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Abstract

The multicopper oxidase Fet3p couples four 1e~ oxidations of substrate to the 4e reduction of O, to
H,0. Fet3p uses four Cu atoms to accomplish this reaction: the type 1, type 2, and coupled binuclear
type 3 sites. The type 2 and type 3 sites together form a trinuclear Cu cluster (TNC) which is the site
of O, reduction. This study focuses on mutants of two residues, E487 and D94, which lie in the
second coordination sphere of the TNC and defines the role that each plays in the structural integrity
of the TNC, its reactivity with O,, and in the directional movement of protons during reductive
cleavage of the O-O bond. The E487D, E487A, and D94E mutants have been studied in the holo and
type 1 depleted (T1D) forms. Residue E487, located near the T3 center, is found to be responsible
for donation of a proton during the reductive cleavage of the O-O bond in the peroxide intermediate
and an inverse kinetic solvent isotope effect, which indicates that this proton is already transferred
when the O-O bond is cleaved. Residue D94, near the T2 site, plays a key role in the reaction of the
reduced TNC with O,, and drives electron transfer from the T2 Cu to cleave the O-O bond by
deprotonating the T2 Cu water ligand. A mechanism is developed where these second sphere residues
participate in the proton assisted reductive cleavage of the O-O bond at the TNC.

Introduction

The multicopper oxidase (MCO) family of enzymes couples the oxidation of four equivalents
of a one-electron donor to the four electron reduction of dioxygen to water.! These enzymes
can be separated into two types by substrate specificity. The first group catalyzes the outer
sphere oxidation of small organic substrates: the plant2 and fungal laccases3, ascorbate
oxidase#, CotA®, and phenoxazinone s7ynthase . The second group oxidizes metal ions at
highly gecn‘lc metal ion binding sites 9 Fet3p10 ceruloplasmln11 Cue0l? and

MngX . All MCOs must have at least one type 1 (T1) or blue Cu site, a type 2 (T2) or normal
Cu site, and a type 3 (T3) or coupled binuclear copper site, where two Cu(ll) atoms are
antiferromagnetically (AF) coupled by a bridging hydroxide ligand (Figure 1) Spectroscopic
evidence has shown that the T2 and T3 Cu sites are located close to one another (within ~4A)
forming a trinuclear Cu cluster}®15 which has been confirmed by various crystallographic
studies.16:17 This is the site of O5, reduction. 18

Electrons from the reducing substrate are supplied to the MCOs through the T1 Cu site and
then transferred over 13 A via a highly conserved Cys-His electron transfer pathway to the
trinuclear cluster (TNC) for oxygen reduction. The fully reduced enzyme reduces dioxygen to
water in two, 2 electron steps.19 When the fully reduced holo-form of the enzyme reacts with
O, it forms the native intermediate (NI) which then decays to the resting oxidized enzyme.
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20,21 variety of spectroscopic methods have been used to characterize NI; these have shown
that the enzyme is in fact, fully oxidized. Therefore, 05 has been fully reduced but remains
bound to the TNC as u3-0xo0 and u»-hydroxo brid es.22:23 The decay of NI to the resting
oxidized state involves loss of the x3-0x0 bridge2 and is slow relative to the rate of turnover
in the MCO reaction; therefore, this decay process cannot be catalytically relevant.
Conselquently, NI, and not resting, is the fully oxidized form of the enzyme in the catalytic
cycle.

Type 1 Cu depleted forms of the MCOs, where the T1 is replaced by a spectroscopic and redox
innocent Hg?* ion (T1Hg) in the case of laccase?>, or by mutating the Cys residue at the T1
site to a Ser residue (T1D) in Fet3p26’27, have also been studied. In these derivatives, when
the enzyme is fully reduced it only has three electrons available to reduce dioxygen. This leads
to the formation of a peroxide intermediate (PI) in which one Cu at the TNC stays reduced and
the other two have been oxidized, transferring two electrons to 02.28 PI forms very rapidly
and is kinetically competent to be a precursor to N1.29 Spectroscopic and computational studies
have shown that the peroxide in Pl is bound internally and bridges the T2 and T3 Cu sites.
27,28,30,31 p| then decays with oxidation of the remaining reduced Cu site to the resting
oxidized form through an NI species as seen by magnetic circular dichroism spectroscopy.
When a redox active T1 is lacking, this decay is very slow, due to the large barrier associated
with the one electron reductive cleavage of the peroxide O-O bond, as opposed to the low
barrier associated with the thermodynamically favorable two electron reductive O-O bond
cleavage in the holo form of the enzyme.32

Examination of the crystal structure of Fet3p shows that there are two second sphere
carboxylate residues, D94 and E487 (Figure 1), within ~8 A of the TNC that are conserved in
all archived MCO proteins (n > 900). These residues have been thought to possibly play a role
in the structural integrity of the TNC, as well the pH dependence of the spectroscopy of the
resting T2 Cu site33 and the decay of PI to NI, which is enhanced by increasing proton
concentration and shows an inverse kinetic solvent isotope effect (KSIE) at low pH.33v34. In
the case of the pH effect on the resting T2 Cu site, ESEEM spectroscopy showed that this did
not result from protonation of the hydroxide ligand on the T2 Cu, as it remains deprotonated
even at pH <5. 33 This supported the possibility that residue D94, located near the T2 Cu, is
responsible. In another study, we investigated the role of D94 and found through its mutation
that it affects both the decay of PI and the pH effect on the resting enzyme. In addition, in the
D94A mutant the reduced TNC does not react with oxygen.34 However, the contribution of
residue E487 to these pH effects and O, reactivity has not been addressed.

This study extends our previous work to D and A mutants of E487 and allows definition of the
individual contributions of these residues to reactivity. A variety of spectroscopic methods are
employed to evaluate the impact of these mutations on the structural integrity of the TNC, and
kinetic studies are presented on the decay of PI to determine the role which protons play in the
reductive cleavage of the O-O bond. The pH dependence of Pl decay is now uncoupled from
the pH effect on the resting T2 Cu. Residue E487 is shown to be directly responsible for the
pH dependence and KSIE associated with the decay of PI. Alternately, residue D94 is found
to be required for the O, reaction of the TNC and facilitates O-O bond cleavage through the
deprotonation of the water ligand on the T2 Cu of Pl in the decay to NI.

Experimental Procedures

Water was purified to a resistivity of 15-17 QM cm™! using a Barnstead Nanopure deionizing
system. All chemicals were of reagent grade and used without further purification. Mutant

FET3 alleles were constructed in pDY 148 by site-directed mutagenesis using the QuikChange
kit from Stratagene. Complementary primers were used in PCR amplification of the vector to
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generate E487D, E487A, and D94E mutants. The following double mutants were then
generated in two sequential rounds of mutagenesis: TAD/E487D, T1D/E487A, and T1D/D94E.
The FET3 mutant sequences were confirmed by automated fluorescence sequencing on an ABI
PRISM 377 instrument. The vectors expressing the mutant proteins were transformed into
yeast strain M2* for soluble protein expression. Then WT, T1D, E487D, T1D/E487D, E487A,
T1D/E487A, D94E, and T1D/D94E proteins were expressed, isolated, and purified as
previously described.3:36 The Bradford dye-binding assay was used to determine protein
concentrations3 and copper content was determined spectrophotometrically with 2,2-
biquinoline38. Spin quantitation of EPR spectra used a 1.0 mM CuSO4:5H,0, 2 mM HCl and
2M NaClO4 standard solution to determine the concentration of paramagnetic copper.?’9

All steady-state kinetic studies were carried out based on oxygen consumption using an
Oxygraph (Hansatech, www.hansatech-instruments.co.uk). The O, uptake rates were
evaluated using the OXYG32 software provided by Hansatech. All initial velocity, v, versus
[S] data were analyzed by direct fitting to the Michaelis-Menten equation using Prism 4. These
studies all used ferrous ammonium sulfate as the substrate. Stock solutions were freshly
prepared in nitrogen-purged 100 mM MES at pH 6.0 and transfers from these stock solutions
were carried out using gastight syringes. All reactions were carried out in air-saturated 100
mM MES at pH 6.0.

UV-Visible absorption spectra were obtained using either an Agilent 8453 or a Hewlett-
Packard HP8452A diode array spectrophotometer. EPR spectra were measured with a Bruker
EMX spectrometer, ER 041 XG microwave bridge, and ER 4102ST cavity. A liquid nitrogen
finger dewar was used to maintain a temperature of 77 K for all X-band samples. Q-band
measurements were made at 77 K using an ER 051 QR microwave bridge, ER 5106QT
resonator, and an Oxford continuous flow CF935 cryostat. All EPR simulations were done
using XSophe (Bruker). UV-visible circular dichroism (CD), at room temperature, and
magnetic circular dichroism (MCD), at 5 K, were measured with a Jasco J-810-150S
spectrapolarimeter coupled with an S-20 photomultiplier tube and an Oxford SM4000-8T
magnet. In the near-IR region, CD and MCD spectra were measured with either a Jasco 200-
D or J-730 spectrapolarimeter and a liquid nitrogen cooled InSh detector with either an Oxford
SM4000-7T or SM40008T magnet. CD spectra were measured in a 0.5 cm quartz cuvette.
MCD spectra were measured using cells which were fitted with two quartz disks and a 3-mm
rubber spacer. To eliminate zero-field baseline effects in MCD, the spectra are an average of
the +7T and —7T scans, [7 — (—7)]/2T. Gaussian fitting of the absorption, CD, and MCD data
was done using PeakFit 4.0 (Jandel).

For spectroscopic characterization, samples were made in either 2100 mM sodium phosphate
buffer (for pDs between 6 and 8) or 100 mM MES buffer (for pDs between 4.7 and 6). To make
an optical quality glass when frozen for MCD, a 50% (v/v) buffer/glycerol-d3 mixture was
used yielding final protein concentrations from 0.3-0.8 mM.

For PI decay studies, protein samples were prepared as previously reported.32*34 Final
concentrations were 40-50 uM protein and 0.5 mM O,. For these experiments two buffers
were used: 100 mM sodium phosphate buffer (pHs and PDs between 6 and 8.5), and 100 mM
MES buffer (pHs and pDs between 4.7 and 6). Both buffers were used at pH = 6 and no
difference was found in the rate of Pl decay.

Results and Analysis

1. Characterization of holo outer sphere Fet3 mutants

WT as well as E487D, E487A, and D94E mutants were isolated in their holo-forms. These
were screened by measuring Cu content, absorption spectra, EPR spectra, and their spin

J Am Chem Soc. Author manuscript; available in PMC 2008 October 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Augustine et al.

Page 4

quantitation. All load ~4 Cu/protein. WT, E487D, and D94E have ~2 spins/protein (T1 and T2
sites) while the E487A mutant was lower, at 1.2+0.4 spins/protein (table 1). The absorption
spectra of WT and the three mutants (figure S1A, Supporting Information) are dominated by
two intense charge transfer (CT) transitions, one at 16,450 cm™1 (608 nm) with & = 5500
M~1cm™1 from the oxidized T1 Cu site and another around 30,300 cm™1 (330 nm) with € =
5000 M~cm™ from the oxidized T3 Cu site.40:41 This has been assigned as a bridging
OH™ to T3 Cu(ll) CT transition. The EPR spectra of the mutants were also similar to that of
WT, showing T1 and T2 Cu contributions (figure S1B, Supporting Information). Turnover
kinetics studies were also performed and show that all the mutants carry out multiple turnovers
in the presence of oxygen and Fe2* as substrate (table 2).

2. Characterization of T1D outer sphere mutants

After characterization in the holo-forms, type 1 Cu depleted (T1D) derivatives were prepared
for the above enzymes (T1D, T1D/D94E, T1D/E487D, and T1D/E487A) by introducing a
C484S mutation.26 All were again screened by measuring Cu content, absorption and EPR
spectra, and spin quantitation of their EPR spectra. As shown in table 1, each variant contained
the expected ~3 Cu atoms/protein (1 Cu having been eliminated by the T1D mutation) and ~1
spin/protein (T2 only). Their spectroscopy and reactivity are given below.

3. Spectroscopic Characterization of the Resting Trinuclear Cluster

3a. Effects of Outer sphere mutations on the T3 Cu site—Since the T3 Cu site is AF
coupled, it does not contribute to the EPR and MCD spectra but does to the absorption and CD
spectra.27'30 In the holo enzyme there is a contribution from the T1 Cu, which is not found in
the T1D derivative. The absorption and CD spectra of T1D, T1D/E487D, T1D/E487A, and
T1D/D94E are shown in Figure 2. All of the absorption spectra are dominated by the intense
(e~ 3000 M~%ecm™1) xOH~ — T3 Cu(ll) CT transition at 30,300 cm™1 (330 nm).#2 There is an
additional weak transition present in the absorption spectrum at ~700 nm associated with the
T3 Cu LF transitions, which are more pronounced in the CD spectrum (Figure 2E-H). The
simultaneous Gaussian fit of the absorption and CD spectra requires 9 transitions (figure S2,
Supporting Information). Based on their Kuhn Anisotropy factors (ratio of CD to absorption
intensity), it has been determined that bands 1-6 are ligand field (LF) transitions of the T3 Cu’s
and bands 7-9 are CT transitions.2/ Both of the E487 mutants show no change in the LF of
the T3 Cu’s (compare figures 2F and 2G to 2E). The D94E mutation, however, has led to a
change in the T3 LF transitions (compare bands 1-6 in Figure 2H to 2E). Three of the six LF
transitions- bands 3, 4, and 6 - have been shifted more than the others in the D94E mutant
which indicates that one of the T3 Cu’s has been perturbed by this mutation. This correlates
with D94 being H-bonded to a His ligand on only one of the T3 Cu’s (Figure 1).

The intense transition at 330 nm, a u-hydroxide to T3 Cu(ll) CT transition is resolved into two
bands, 8 and 9, based on the CD spectra, indicating that the two T3 Cu’s must be inequivalent,
each having a distinct OH™— Cu(l1) CT transition.27-40 In both the E487D and E487A
mutants, band 8 has not been shifted relative to WT, while band 9 has moved to higher energy
(compare figures 2F and 2G to 2E). This change suggests that mutation of residue E487 leads
to a perturbation of T3 Cu site. This is consistent with the crystal structure of ascorbate
oxidase16, (water molecules have not been resolved in the structure for Fet3p17) where residue
E487 is hydrogen bonded through an ordered water molecule to the T3 Cu hydroxide bridge
(Figure 1) and this H-bond network would likely be perturbed in both mutants. In addition,
from Figure 2 the D94E mutant also has an affect on the energies of the OH™ — T3 Cu(ll) CT
transitions despite its being located on the opposite side of the cluster. The one remaining CT
transition which can be resolved at an energy < 33,000 cm™1 is band 7 which is assigned as a
His — Cu(ll) CT transition. This band is very similar in T1D and the E487 mutants, however
the TIDD94E mutation has caused this band to decrease in energy and increase in negative
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intensity in the CD spectrum relative to the absorption spectrum (this is reflected in the increase
in the C/D ratio of band 7 for TADD94E in figure S2, Supporting Information).

3b. Effects of outer sphere mutations on the resting T2 Cu site—In all of the T1D
mutants, the paramagnetic T1 site has been removed and the T3 Cu site is diamagnetic;
therefore, the MCD and EPR spectra selectively probe the T2 Cu site. Both X-band (~9.4 GHz)
and Q-band (~34 GHz) EPR spectra were measured for T1D, T1D/E487D, T1D/E487A, and
T1D/D94E (Figure 3). The X and Q-band spectra were simulated to obtain the g and A values
(figure S3, Supporting Information). These parameters are identical in T1D and the two E487
mutants. This shows that these mutations have no affect on the ground state of the T2 site.
T1D/D94E, does however, show some differences relative to T1D, specifically lower values
for gy and A, (figure S3, Supplementary Material). These results might be expected as residue
D94 is located close to the T2 site, with an H-bond through a water molecule to the T2 Cu
OH™ ligand, while E487 is located on the opposite side of the TNC.

Low-temperature MCD spectra of T1D, T1D/E487D, T1D/E487A, and T1D/D94E are shown
in Figure 4. Gaussian fits of the MCD spectra show that 9 transitions between the energies of
5000 and 33000 cm ™ are required (figure S4, Supporting Information). The four lowest energy
transitions have been assigned as the T2 Cu(ll) LF transitions: dyy, d,, dy;, and dy; — dy?-/2,
in order of increasing energy.33 These transitions are unchanged in the E487 mutants as
compared to T1D. This correlates with the EPR data indicating that the structure of the T2 site
is unchanged upon mutation at this residue. TID/D94E in Figure 5D does show a change in
the LF of the T2 site, with three of the transitions (dyy, d;2, and dy, — dy?-y?) increasing in
energy while the fourth (dy;) shows a decrease in energy (figure S4, Supporting Information).
This again reflects the location of D94 in close proximity to, and connected by H-bonds through
a water molecule to the OH™ ligand on, the T2.

The remaining 5 transitions in the MCD spectra (Figure 4) are all CT transitions of the T2 Cu,
His 7 — Cu in the case of 5 and 7-9, and OH™ — Cu in the case of band 7.33 The E487
mutations, interestingly, have an effect on the CT region of the MCD spectrum. This is most
obvious in bands 5-7 which have changed sign from negative to positive and also shifted to
higher energy (Figure 5). Bands 8 and 9 have similar intensity in T1D and the T1D/E487
mutants, but band 8 is slightly lower in energy in both mutants and band 9 has shifted to slightly
higher energy. Thus, while the overall structure of the T2 site has been relatively unchanged
in the two E487 mutants, the interaction of the ligands with the T2 has been affected. The D94E
mutant has resulted in larger changes in the CT region of the MCD spectrum. These are
primarily seen in the intensities of bands 5-8. This again reflects a change in the interaction of
the two His residues and the OH™ ligand with the T2 Cu site.

Overall, the E487 variants have led to stable and intact trinuclear clusters and the structure of
the cluster has not been greatly affected. However, the hydroxide bridge at the T3 Cu site and
the interaction of the T2 Cu with its ligands appear to have been impacted as seen in the CT
region of the CD and MCD spectra, respectively. The D94E mutation, while still loading an
intact and stable trinuclear cluster, has had more impact upon the structure of the cluster as
seen by the changes in the LF transition energies of the T2 site and the T3 Cu atom to which
it is H-bonded (Figure 1).

4. pH effect on the resting T2 Cu site

It has been observed in T1D Fet3 that there is a pH effect on the resting T2 Cu site. This is best
probed by the appearance of a band in the MCD spectrum at 7700 cm ™1 upon going from high
to low pH with a pKa < 5.8 (Figure 5A indicated by arrow).33v34 The LF MCD spectra of

T1D/E487D, T1D/E487A, and T1D/D94E at both pD 7.5 and 5.8 are also shown in Figure 5.
The pH dependence of the MCD spectra of the E487 mutants (figures 5B and 5C) shows that
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they both behave similarly to T1D (Figure 5A) but with a slightly more intense 7700 cm™1
band. The MCD spectrum of the TIDD94E mutant, on the other hand, does not exhibit the
new 7700 cm ™1 feature at low pH (Figure 5D) (The LF MCD spectrum of TIDD94A similarly
does not exhibit this transition at low pH ) These data argue for a model where D94 is
involved in this pH effect but E487 plays no part. A mechanism can then be developed in which
protonation of residue D94 would cause a change in the H-bond network between D94 and the
T2 Cu OH™ ligand. This would in turn lead to a change in the orientation of the OH™ (Figure
6) and shift of the T2 Cu d,y orbital leading to the observed 7700 cm™L transition in MCD.34

5. Spectroscopy of the Peroxide Intermediate

When the T1D or T1Hg forms of the MCOs are fully reduced and reacted with oxygen they
form the peroxide intermediate (PI) 2,34 In this intermediate two Cu atoms in the TNC are
oxidized and AF coupled and the other Cu reduced. As a result, Pl has an S = 0 ground state
and is not accessible by EPR and MCD but its does have unique absorption and CD features.
P1 was formed in T1D Fet3 as well as TLD/E487D, T1D/E487A, and T1D/D94E mutants. It
is important to note that the reaction of E487A with O, is in strong contrast to D94A where
the reduced TNC does not react with O,. This suggests an important role of charge at the
position of residue 94 which will be addressed further in the Discussion section. The absorption
and CD spectra of these PI’s, shown in Figure 7 (specific transition energies are given in figure
S6, Supporting Inormation), while similar, do have quantitative differences. The absorption
spectra are all dominated by two intense CT transitions at 340 and 480 nm. These can be further
resolved into four bands in the CD spectrum, 6-9, found at similar energies in all variants.
These four transitions are peroxide n*, and n*, to Cu(ll) CT transitions. The presence of four
peroxide to Cu(ll) CT transitions indicates that peroxide must bind to the cluster internally,
bridging the two oxidized Cu’s.27 The fact that these four bands do not significantly change
in energy for any of the mutants indicates that peroxide bridges the TNC is a similar fashion
in all mutants.

Transitions 1-5 (Figure 7; the CD spectrum of T1D PI from 5000 — 33,000 cm ™ is shown in
figure S5, Supporting Information) have all been assigned as LF transitions of the two oxidized
cu’s.2” Asin the resting TNC, the energies of these LF bands have not changed dramatically
in the E487 mutants. The D94E mutant, however, does impact the LF transitions of PI. This
is also expected since D94E perturbs the LF in the resting oxidized form and seems to indicate
that the geometries of the Cu’s have changed slightly in the TLD/D94E PI versus T1D PI.

6. Decay kinetics of PI

The klnetlcs of decay of Pl was studied in T1D Fet3 as well as the three mutants addressed
here.32:34 The decay of PI to the resting oxidized TNC was followed by the disappearance of
the intermediate’s peroxide to Cu(ll) CT transitions at 340 and 480 nm in the absorption
spectrum. This decay follows simple first order kinetics and can be flt to a single exponential
expression to extract the rate constant (example shown in Figure 8) 2 The pH dependence of
this rate of decay has also been measured and can be fit to a protonation equilibrium
model32 in which the protonatable species is a nearby carboxylate which is shown in T1D to
have a pKa of 5.0 £ 0.2 (Figure 9 in red). Similar experiments have been performed on all three
mutants. In both T1D/E487D and T1D/D94E the rates of Pl decay were pH dependent with
pKa’s of 6.1 + 0.1 and 5.7 £ 0.2 respectively (Figure 9, TID/E487D in green and T1D/D94E
in blue). Importantly, the rate of Pl decay in T1D/E487A has no pH dependence and is slow
across the entire range studied (Figure 9 in black).

All three mutants exhibit a decreased rate of decay at both high and low pH relative to T1D.
Interestingly, however, TID/D94E exhibited approximately a 10-fold rate enhancement at low
pH, similar to T1D, while T1D/E487D shows only a 3-fold rate enhancement. These data
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strongly indicate that both residues E487 and D94 play a role in Pl decay, as all three mutants
have slowed the rate of Pl decay. Their specific roles in this process will be addressed in the
Discussion.

T1D Fet3 and T1Hg laccase both have been found to have small inverse Kinetic solvent isotope
effects (0.89) on the rate of Pl decay at low pH.32'34 This inverse KSIE indicates that the
proton involved in O-O bond cleava%e has formed a stronger bond in the transition state than
it has in the reactants, in this case PI1.43 The KSIE’s on PI decay were measured in all 3 mutants.
In the case of T1ID/E487D at pH/pD = 5.0, the KSIE is 2.0 while in TID/D94E it is 2.3. In
T1D/E487A, where pH was found to have no impact upon the rate of Pl decay, the KSIE is
1.0 (table 3). These results indicate that in both T1D/E487D and T1D/D94E, while a proton
transfer is still involved in the rate limiting step of PI decay at low pH it no longer forms a
stronger bond at the transition state, in contrast to the reaction in T1D Fet3p and T1Hg laccase.
In the T1D/E487A mutant there is no longer a proton transfer involved in the rate determining
step of Pl decay at low pH.

Overall, despite the mutations, a peroxide intermediate forms in TLD/E487D, T1D/E487A,
and T1D/D94E while it did not form in TLD/D94A. The bound peroxide seems to have been
perturbed but is still bound in a similar internally bridged fashion in all mutants. The decay of
PI1, however, has been strongly impacted in these mutants. The T1D/E487A mutant, most
significantly, turns off the rate enhancement at low pH and the KSIE found in T1D (as well as
T1Hg Lc). The T1D/D94E and T1D/E487D mutants also impact the decay, changing the KSIE
in both from inverse to normal and the degree of rate enhancement at low pH in T1D/E487D.

Discussion

This study has compared the affects of mutations at two residues, E487 and D94, in the second
coordination sphere of the TNC on its electronic structure and oxygen reactivity. The E487D,
E487A, and D94E mutations yielded intact TNC’s which react with O,. The E487 mutations
behaved similarly. The LF’s of both the T3 and T2 Cu sites were unchanged relative to T1D.
However, small changes were apparent in the hydroxide bridge at the T3 Cu site that are
attributed to the H-bond network that links E487 to this hydroxide bridge (Figure 1). The D94E
mutation had much more impact on the structure of the TNC. Fairly large LF changes are
apparent in both T2 and T3 centers that can be attributed to perturbations of the H-bond network
that connects D94 to the OH™ ligand on the T2 and the H-bond to residue H418 which
coordinates to one of the T3 Cu’s (Figure 1). In addition, comparison of the pH dependence
of the MCD spectra of these mutants has made clear that residue D94 is responsible for the pH
effect on the resting T2 Cu site, while residue E487 is not involved.

From the data on all the mutants addressed in this study, roles for both E487 and D94 can be
assigned in the O-0O bond cleavage process. An additional set of data for developing a
mechanism is the 180 kinetic isotope effect on PI decay (1.11 + 0.05) which has shown that
the O-O bond must be almost cleaved at the transition state.32 It is known that the product of
PI decay is NI, which has both oxygen atoms from reduced O, bound to the TNC as a pi3-0xo
and a pp-hydroxo bridge, the latter at the T3 Cu’s.43 This means that a proton must be
transferred to oxygen near the T3 Cu atoms at some point in the O-O bond cleavage process.
The location of E487 near the T3 site and the affects of its mutation on the decay of Pl (Figure
9 and table 3) support its role in the donation of this proton. Using the Westheimer model 44
(S7, Supporting Information) transfer of a proton from this carboxylate (O-H bond frequency
of 3000 cm™) S to the up-hydroxo bridge (OH bond frequency of 3600 cmfl)46 through the
H-bond network yields the observed inverse KSIE when the O-H bond is mostly formed at the
transition state. This model is supported by the results of the E487A mutation that removes a
protonatable species from this position and eliminates the pH dependent rate enhancement and
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the inverse isotope effect of Pl decay (table 3). While the E487D mutation does not eliminate
the pH effect and KSIE, it lowers the degree of proton dependent rate enhancement in Pl decay
and changes the KSIE from inverse to normal (table 3). This KSIE of 2.0 supports a transition
state in which the proton is now farther away from its final product position, (S7, Supporting
Information) consistent with the shorter carboxylate side chain in Asp relative to the Glu in
WT. With respect to the decrease in rate of Pl decay in E487D and E487A relative to wild type
at high pH, even when E487 is deprotonated it is still capable of H-bonding to a water molecule
which would in turn H-bond to the peroxide in PI. This H-bond network would increase the
electron affinity of the peroxide and assist in the reductive cleavage of the O-O bond. This H-
bond pathway would be disrupted the E487 mutants.

D94 also plays a role in the decay of PI, as the T1D/D94E mutant exhibits a decay of Pl which
is still pH dependent but slower than T1D across the entire pH range. In assigning a role to
D94 it is important to emphasize that D94A and D94N do not react with O, whereas WT and
DY4E, as well as E487D and E487A, do react to form PI1.34 Also, computational studies have
shown that a negative charge at the D94 position is required for the O, reaction.4” Thus, D94
must be deprotonated, providing a negative charge, for the TNC to react with O,. Consequently,
in the decay of P, this sets up a pathway through which D94 could assist in removing a proton
from the H,0O ligand on the T2 Cu. This conversion of the water to hydroxide would lower the
redox potential of the T2 and increase the driving force for electron transfer to peroxide
assisting in O-0 bond cleavage. As E487 can only donate a proton at low pH, the KSIE of 1.0
at high pH is a direct probe of the T2 water to D94 proton transfer process and indicates that
the proton has been transferred to D94 at the transition state. In the D94E mutant, based upon
the elimination of the T2 pH effect in resting, the H-bond network is disrupted and the T2
H,0 ligand would no longer be able to transfer its proton. This would slow electron transfer
in O-0 bond cleavage regardless of pH, as observed in the rate of Pl decay in the D94E mutant.
As the extent of electron transfer to peroxide is decreased, proton transfer by E487 would also
be shifted along the reaction coordinate relative to the transition state. This would provide a
possible explanation for the normal isotope effect of 2.3 observed in D94E.

Based on the effects of residues E487 and D94 and the kinetic isotope effects, a molecular
mechanism for cleavage of the O-O bond can be developed. At high pH, E487 is deprotonated
and does not play a role in proton transfer during O-O cleavage. D94 will accept a proton from
the T2 water ligand, and as the transition state occurs late in O-O cleavage it would also be
late in this proton transfer leading to the KSIE of 1.0 at high pH. At low pH E487 transfers its
proton leading to an almost completely formed O-H bond at the transition state, resulting in
the inverse isotope effect of 0.89. Therefore, at low pH the TS between PI and NI has a long
0O-0 bond and a short O-H bond. For this to be the case, the proton transfer from E487 must
begin early with respect to O-O bond cleavage. This proton transfer would stabilize the
peroxide o* orbitial, polarizing the peroxide and making it easier to reductively cleave its bond
as is reflected by the increase in rate at low pH."’8 The net effect of this mechanism is a proton
ﬂo‘ﬁ,’gﬁom E487 to peroxide and from the H,O bound to the T2 Cu to D94 as seen in Figure
10.

This study of mutants at residues E487, near the T3 site, and D94, near the T2 site, has helped
define the role of H-bonding in the structure of the TNC in the MCO’s and the role of protons
in the reductive cleavage of the O-O bond. The D94E mutation led to relatively large changes
in the structure of the TNC and confirmed that D94 is the residue involved in the pH effect on
the resting enzyme through a H-bond network to the OH™ ligand on the T2 Cu. Furthermore,
the residue provides a negative charge that is necessary for the reaction of the TNC with O,
and then assists in the deprotonation of the T2 Cu water ligand during P1 decay. The E487
mutants led to smaller structural perturbations compared to D94E but this residue is the
protonatable species responsible for acceleration of Pl decay at low pH and the inverse KSIE.
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E487 and D94 act together to create a flow of protons from the T3 side of the TNC to the T2
side to drive the reductive cleavage of the O-O bond. Given the structural conservation in the

pr
€q

imary through tertiary levels in MCO’s from fungi to plants, including E487 and D94
uivalents, the mechanism of proton assisted O-O bond cleavage at the TNC is likely

conserved as well. Although the domain and tertiary structure of human ceruloplasmin differs
from these lower eukaryotic MCO’s1L it retains these two protic groups, E1032 and D995
respectively. Thus, the mechanism outlined here applies to all of the MCO family of enzymes.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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3 D94{73)

Figure 1. Structure of the TNC

(Structure shown and amino acid numbers in parentheses are from ascorbate oxidase6 in
whichl%mino acid positions have been shown to be very similar to those in the structure of
Fet3p*'.)
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Figure 2.

Room temperature difference (oxidized — reduced to remove contribution of protein 280 nm
band) absorption spectra of T1D (A), TLDE487D (B), TLDE487A (C), and TIDD94E (D). CD
spectra of T1D (E), TLDE487D (F), TLDE487A (G), and TAIDD94E (H). Individual Gaussian
bands are shown with dotted lines.
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Figure 3.

X-Band EPR spectra of T1D (A), TLDE487D (B), TLDE487A (C), and TIDD94E (D). Q-band
EPR spectra of T1D (E), TLDE487D (F), TLDE487A (G), and TLDD94E (H). Simulations are
shown in dotted lines. All spectra were obtained at 77 K
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Figure 4.
MCD spectra obtained at 7T and 5 K of T1D (A), TIDE487D (B), TLDE487A (C), and
T1DD94E (D). Individual Gaussian bands are shown with dotted lines.
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Figure 5.
LF MCD spectra obtained at 7T and 5 K of T1D (A), TLDE487D (B), TIDE487A (C), and
T1DD94E (D). In blue is pD = 7.5 and in red pD 5.8.
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H-bond network between D94 and resting T2 Cu site
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Figure 7.

Room temperature absorption spectra of Pl in T1D (A), TIDE487D (B), TLDE487A (C), and
T1DD94E (D). CD spectra of Pl in T1D (E), TLDE487D (F), TIDE487A (G), and TIDD94E
(H). Individual Gaussian bands are shown with dotted lines.
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Figure 8.

Decay of PI followed by absorption in TLDE487A at pH = 5.0. The inset shown traces the
absorbance at 340 nm over time and was fit, along with similar trace at 480 nm, to obtain the
rate of decay.
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Rate of decay of Pl as a function of pH. T1D is shown in m, TLDE487D in A, TIDE4987A
in @, and TIDD94E in e.
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Figure 10.
Schematic showing cleavage of the O-O bond and the TS between Pl+e™ (PI plus an electron
from the T1 Cu) and NI
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Table 1
Cu content and spin quantitation of Fet3p mutants
Copper Content (Cu/protein) EPR spin quantitation (spin/protein)

WT 4.2+0.3 1.8+0.3
E487D 3.9+0.4 1.6+0.4
E487A 3.9+0.4 1.2+0.4
D94E 4.3+0.2 1.8+0.2
T1D 3.2+0.2 0.8+0.3
T1D/E487D 2.8+0.3 0.7+0.2
T1D/E487A] 2.7+0.3 0.7+0.2
T1D/D94E 3.2+0.3 0.7+0.2

J Am Chem Soc. Author manuscript; available in PMC 2008 October 31.



Augustine et al. Page 22

Table 2
Turnover rates for holo enzymes
Fet3p species| Ky (M) Vi (min™)
WT 45+09 193408
DY4E 23+05 149+0.4
E487D 98+25 224.+18
E487A 11423 11.7+08
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Table 3
Summary of the affect of various mutations upon the pH effect in Pl decay and the pH effect on the resting T2 Cu
T1D T1DE487D T1DE487A T1DDY4E
Rate of Pl decay pH = 5.0 1.8 x 10-35-1 16+0.1x10-45-] 7.2+05x10-5 51l 3.7+04x10-45]
Rate of Pl decay pH = 7.5 2.9 x10-45-1 52+0.9x10-551 8+1x105s1 4+1x10-5s-1
Rate enhancement 6.2X 3.1x 1x 8.0x
KSIE @ low pH 0.89 2.0 ~1 23
pH effect on resting T2 Cu yes yes yes No

The KSIE at high pH (measured at pH = 7.5) is 1.0 for T1D and all mutants
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