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ABSTRACT. The multicopper oxidases catalyze the 4eduction of Q to H,O coupled to the Teoxidation

of 4 equiv of substrate. This activity requires four Cu atoms, including T1, T2, and coupled binuclear T3
sites. The T2 and T3 sites form a trinuclear cluster (TNC) wheres @duced. The T1 is coupled to the

TNC through a T1-Cys-His-T3 electron transfer (ET) pathway. In this study the two T3 Cu coordinating
His residues which lie in this pathway in Fet3 have been mutated, H483Q, H483C, H485Q, and H485C,
to study how perturbation at the TNC impacts the T1 Cu site. Spectroscopic methods, in particular resonance
Raman (rR), show that the change from His to GIn to Cys increases the covalency of the-B1Gys

bond and decreases its redox potential. This study ef TINC interactions is then extended Rhus
vernicifera laccase where a number of well-defined species including the catalytically relevant native
intermediate (NI) can be trapped for spectroscopic study. The FiSCzovalency and potential do not
change in these species relative to resting oxidized enzyme, but interestingly the differences in the structure
of the TNC in these species do lead to changes in the T1 Cu rR spectrum. This helps to confirm that
vibrations in the cysteine side chain of the T1 Cu site and the protein backbone couple to-tBe Cu
vibration. These changes in the side chain and backbone provide a possible mechanism for regulating
intramolecular T1 to TNC ET in NI and partially reduced enzyme forms for efficient turnover.

The multicopper oxidases (MCOs) are an important class H126
of enzymes found in many organisms, including plants, fungi,
bacteria, and humans. Well-known members of this class
include laccase (Lc)I( 2), ascorbate oxidase (AO3) Fet3p H128 T3e H81
(4), ceruloplasmin (hCP)5), CueO 6), CotA (7), and I vags| 7@ He3
phenoxazinone synthas8)( They are important for lignin .
formation in plants (plant Lc), lignin degradation and TP v
detoxification processes in fungi (fungal Lc), and ferroxidase _';'_“9 -
activity in yeast (Fet3p) and humans (hCB) 10). MCOs ™ \
catalyze four single electron oxidations of a substrate coupled (& Hags HHE  paqg
to the four-electron reduction of dioxygen to watéf,(12). —

The active site structure of these enzymes (Figurd ) ( '
is highly conserved and consists of at least four copper atoms, e
classically divided into three types based upon their different
spectral featuresl(l). The type 1 (T1) or blue copper site is  FIGURE L: Active site structure of Fet3 showing the T1 Cu site,
characterized by an intense Cys-S-to-Cu(ll) charge transfer | VC» and the Cys-His pathway which bridges the sit).(
(CT) transition at~610 nm and a very small parallel
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2 (T2) or normal copper site is characterized by a lack of additional paramagnetic Cu (more than T1 and T2 sites).
absorption and CD features, but since it is paramagnetic, it This study of the T+ T3 interaction was then extended to
exhibits excited-state features in the low-temperature MCD catalytically relevant species iRhus vernicifera laccase
spectrum. The T2 also has an EPR spectrum with a largewhere the native intermediate can be trapped for spectro-
parallel hyperfine splitting, 156200 x 10~ cm?, typical scopic study. Furthermore, we evaluate the possible role of
of planar Cu sites1(6, 19, 20. The type 3 (T3) or coupled the geometric and electronic structure of the TNC in
binuclear Cu site41) has an intense CT band at 330 nm, modulating intramolecular ET from the T1 Cu site.
originating from an OH bridging ligand. The binuclear site
exhibits a number of weak ligand field (LF) transitions in MATERIALS AND METHODS
the CD spectrum due to the low symmetry at both copper i )
sites: however, no EPR or low-temperature MCD feature is Al cheémicals were reagent grade and used without further
present due to the antiferromagnetic coupling between thep“”f'catlcl’”' and water was purified to a resistivity of 15-17
two T3 coppers 19, 20). The T2 and T3 sites form a MQ cm using a Barnsted N_anopure deionizing system.
trinuclear cluster (TNC), the existence of which was first 1he site-directed mutagenesis was performed, using a
demonstrated by spectroscof2(23) and later confirmed ~ QuickChange kit from Stratagene, in the pDY148 vector
in several crystal structure€4). containing t_he truncated version of tRET3gene. Comple-
The TNC is the site at which dioxygen is reduced to water mentary primers encoding the .mutants (H483Q', H483C’
(12’ 25 When a fU”y reduced MCO is reacted with,@he H485Q, and H485C) were used in the PCR ampllflcatlon of

native intermediate (NI) is formed and can be trapped before the vector. The=ET3 sequences were routinely confirmed
it decays to the resting oxidized enzyn26¢28). NI has by automated fluorescent sequencing at Roswell Park Cancer

i - itute DNA sequencing Laboratory. The vectors containing
been trapped by rapid freeze-quench methods in laccase andstitute
has been studied in detail9), as have a number of WT, H483Q, H483C, H485Q, and H485C were transformed

structurally related model complexe&0)j. In Fet3p, the rates into M2_*_for solubl_e protein e_xpression _and were isolated
of formation and decay of NI are such that no more than &1d purified according to previously published methcgs; (
15% NI can be obtained (A. J. Augustine, L. Quintanar, and 37).
E. I. Solomon, unpublished results). These studies have Rhusverniciferalaccase¢-diphenol:dioxygen oxidoreduc-
shown that NI is the fully oxidized and catalytically relevant tase) was isolated from acetone powder (Saito & Co, Osaka,
species in the turnover of the MCO&%1j, the O-O bond ~ Japan) and assayed according to previously published
has been fully cleaved2), and the oxygen atoms remain Procedures 33, 38). Rv. T2D laccase was prepared by
bound to the trinuclear cluster ag-oxo andux-hydroxo chemical removal of the T2 copper, as described in refs 32
(between the T3 Cu’s) bridges1). and 37. Met T2D was prepared by adding a 15-fold excess
Multiple sequence alignments have confirmed a very high 0f H202 to deoxy T2D and allowing this to incubate for 30
degree of conservation around the active sites in MCOs, min. Excess HO, was removed by buffer exchange before
including the X-HCH—X motif, which forms a Cys-His  Use. Resting oxidized laccase was also treated with excess
bridge between the T1 and T3 (Figure 1)1). This bridge H,0, to ensure complete oxidation of the T3 copper sites.
provides an efficient super exchange pathway for rapid The native intermediate was prepared using approximately
intramolecular ET from the T1 Cu to the trinuclear cluster. 1.0 MM Ru. laccase in 100 mM sodium phosphate pH 7.5
The T1 Cu redox potentials in the MCOs vary widely, from made anaerobic by flushing with argon gas on a Schlenk

as low as~300 mV (32), to as high as-800 mV (33). This line for 3 h. Four-electron equivalents of degassed ascorbate
wide range reflects the differences in physiologically relevant were added and allowed to equilibrate for 30 min. The
substrates among the MCOs. Early studieRbfisvernic- reaction mixture was loaded into a stopped-flow syringe, and

ifera laccase have shown that the TNC potential is close to the second syringe was loaded with €aturated buffer (1.4
that of the T1 site, and a possible allosteric coupling betweenmMM at 4 °C). The two syringes were then assembled for
the two redox sites has been suggested in studies of the holdapid mixing with an Update Instruments System 1000 with
enzyme, and the deoxy (reduced T3) and met (oxidized T3)@ Wiskind Grid mixing system. Samples were sprayed
type 2 depleted (T2D) derivatives Bhusverniciferalaccase  directly into liquid nitrogen and packed into 4 mm quartz
(34). Allosteric coupling was suggested based on changesEPR tubes.
in the T1 resonance Raman (rR) and absorption spectra which Protein concentrations were determined using the Bradford
occur upon oxidation of the T3 Cu site. Recent studies in dye-binding assay 4(Q). Copper content was measured
Alcaligenes xylosoxidanaitrite reductase have indicated spectrophotometrically using a 2Riquinoline assay41).
small changes in the T1 rR spectra upon binding of nitrite The concentration of paramagnetic copper was detected by
to the T2 Cu site, which is 13 A away but also bridged by spin quantitation of the EPR spectrum using a 1.0 mM
a Cys-His pathway34). aqueous copper standard (1 mM CuS©O with 2 mM

In this study, residue H483, one leg of the Cys-His HCland 2 M NaclQ) (42). Absorption spectra were obtained
pathway, has been mutated to generate the H483Q andat room temperature (298 K) on a Hewlett-Packard HP8452A
H483C (Figure 1) mutants in Fet3, and these have beenor Agilent 8453 diode array UV-visible absorption spectro-
studied in detail to systematically probe the impact of varying photometer. X-band EPR spectra were obtained at 77K with
the T1-Cys-His-T3 pathway on the spectroscopic features, a Bruker EMX spectrometer, ER 051 QR microwave bridge,
redox, and electron transfer (ET) properties of the T1 Cu and ER 4102ST cavity. Samples were measured in 4 mm
site. Residue H485, the other leg in the Cys-His pathway, EPR tubes (quartz) from Wilmad and maintained at 77 K
was also mutated to create the H485Q and H485C variants,using a liquid N finger dewar with nitrogen gas flow to
but these were studied in less detail due to their exhibiting prevent condensation. EPR simulations were performed using
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XSophe (Biker). Room-temperature _CD and low-temper- T pie 1: Fet3 Copper Quantitation

ature MCD spectra were measured with a Jasco J-810-150S -

spectropolarimeter operating with an S-20 photomultiplier Fet3 protein WT H483Q H483C
in the UV—vis region and a Jasco J-200-D spectropolarimeter Cu content (Cu/protein) ~ 3&03  3.9+02  3.1+£02

. S EPR spin quantitation 1.8 11 11
using a liquid nitrogen cooled InSB detector for the near IR (spin/protein)
spectral region. Protein samples were buffer exchanged into o, paramagnetic 48% 28% 35%
100 mM deuterated potassium phosphate at pD 7.5 and copper
mixed with 50% (v/v) glycerols, to obtain high quality . ] ]
glasses for MCD. CD spectra were run in a 0.5 cm quartz (?‘.5 were made anaeroblc_by purging with argon on a Schlenk
cuvette. MCD samples were run in cells fitted with two line. A known concentration of {Fe(CN)| was added to
quartz disks atha 3 mmrubber spacer. To subtract any glass- the p_roteln solution and tltrate_(_j Wlth aliquots of_an anaerobic
induced baseline shift all samples were run at 7 T, 0 T, and Solution of K[Fe(CN)}]. Equilibrium was achieved after
—7 T, and the spectra presented are the subtracted averag@pPProximately 15 min, and the absorbance at 608 nm was
Spectra from both instruments were overlaid to cover the measured un'der anaerobic conditions. Data were fit to the
entire energy region from 2000-300 nm. Gaussian fitting of Nernst equation.

MCD spectra was performed using PeakFit 4.0 from Jandel.

RR spectra were obtained on Princeton Instruments ST-RESULTS AND ANALYSIS
135 back-illuminated CCD detector on a Spex 1877 CP triple  1.1. Characterization of H483Q and H483C Fet3 Mutants.
monochromator with 1200, 1800, and 2400 grooves/mm  Protein yield, copper content, and spin quantitation of
holographic spectrograph gratings. An Innova 90C laser recombinant Fet3 protein (WT) are in accordance with
from Coherent provided the excitation at 647.1 nm. Protein previously reported data (Table 19)( H483Q and H483C
samples, 0.61.0 mM, were buffer exchanged into 100 mM mutants were expressed in slightly lower yields in accordance
sodium phosphate pH 7.5 and measured in 4 mm EPR tubeswith previous results for inner sphere Fet3 mutat; 43).
(quartz) from Wilmad and maintained at 77 K using a liquid Copper content determination showed that H483Q loads
N, finger dewar. Spectra were obtained using 50 m\W laser approximately four coppers, while H483C loads approxi-
power with 3 min scans. All spectra presented have beenmately three coppers per protein. X-Band EPR spectra of
corrected for buffer. Baseline corrections were performed H483Q, shown in Figure 2A (red), and H483C, shown in
using PeakFit 4.0 (Jandel). Figure 2B (green), are significantly different from WT (blue)

The Cu K-edge X-ray absorption spectroscopic data for in that they lack a T2 Cu signal and have a perturbed T1 Cu
the H483Q and H483C Fet3 mutants were measured at theEPR signal. The EPR spectrum of the T1 Cu site in both
Stanford Synchrotron Radiation Laboratory on the focused mutants will be addressed in section 1.2. Spin quantitation
16-pole, 2-T wiggler beam line 9-3 under standard ring of the EPR spectrum of H483Q shows that there are 1.08
conditions of 3 GeV and 85100 mA. An Si(220) double  spins/protein, indicating that only one copper center is
crystal monochromator was used for energy selection, a Rh-paramagnetic, which is the T1 site based on the EPR
coated collimating pre-monochromator mirror for harmonic spectrum. Spin quantitation of H483C showed 1.11 spins/
rejection, and a cylindrical Rh-coated bent post-monochro- protein, which from EPR is also the T1 Cu (Table 1). Thus,
mator mirror for focusing. The protein samples were prepared all EPR features observed originate from an oxidized T1 Cu
as solutions with~30% glycerol and loaded into 1 mm site in these mutants.

Lucite XAS cells with 67um Kapton windows. The samples Cu K-edge XAS experiments were carried out to determine
were immediately frozen and stored under liquid nitrogen. the oxidation states and coordination number of the copper
The samples were maintained at a constant temperature ofitoms in the TNC in the two mutants. The normalized Cu
~10 K during data collection using an Oxford Instruments K-edge XAS data of Fet3 H483C and Fet3 H483Q are
CF 1208 continuous flow liquid helium cryostat. Data were compared to those of a fully oxidized MCO in Figure 3. In
measured tk = 9.5 A1 in fluorescence mode using a both H483C and H483Q an intense transition is observed at
Canberra Ge 30-element array detector. Internal energy~8983.8 eV which is absent in the spectrum of oxidized
calibration was accomplished by simultaneous measuremenMCOs. The rising-edge maxima of H483C and H483Q at
of the absorption of a Cu-foil placed between two ionization 9000 eV are lower in energy and intensity relative to that of
chambers situated after the sample. The first inflection point an oxidized MCO. Kau et al. showed that the Cu K-edge
of the foil spectrum was assigned to 8980.3 eV. Although XAS region of Cu(l) species consists of an intense edge
several scans were collected for each sample, data presentef¢éature at~8984 eV corresponding to the Cu s 4p
here are the first scans of Fet3 H483Q and H483C to transition @4). The intensity and energy of this transition is
eliminate spectral changes due to photoreduction. Thecharacteristic of the coordination number of the Cu(l) site.
energy-calibrated data were processed by fitting a second-The 8984 eV feature and the rising edge energy shift indicate
order polynomial to the preedge region, which was subtractedthe presence of reduced Cu in H483C and H483Q. The
from the entire spectrum as background. A one-region spline simulation of the edges of the two mutants included an
of order 2 was used to model the smoothly decaying postedgeoxidized T1 site and required a 3:1 contribution of Cu(l):
region background. Normalization of the data was achieved Cu(ll) in H483Q and 2:1 for H483C. The best simulation
by subtracting the spline and assigning the edge jump to 1.0indicates that H483Q contains two 2-coordinate Cu(l), one
at 9000 eV using th&PLINEroutine in the XFIT suite of  3-coordinate Cu(l), and the oxidized T1, while H483C
programs. contains one 2-coordinate Cu(l), one 3-coordinate Cu(l), and

For poised potential measurements, 3000f 0.1-0.2 one oxidized T1 site. The XAS fits are provided in the
mM Fet3 or laccase in 10 mM potassium phosphatespH  Supporting Information, Figure S1.
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Ficure 2: A and B: Overlaid EPR spectra; WT is shown in blue, H483Q in red (A), and H483C in green (B). Arrows mark the spectral
changes between the mutants and WT in the T2 Cu signal. Inserted in the lower left of both spectra are enlargements of the parallel region
where T2 copper EPR typically appears. The characteristic T1 hyperfine splitting is marked for WT in both figures. All spectra were
collected at 77 K and 9.522 GHz microwave frequency.
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On the basis of this initial characterization, H483Q loads T'f L,Jr? Eblue, H483Qﬁﬁr$e'(‘,’,”and Hig% in greaéf,‘. fgorgﬂon and

four coppers with an oxidized T1 Cu and reduced TNC. The CD spectra were obtained at room temperature whereas MCD
XAS indicates that in this reduced TNC there is one spectra were obtained & K and 7 T. Spectra of T1 Fet3 WT T1
3-coordinate and two 2-coordinate Cu(l). In the case of were generated by subtracting T1D Fet3 data from WT. Band
H483C, which loads three coppers, including an oxidized numbers in the figure correspond to band numbers in Table 2.
T1 Cu, XAS revealed that there are two reduced coppers in
the cluster and that one is 2-coordinate and one 3-coordinate
Thus for both mutants, only the T1 Cu site contributes to : —
the EPR and absorption (ABS), CD, MCD, and rR spectral electronic transitions: energy (C)
features. Furthermore, since the TNC is reduced in the Pand origin WTT1 H483Q H483C P.p.laccase

Table 2: Summary of Optical Data from the T1 Site in WT, H483Q
and H483C Fet3

mutants, they do not turnover in the presence efa@d 8 d2 6800 6950 7000 6900

Substra‘[e_ 7 d,(y 13500 13900 13900 13300

: . 6 d 14100 14200 14200 14400

1.2. Perturbation of the Type 1Cuin H483_Q and H483C. ¢ a 15400 15600 15750 15900

ABS, CD, and MCD experiments were carried out to probe 4 St 16700 16800 16800 16500

the spectral features of the T1 Cu in the two mutants. Spectra 3 ~ Spseudor 18900 18700 18800 18900
from these experiments, along with data from the WT T1 _2 N« 22400 22300 22200 N/A

site, are shown in Figure 4. The optical spectra for the two
mutants appear to be fairly similar in the CT (16 060
27 000 cm?) as well as LF (5006~ 16 000 cm?) energy nm) the primary component of which is band 4, the Cys-S
regions compared to WT. The ABS, CD, and MCD spectra — Cu (Il) de—y2 CT transition. The intensity of this band is
were simultaneously fit for each species. Bands were found to increase frora = 5500 to 5800 to 7000 M cm™?
numbered according to previous fits for the T1 site in WT in WT, H483Q, and H483C, respectively. This increase in
Fet3 and plastocyanirl4, 45, 46). The transition energies  CT intensity is indicative of an increase in covalency of the
obtained from the fits are given in Table 2 and included Cu—S bond. The intense feature at 16 500 &rhas a low
graphically (dotted Gaussians) in all spectra. energy shoulder due to LF transitions of the T1 Cu. These,
The absorption spectra are given in Figure<4& They along with additional CT bands to higher energies, are better
are all dominated by an intense feature at 16 500'q608 resolved in the CD and MCD spectra.

Parameters fronP. pinsituslaccase serves for comparisons.
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Table 3: Summary of EPR Data from the T1 Site in WT, H483Q
and H483C Fet3

parameter WTT1 H483Q H483C P.placcase
O 2.203 2.185 2.175 2.194
Ai(x 104 cm ) 88 90 92 90
(o5 2.045 2.045 2.047 2.043
A (x 104cm™) 6 6 6 8

a Parameters fron®. pinsituslaccase serves for comparisons.

CD (4D—F) and MCD (4G-I) spectra allow resolution
of the four LF transitions. Band 8, assigned as the—d
de_2 transition is found near 7000 crh(positive in CD
and negative in MCD). The intensity of this transition is
similar in the three species; however, it shifts slightly up in
energy from WT to H483Q to H483C. The three remaining
LF transitions overlap to sum to a negative CD feature at
14 000 cm? and a negative MCD feature at 15 000 ¢m
with a low-energy negative shoulder. The primary change
observed for these transitions is in the CD spectra where
the intensity and width of the 14 000 cinfeature varies

Augustine et al.
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Ficure 5. Resonance Raman spectra of Fet3 WT in blue with
H483Q in red (A) and H483C in green (B) overlaid. RR spectra
were obtained upon excitation at 647.1 nm, and at 77 K.

in the mutants would, in principle, decrease thevalue;
however, they values also contribute to the hyperfine through
the orbital dipolar coupling term. The decreaseajmue to
increased covalency in the mutants is in fact responsible for
the increase in magnitude & (48).

The ABS, CD, MCD, and EPR data have shown that while
the structure of the T1 site in H483Q and H483C has not
changed significantly, these mutations afTau in the TNC

among the three species. This is due to the fact that the threq, 5, increased the covalency of the T1-ubond, 13 A

LF transitions, ¢— d,, —, and d, — dy-y2 (bands 7, 6,
and 5) are all found to shift slightly up in energy (see Table
2), and the ¢, — dy>—y2 (band 7) has switched from positive
to negative sign in CD. Minor, but similar, changes can be
seen in the 15 000 cni negative MCD feature, due to the
increase in energy of the three LF transitions. In addition,
two features are observed in the CD spectra at 20 890 (
cm ! and 23000 ) cm™ and one feature in the MCD
spectrum at 18 000K) cm™ 1. These allow resolution of the
Cys S pseud@ (band 3) and Hist (band 2)— d-y2 CT
transitions, as well as thenS— d,2-2 transition (band 4),
which dominates the absorption spectra. While these transi-

tions are found at similar energies in the three species, the

four LF transitions all shift up in energy by a few hundred
wavenumbers in the mutants. This is again indicative of a
destabilization of the,d 2 orbital resulting from an increase
in covalency of the CaS bond.

The X-band EPR spectra for WT, H83Q, and H483C in
Figure 2 were simulated to obtain the spin Hamiltonian
parameters for the T1 in Table 3. The most obvious
difference is the significant decreasegjffrom 2.203 in WT
to 2.185 in H483Q and to 2.175 in H483C. Equation 1 gives
the LF expression fog,, which is dependent upoh, the
spin—orbit coupling parameter for Cu (ll), ana? and /7,
the amount of metal character in thg_g2 and d, orbitals,
respectively, reflecting the covalency, ang-Es—y?, the dy
— oy transition energy47).

g, = 2.00— ( 8la’p” (1)

S Exz—yz)

Thus theg, value is dependent upon the covalency and
the dy — d,2_2 transition energy. From the simultaneous fit
of the ABS, CD, and MCD data, the,d— d,2_,2 transitions
were found to increase by 400 c#in the mutants compared
to WT. This increase in energy is not large enough to explain
the large decrease ig,. This indicates that increased
covalency of the CuS bond must play the primary role in
decreasingy,. In addition, A, is found to increase slightly
from 88 x 10 cmtin WT to 90 x 104 cm™t in H483Q
and to 92x 104 cmtin H483C. The increased covalency

away, as seen by the increase in intensity of the-SCu
de—y2 CT transition in the ABS, the slightly increased LF
strength in CD and MCD, and the decreasegpfin EPR.

1.3. Resonance Raman Spectroscopy and Poised Potentials.

A number of resonance enhanced vibrations are observed
around 400 cm! upon laser excitation into the T1zS—~
Cu de-2 CT band (band 4, Figure 4). These vibrations have
been shown to have predominantly €& stretching char-
acter. The fact that these vibrational modes occur at
comparable frequencies in all blue copper sites is in further
support of their highly conserved geometric structures and
ground states.

The rR spectrum for Fet3 WT is shown in blue and
overlaid with H483Q in red (Figure 5A) and H483C in green
(Figure 5B). The WT rR spectrum is dominated by an intense
peak at 434 cm' and a number of less intense peaks between
391 and 417 cm'. The rR spectra of H483Q and H483C
exhibit a number of vibrational transitions in the same region
as WT; however, significant differences are observed. In
H483Q, the intense peak around 434-¢érhas broadened,
containing two resolvable bands, one at 438 ¢tmand a
shoulder at 430 cni. A similar but more significant effect
can be seen in H483C, with the intense peak at 443'cm
and a shoulder at 430 crh The less intense peaks in the
two mutants are also present at similar energies as in WT,
but their intensities differ as does the number of resolved
peaks. Thus, the rR spectra of the T1 Cu site in WT, H483Q,
and H483C all exhibit one intense peak around 435%m
clearly shifting up in energy from WT to H483Q to H483C.
This peak is dominated by the €& stretch distortion, based
on its dominant resonance intensity in the—=S Cu CT
transition, and its frequency increases with an increase in
the covalency of the CuS bond 49).

In blue copper sites the Ct6 stretch is distributed over
several mixed modegide infra), so the intensity-weighted
average vibrational energy is used to determine the strength
of the Cu-S bond B0). The fits to the rR spectra of the
three species are shown in Supporting Information, Figure
S2. From these, intensity-weighted average frequencies are
WT [ey-s[= 415 cnl, H483Q ¢,-s[= 419 cn?, and
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Ficure 6: Poised Potential titration of Type 1 Cu site in Fet3 WT,
H483Q, and H483C. Solid line is best fit for three sets of data to
the Nernst equation.

Table 4: Summary of Intensity Weighted Average Frequencies and
T1 Cu Redox Potential

Fet3 protein Dey-scmY) E° (mV)
WT 415.0 434+ 5
H483Q 419 408t 8
H483C 423 359t 10

H483C cy—s[1= 423 cnt. These frequencies are in good
accord with the rR results for other MCOs which lack an
axial ligand, e.g.P.p.Lc, @c,-sC= 413 cnr?, andP.v. Lc,
Mey-s0= 421 cnr! (49, 50). The increase in intensity-
weighted average frequency indicates that a strongerSCu
bond is present in the mutants compared to WT which by
Badger’'s Rule §1) corresponds to 1% decrease in bond
length in H483C relative to WT. This is also reflected in a
more stabilized Cu(ll) redox state of the T1 site in the
mutants compared to WT. Figure 6 shows the results of
poised potential titrations of WT, H483Q, and H483C. There
is a significant lowering of the T1 redox potential for the

variants relative to WT. Reduction potentials were deter- wo e “”l oo
mined to be 434 5 mV in WT, 408+ 8 mV in H483Q, Raman Shift (cm )
and 359+ 10 mV in H483C. Ficure 8: Resonance Raman profiles of met T2D in blue with

To summarize, these IR data along with the optical and Rest- Ox. Lc. in green (A) and deoxy T2D in black (B) overlaid.
EPR data, support a model where the T1-&ubond 7R;?Kspectra were obtained upon excitation at 647.1 nm, and at
increases in covalency as theflBu has one of its ligands, '
residue 483, mutated from His to GIn to Cys. This increase increase indc, sfrom WT, 415 cm?, to H485Q, 421 crmt,
in covalency contributes to a decrease in redox potential of to H485C, 424 cm'.
the T1 Cu as summarized in Table 4. 1.5. T1-T3 Interactions irRhusvernicifera Laccase.

1.4. Characterization of H485Q and H485C Fet3 Mutants. To gain insight into the Ti-trinuclear interaction in

Residue H485, the other leg in the T1 Cu-Cys-His-T3 Cu catalytically relevant species, rR experiments were carried
ET pathway, was also mutated to generate the H485Q andout on NI and derivatives of hol®.wv. laccase including
H485C mutants. Initial characterization (Supporting Informa- deoxy and met T2D (where T2D has the T2 Cu depleted
tion, Table S1) showed that while H485Q hag Cu/protein and deoxy has T3 Cu’s reduced, while in met, T3 is
and~2 spins/protein, the EPR spectrum (Supporting Infor- oxidized). These studies were conducted Rn. laccase
mation, Figure S4) is complicated. showing the presence of where the native intermediate can be trapped in high yield
more paramagnetic species than the usual T1 and T2 Cu sitesor rR spectroscopic study.

H485C is also complicated in that it shows}t Cu/protein The presence of an axial methionine ligand at the T1 site
and> 3 spins/protein. In both of these mutants, the presencein laccase weakens the Cys-68u bond; thus, the intense
of extra paramagnetic species complicated further spectro-vibrational features in its rR spectrum are shifted down in
scopic studies, i.e., CD and MCD. However, the absorption energy relative to Fet3p and other three coordinate blue
spectrum of the mutants (Supporting Information, Figure S3) copper sites45, 49). Figure 8A shows the rR spectrum of
is still dominated by the T1:8— Cu dz_,2 CT band which Rest. Ox. Lc. overlaid with that of met T2D. The rR spectra
makes it possible to directly probe the €8 bond indepen-  of the two species are very similar with three intense features
dent of the other Cu in the protein through rR spectroscopy around~380, 407, and~420 cnt! and weaker peaks at 360
(Figure 7). These experiments show a similar trend, with an and 430 cm!. The similarity between these indicates
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Ficure 10: Resonance Raman profiles of Rest. Ox. Lc. in blue

overlaid with NI Lc. in green. RR spectra were obtained upon
excitation at 647.1 nm, and at 77 K.

minimal structural differences in the €% bond at the T1
site. Figure 8B shows rR spectra of deoxy T2D overlaid with

Augustine et al.

the Cu-S bond in NI Lc. is not perturbed relative to Rest.
Ox. Lc.

Importantly, the two weaker peaks-a874 and 385 cm'
in the NI Lc. rR spectrum in Figure 10 reflect a splitting of
the ~380 cnt? vibrational feature of Rest. Ox. Lc. This is
very similar to the splitting observed in this energy region
of the deoxy T2D spectrum relative to the met T2D spectrum
(Figure 8B). This strongly suggests that the origin of this
splitting may be similar in deoxy T2D and NI Lc. As met
and deoxy T2D and Rest. Ox. Lc. show no measurable
difference in redox potential or average frequency, the
changes observed in the 380 chregion of deoxy T2D
(Figure 8B) likely also do not reflect a difference in the
Cu—S bond but rather a change in vibrational modes
coupling with the Cu-S vibration. This appears to also be
the case for NI Lc.

DISCUSSION

The goal of this study was to evaluate T1-TNC interactions
in the MCOs by site directed mutagenesis of the T1-Cys-
His-T3 pathway in Fet3, and relate the findings to well-
defined catalytically relevant species Rhus vernicifera
laccase. All four Fet3 mutants in this study targeted ligands
at the TNC; however, in all mutants a perturbation of the
T1 site, which is>13 A away, was observed. The perturba-
tion at the T1 increased the covalency of the-@ubond,
thus lowering the T1 Cu redox potential, as thexf13483-
C484 or TPH-HA85-C484 interactions were perturbed by
mutating these residues from His to GIn, which interacts with
the T3 Cu more weakly than His, and then to Cys, which
apparently is too short to interact with the T3 Cu.

From the complementary spectroscopic data on the Gin
mutant, the TNC is present but reduced and the GIn-Cu(l)
interaction is weak (i.e., XAS showed two of the reduced

met T2D (absorption spectra shown in Supporting Informa- cy's to be 2-coordinate) while in the Cys mutant one T3
tion, Figure S6). Deoxy T2D has two intense peaks at 407, cy is missing. ABS, CD, and MCD spectra of the T1 in
and 423 cm?, and weaker features at 360, 374, and 385 \WT, H483Q, and H483C showed very similar CT and LF

cmL. The splitting of the intense features in tk@80 cn1!

transition energies, indicating very similar T1 Cu sites in

region of deoxy T2D suggests that there are at least twothe three species. However, the increase in absorption

vibrations contributing in this region. As described above,

intensity (band 4 Figure 4AC) and lowering of they, value

the intensity weighted average frequencies for Rest. Ox. Lc., in the EPR spectrum (Figure 2A and 2B) indicate that these

met T2D, and deoxy T2D were used to estimate the strengthmutations of a T3 ligand have led to an increase in covalency
of the Cu-S bond. Average energies for all three species of the T1 Cu+S bond.

were found to be the same within errabc,-sll= 404+ 1
cmL. Poised potential titrations were carried out for met
T2D and deoxy T2D, using the [Fe(Ci{f /[Fe(CN)]?
redox couple, and both species were found to havef
433+ 5 mV (Figure 9). The reduction potential for the T1
site in resting oxidizedR ». laccase has been determined by
several groups to be 43@140 mV 33, 52).

Figure 10 presents the rR spectrum of NI Lc. (confirmed
by EPR, Supporting Information, Figure S7) overlaid with
that of Rest. Ox. Lc. (taken from Figure 8A). The spectrum
of NI Lc. is dominated by two intense vibrations at 407 and
420 cntt, with weaker peaks at 360, 374, 385, and30
cm L. Intensity-weighted average frequencies of the two
species were Rest. Ox. LBbc,s[0= 404 cntt and NI Lc.
[ey-s= 403 cnt?, which are the same within experimental

The rR spectrum provides a direct probe of the strength/
covalency of the CtS bond. In the H483 mutants the high-
intensity vibration 434 cnt!in WT) is shifted up in energy
and the intensity-weighted average energy is increased
indicative of an increase in Cys-%u bond strength. Redox
potential measurements carried out on these mutants showed
that as the strength of the €% bond increased, the reduction
potential decreased.

All the findings in Fet3 mutants suggest a mechanical
model, where weakening or elongating the bond to a T3 Cu
relaxes the T1 Cu-Cys-His-T3 Cu backbone and allows better
overlap between the Cyad,2 and Cys & orbitals, creating
a more covalent bond to the T1 Cu. The thiolate donates
more charge, thus stabilizing the Cu(ll) relative to the Cu(l)
state as reflected in the lower reduction potentials for the

resolution. Although no T1 redox potential measurement mutants.

could be conducted for NI Lc. because of its decay, the

In contrast to the results for the Fet3 mutants, no

intensity weighted average vibrational energy indicates that observable change in the €& bond was detected by rR
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spectroscopy in the four laccase species studied: Rest. Ox.
Lc., NI Lc., met T2D, and deoxy T2D. These results suggest
that while all four species have very different electronic and
geometric structures of the trinuclear (and binuclear for T2D)
cluster, the T1 Cu redox potential is not significantly affected.
There is no difference in the intensity weighted average S
energy of the CuS vibration in any of the four species, Tl
and as the redox potentials of met T2D, deoxy T2D, and
Rest. Ox. Lc. did not significantly change, it is likely that
NI Lc. also has a similar redox potentiat430 mV). This
Is interesting, as an altered redox potential at the T1 Cu in Ficure 11: Crystal structure of the Cys-His pathway connecting
NI Lc. or deoxy T2D compared to Rest. Ox. Lc. would the T1 Cu to the T3 Cu’s in ascorbate oxidag8)( The dotted
provide a regulation mechanism for selective reduction.  line shows the hydrogen bond shunt.

The similarity in the rR spectra between Rest. Ox. Lc.
and met T2D (Figure 8A) suggests a very similar geometric ET in NI Lc. to ensure rapid turnover and prevent decay of
and electronic structure of the T1 Cu. The small change in NI to Rest. Ox. Lc. Also such a structural change can regulate
the 420 cm? region indicates that the presence of the T2 and selectively reduce partially reduced sites to maximize

T3a
o

does have a limited effect on the T1 vibrations. However,
in contrast to met T2D, the rR spectrum of deoxy T2D
showed two resolved vibrations in the380 cnt? region,

enzyme efficiency under substrate-limited conditions.
The results of this study suggest that while perturbations
of the T3 site can alter the redox potential of the T1 Cu, as

and differences between the two species are also notablén the H483 mutants of Fet3, the redox potential of the T1

around 420 cm. Interestingly two vibrations are also
observed around-380 cnt? in the rR spectrum of NI Lc
(Figure 10); however, the features in thd20 cn1! region
are more similar to Rest. Ox. Lc.

The fact that the rR spectra of NI Lc. and deoxy T2D
exhibit two vibrations around-380 cn1! with very similar

Cu does not appear to be allosterically controlled by the
redox states of the trinuclear cluster in Lc. However, rR data
do show changes in the T1 Cys side chain and backbone
vibrations coupled to changes in the redox state and
coordination of the trinuclear cluster. Changes in the angles
in the cysteine backbone can change the distance and

frequencies strongly suggests that they reflect a similar orientation of the hydrogen bond between the cysteine

vibrational mode coupling to the Ct8 vibration. Further-
more, this change in vibrational energy relative to Rest. Ox.
Lc. indicates a change in this mode coupling with the-Gu
vibration as a result of a change in the structure of the TNC.
The number and types of modes coupling with the-Gu
vibration around 400 cnt has been the subject of much
discussion§3—57). However, the current consensus is that
the primary source of coupling is movement of the protein
backbone skeleton near the T1 Cu sit&3)(and more
specifically vibration of the $—Cs—C,—N unit of the
cysteine residue coordinated to the T1 G4)( with the
degree of mixing with the CuS stretch increasing as the
Cu—Sy—Cs—C, dihedral angle approaches £8The axial

backbone carbonyl and a T3 histidine imidazole ring. This
could modulate the electronic coupling between the T1 Cu
and the trinuclear cluster and increase the rate of ET in
catalytically relevant intermediates and partially reduced
species.
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