990
Energy (eV)

9020

Figure 5. (a) Cu K-edge XAS spectra of TIDH483E: fully reduced
(red), reoxidized for 30 s (black), reoxidized for 45 h (green), and as-
isolated (blue). The additional intensity at 8984 eV in the 45 h
reoxidized spectrum, in comparison to as-isolated enzyme, is due to
~15% unreacted enzyme. MES buffer, pH 6.0. (b) Cu K-edge XAS
spectra of WT T1D: fully reduced (dotted line), reoxidized for 30 s
(solid line), and as-isolated, i.e., fully oxidized (dashed line). MES
buffer, pH 6.0.

intermediate and final forms were used to generate the time-
dependent speciation of the reoxidation process (Figure 7).
Kinetic fitting of this speciation is consistent with the kinetic
model in eq 1:

fully reduced (3xCu(1))
i intermediate (2xCu(I), 1xCu(II))

E) final form(2xCu(I), 1xCu(II)) (1)

with rate constants of k; = 5.6 X 1072 min~' and k, = 7 X 107*
min™",

2.2.2. Oxidation of Reduced T1DH483Q: Comparison with
T1DH483E. From our previous study, reaction of reduced
T1DH483Q with O, did not lead to fast PI formation as
evaluated by absorbance spectroscopy.”” This is consistent with
the lack of change in the Cu K-edge XAS spectra of reduced
T1DHA483Q before and immediately after reaction with O,.

(Figure S8, Supporting Information). We now extend the

dx.doi.org/10.1021/bi4002826 | Biochemistry 2013, 52, 3702—3711
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Figure 7. Speciation of intermediate (red circles) and final forms (blue
circles) of TIDH483E TNC evaluated by spin integration of time-
dependent EPR spectra. Fit of intermediate (green, solid line) and
final forms (black, solid line).

investigation of the O, reactivity of this variant to long time
periods, for comparison to the O, reactivity of reduced
T1DH483E. As for T1IDHA483E, EPR spectroscopy shows a
slow one-electron reoxidation of the Q variant with initial
formation of an intermediate species (Figure 8a) which decays
to a final species (Figure 8b) with EPR features similar to the
minor species in the as-isolated TIDH483Q_enzyme (Figure
S9, Supporting Information). The kinetic trace of reoxidation
for this variant (Figure S10, Supporting Information) can be fit
with a k; rate constant of 1.3 X 107> min~" (eq 1), which is
more than 4-fold slower than for the TIDH483E Fet3p variant.
(k could not be determined due to the degradation of
T1DH483Q at these extended times.) By comparison of the
EPR features of the initially reoxidized species in TIDH483E
and Q (Figure 8a), both variants oxidize to form the same
intermediate before they decay to two different final species
(Figure 6 and 8b).

2.2.3. Mechanism of the Okxidative Reactivity in the
T1DH483 Variants. The data above reveal that both
T1DH483E and Q variants undergo slow one-electron
oxidation of the TNC via a common intermediate, before
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Figure 8. (a) EPR spectra of intermediate reoxidized TIDH483Q
(solid line) and TIDH483E (dashed line) (blue line, Figure 6). MES
buffer, pH 6.0. (b) EPR spectra of reoxidized TIDH483Q _(solid line)
and T1DH483E (dashed line) (red line, Figure 6) at 45 h. A,
hyperfine lines are indicated for the intermediate and final forms of

T1DH483Q. MES buffer, pH 6.0.

decaying to their respective resting enzyme species, with the
reoxidation of T1IDH483E being more than four times faster
than that for the T1DH483Q variant. The identical EPR
features of the intermediates for the two variants argue against
either mutated residue being coordinated to the Cu(II) of this
species. Also, the markedly different EPR parameters of the
intermediate (Figure 8a), compared to those of the T2 Cu(II)
observed in WT T1D (Figure 1b), show that the T2 Cu is not
the oxidized Cu in the intermediate. Finally, the difference in
oxidation rates of T1DH483E compared to Q indicates that
these rates are modulated by residue type at amino acid 483, a
ligand to T3p. The elevated oxidation rate for the Glu over the
Gln variant is consistent with having the negatively charged
residue in the vicinity of the redox active T3/ Cu. These results
argue for a slow one-electron oxidation of the reduced TNC in
the variants with formation of a common T34 Cu(Il)
intermediate that decays to two different final species reflecting
recoordination of the different side chain residues at position
483.

dx.doi.org/10.1021/bi4002826 | Biochemistry 2013, 52, 3702—3711



Biochemistry

2.3. MCD and EPR Spectra of Intermediate and
Resting Species. Insight into the electronic and geometric
structures of the intermediate and final Cu(Il) sites can be
obtained from a correlation of the MCD and EPR data as these
directly reflect the ligand field of this Cu.** Figure 9 shows the
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Figure 9. Experimental LT-MCD spectra of the T1DH483E
intermediate (top) and its final form (middle). WT T1D (T2 Cu(IL))
(bottom) is included for comparison. Gaussian fits of the intermediate
and final forms are included (dotted line). Deuterated MES buffer, pD
6.0 with 50% (v/v) glycerol-d3.

LT-MCD spectrum of the intermediate in the T1DH483E
variant in the Fet3p as well as the MCD spectrum of the final
species. (The MCD features of the TIDH483Q_intermediate
(not shown) are identical to those of the TIDHA483E
intermediate, while the MCD of the final form of
T1DH483Q was not obtained due to enzyme degradation
(vide supra).) Gaussian fits of the MCD spectra are included in
Figure 9, with the peak positions listed in Table 1. The LT-

Table 1. Energies of LT-MCD Transitions for TIDH483E/
Q Intermediate and TIDH483E Final Forms Obtained from
Gaussian Fits

band intermediate (cm™) final (cm™)
1. dx), 10,444 11,830
2.d, 12,066 12,508
3. dyejye 13,467 13,305
4. dy) 15,644 15,930

MCD spectrum of the TIDH483E intermediate form (Figure 9
(top)) can be fit with a total of four Gaussian bands in the
energy region from 10,444 to ~15,644 cm™. No transitions are
observed at higher energies. Similarly, for the final species
formed (Figure 9, middle), four Gaussian bands can be resolved
between 11,830 and 15,930 cm™), with no transitions at higher
energies. For comparison, the LT-MCD spectrum of WT T1D,
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corresponding to the paramagnetic T2 Cu(1II) site, is included
in Figure 9 (bottom). In WT T1D, the d-d manifold is shifted
to lower energy by ~1000—2000 cm™' compared to the
variants. Also, low-energy charge transfer (CT) transitions,
starting at ~16,700 cm™!, are observed. Those spectral features
reflect the three-coordinate nature of the T2 Cu(Il) in the
resting form of the MCOs.** Studies on model complexes show
that in going from three-coordinate to four- or higher
coordinate Cu(Il) sites, the CTs shift up in energy by more
than 6,000 cm™'.3% This allows the assignment of the
intermediate and the final forms of T1DH483E as four (or
higher) coordinate Cu(II) species. Thus, water derived ligands
are present at the T3 Cu(Il), in addition to the ligated His
amino acid residues H128 and H418 (and E483 in the final
form).

The EPR spin Hamiltonian parameters for the intermediate
and final species of TIDH483E and Q are listed in Table 2 with

Table 2. EPR Parameters of the Intermediate and Final
Forms of TIDH483E/Q

intermediate T1DHA483E final T1DH483Q _final®
Zpar 2.326 2.286 ~226
Sperp 2.06 2.05-2.08 ~2.06
A 149 x 10~*em™! 158 X 10~*cm™! ~170 X 10™*cm™

par

“The values are estimated from the plot in Figure 8b.

g > &y corresponding to d,_ ground states associated with
tetragonal structures. The excited state energy ordering of
tetragonal Cu(II) sites is generally found to be d,2_» — d,, < d.2
<d,~d, (hole transitions indicated). The close to degenerate
d,.,.-derived states form a derivative shaped pseudo-A-term
feature in the LT-MCD spectrum due to their large spin orbit
coupling.®* This allows for the assignment of the four
transitions observed in the MCD spectra of the two
TIDH483E forms (Figure 9 and Table 1). The major
difference between the final and intermediate forms is the
increase in energy of the d,, to d,>_ transition in the former.
This shift in d,, energy affects the g, value, which in turn

affects the A, value according to eqs 2 and 3

g, =20 - (82a’B/(E,, — E,2_ ) @
Ay =Pd(—k = 4/7 + (g —20) +3/7(g,, — 20))
®3)

where 4 (=830 cm™! for Cu(Il)) is the spin—orbit coupling
constant of Cu(II), a’4* is the metal character of the ground
and excited states, E,, — E2_? is the transition energy in the
MCD, and Pd(—k — 4/7) are the Fermi contact and spin
dipolar coupling contributions to the parallel hyperfine, which
are large and negative for tetragonal Cu(II) species.”” The
increase in energy of the d,, to d2_ transition in going from
the intermediate to the final form fully accounts for the
observed decrease in g, and increase in A, (Table 2). The
higher energy d-d transition in the final form of T1IDH483E
reflects weaker 7-donation and therefore a less destabilized d,,
state, as compared to the intermediate. As described above,
decay of the intermediate to the resting form is consistent with
recoordination of the glutamate side chain. Glutamate replacing
a hydroxide ligand, in the intermediate, is therefore a valid
model for this rearrangement, as the hydroxide is a stronger 7-

donating ligand. The validity of this model is supported by the
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EPR data of the TIDH483Q variant. Here, the decay of the
intermediate results in recoordination of a glutamine side chain,
with the associated EPR spectrum showing a decrease in g,,,
and increase in A, (Table 2), compared to the intermediate
T1DH483E and Q forms and the final form of T1DH483E.
This indicates stabilization of the d,, level in TIDH483Q
consistent with the o-donor nature of the glutamine
carboxamide side chain.*®

3. DISCUSSION

From spectroscopic evaluation, the T3/ variant TIDH483E in
Fet3p is expressed with full Cu loading in a two electron
reduced/one electron oxidized TNC. In contrast, the WT T1D
enzyme is isolated with the TNC in its fully oxidized state. Cu
K-edge XAS further shows that upon reduction of the single
Cu(Il) in the TNC of the TIDHA483E derivative of Fet3p, the
mutated ligand no longer coordinates to the T3/ Cu, resulting
in linear arrangement of the two remaining His residues, H128
and H418. This is in contrast to the WT enzyme, where the
three His ligands all coordinate to the reduced T3f Cu formin§
a trigonal plane with the Cu situated slightly above that plane.’
Importantly, when the fully reduced T1DH483E variant is
exposed to O,, only a slow one-electron oxidation of the TNC
is observed, as opposed to the fast two-electron oxidation
generating the peroxide intermediate in the WT T1D enzyme.
T1DH483Q, previously found to be incapable of fast two-
electron transfer,”* is now shown to also undergo a slow one-
electron oxidation of the TNC. EPR spectra indicate that the
one-electron reoxidations of TIDH483E and Q_proceed via a
common intermediate that decays to different final Cu(Il)
structures. Also, the reoxidation rate of T1DH483E is
significantly faster than that of T1DH483Q, a difference
correlated to the negative charge of the carboxylate in the
former leading to a decreased reduction potential of the T3/
Cu. On the basis of the XAS, EPR, and LT-MCD data on the
intermediate and final forms of TIDH483E and Q, the O,
reactions of the fully reduced TNCs of the T3 variants
proceed with oxidation of the T3# Cu to form a tetragonal
Cu(Il) intermediate species with two nonmutated His ligands
and two water derived ligands. This is followed by
recoordination of the mutated E or Q residue, resulting in
final species again with tetragonal ligand fields but with EPR
parameters consistent with E vs Q coordination. The linear
arrangement of the nonmutated T3/ Cu His ligands, H128 and
HA418, observed in the reduced and intermediate oxidized states
of the variants relative to the WT TNC, reveals a high degree of
flexibility in the first coordination sphere of residues upon
mutation of H483. This reflects the fact that the backbones of
H128 and H418 are part of loop regions, whereas the backbone
of H483 is part of a more rigid f-sheet structure (Figure S11,
Supporting Information). This flexibility is not observed in WT
MCOs, where the trigonal arrangement of the T34 Cu is
conserved, as evident by the numerous crystal structures
available of MCOs.

Our previous studies showed that in WT T1D the T3 Cu is
involved (along with the T2 Cu) in the first two-electron
transfer to O,, resulting in PI formation,*** the rate
determining step in four-electron reduction of O, to form NI
in the native enzyme. This requires that the T3 Cu is redox
active and capable of binding exogenous ligands. Both of these
requirements are fulfilled in the TIDH483E and Q variants of
Fet3p in that the T3f autooxidizes to an intermediate structure
with water-derived ligands present. Considering the thermody-
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namic favorability of the two vs one-electron reduction of O,
(+0.28 V vs —0.33 vs NHE at pH 7),* it is significant that the
perturbed TNCs of the two variants only undergo one-electron
redox chemistry. This shows that while the perturbed T3/ Cu
is redox active in both variants, it is no longer able to
participate, along with the T2 Cu, in a concerted two-electron
transfer to form PI. To understand this difference in reactivity
between the WT enzyme and the variants, valuable insight can
be obtained from spectroscopically calibrated DFT calculations.
Figure 10a shows geometry optimized DFT structures of the

\| / ‘H418 \| / 'H418
v oo N N
L T2y Y /
\\ yas ‘ \\ ¥,
T3a 132 v‘g""]'gﬁ T3a . 14,‘\,.:-1—\3[3
,——-\ / “ . ”‘.\ 2 1

Figure 10. (a) Geometry optimized DFT structures of the three Cu
ions and their coordinated His ligands in the TNC of WT (left) and
H483E/Q_(right) variants in Fet3p. (b) Interaction between the T2
and T3f Cu RAMOs and the 7%#-in- and out-of-plane SOMOs of O,,
where the in-plane SOMO is in the T2, T3a, and T3/ plane, and the
out-of-plane SOMO is perpendicular to this plane.

reduced TNC in the WT enzyme and the variants (without the
H483 ligand, consistent with XAS Cu K-edge data). The overall
arrangement of the His ligands and the Cu ions are conserved
between the two forms. The main structural perturbation, upon
elimination of the H483 ligand, is an increase in the T34-Cu
N(H128)—Cu-N(H418) angle from 113° in WT to 145° in the
calculated variants. This behavior is in agreement with the
experimentally defined close-to-linear arrangement of the
noncoordinating residues of the reduced T3 Cu in the
variants. (The frozen a-carbons limit the movement of the non-
mutated His rings, preventing them from adapting the close-to-
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linear arrangement observed experimentally.) Fast two-electron
electron transfer to dioxygen by a binuclear Cu site (the T2 and
T3/ Cu atoms in MCOs) requires good initial orbital overlap
of the highest occupied redox active molecular orbital (RAMO)
of each Cu, with the two half occupied perpendicular 7*-
orbitals of O,. Figure 10b shows the DFT determined contours
of the T2 and T3 Cu RAMOs of the WT enzyme (top) and
the variant (bottom). No change is observed for the T2 Cu
RAMO between the WT enzyme and the variants, both
providing o-bonding capability (with the in-plane 7%, of O,)
toward the interior of the TNC. However, due to the increase
in the N—Cu—N angle, the T3 Cu RAMO of the variants has
d character and thus o-bonding capability, as opposed to the
d,y RAMO of the WT T3/ Cu, which has 7 -bonding capability
toward the interior of the TNC. The TNC in the WT enzyme
is therefore set up for bonding interactions with each of the
perpendicular 7*-f-spin unoccupied molecular orbitals
(SOMOs) of O, (n’ip* in Figure 10b top, left ,and 7,,* in
Figure 10b top, right). In contrast, the H483 variants only
provide o-bonding interactions, via the T2 and T3 Cu
RAMOs with the O,, that are in the same plane, and therefore
interact with only one 7*-orbital of the O, (]Tip* in Figure 10b
bottom, left). For O, to accept two electrons into the same 7*-
orbital, it must be promoted into the singlet state (from the
triplet ground state), which is not energetically favorable. Thus,
mutating the H483 ligand of the T3 Cu strongly affects the
geometric and electronic structure of the reduced TNC, which
in the wild type enzyme is setup for fast two-electron reduction
of dioxygen to form a bridged peroxide intermediate in the first
half of the reaction cycle.

4. SUMMARY

This study highlights the consequence of perturbing the
innersphere coordination environment of the TNC in the
MCOs, with respect to the rate determining first two-electron
reduction of O,. In the Fet3p variants TIDH483E and Q, the
geometric and electronic structure only allows for a slow one-
electron oxidation of the T3f Cu. In contrast, the geometric
and electronic structure of the TNC in the WT enzyme allows
for O, to bridge with efficient overlap of the T2 and T34 Cu
RAMOs with the two perpendicular 7*-SOMOs of triplet O,.
This results in effective two-electron reduction to form a
bridged PI structure, as required for reductive cleavage of the
O-0 bond.
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