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ABSTRACT. Fet3p is a multicopper oxidase that uses four copper ions (one type 1, one type 2, and one
type 3 binuclear site) to couple substrate oxidation to the reduction, @b ®,0. The type 1 Cu site
shuttles electrons between the substrate and the type 2/type 3 Cu sites which form a trinuclear Cu cluster
that is the active site for Oreduction. This study extends the spectroscopic and reactivity studies that
have been conducted with type 1-substituted Hg (T1Hg) laccase to Fet3p and a mutant of Fet3p in which
the trinuclear Cu cluster is perturbed. To examine the reaction between the trinuclear Cu clustgr and O
the type 1 Cu Cygs was mutated to Ser, resulting in a type 1-depleted (T1D) form of the enzyme.
Additional His to GIn mutations were made at the trinuclear cluster to further probe specific contributions
to reactivity. One of these mutants (kligsIn) produces the first stable but perturbed trinuclear Cu cluster
(T1DT3 Fet3p). Spectroscopic characterization (absorption, circular dichroism, magnetic circular dichroism,
and electron paramagnetic resonance) of the resting trinuclear sites in T1D and' Pdid[3reveal that

the His2¢GIn mutation changes the electronic structure of both the type 3 and type 2 Cu sites. The trinuclear
clusters in T1D and T1DT3Fet3p react with @to produce peroxide intermediates analogous to that
observed in T1Hg laccase. Spectroscopic data on the peroxide intermediates in the three forms provide
further insight into the structure of this intermediate. In T1D Fet3p, the decay of this peroxide intermediate
is pH-dependent, and the rate of decay is 10-fold higher at low pH. In T1B&3p, the decay of the
peroxide intermediate is pH-independent and is slow at all pH’s. This change in the pH dependence
provides new insight into the mechanism of intermediate decay involving reductive cleavage ef@the O
bond.

Multicopper oxidases are an important class of enzymes are classified into three types of sites based on the spectro-
in bacteria, fungi, plants, and animals. Well-known members scopic properties they exhibit in the oxidized gCustate.
of this class include laccase, ascorbate oxidase (AO), The type 1 (T1) Cu site is characterized by an intengs000
ceruloplasmin (Cp), and Fet3pl)( Fet3p is a plasma M~!cm') Cys— Cu charge-transfer transition 600 nm
membrane protein that was originally isolated fr&accha- and small €100 x 10* cm™?) parallel hyperfine coupling
romyces cergsiae (2, 3). In vivo Fet3p is associated with  in electron paramagnetic resonance (EPR). The T1 Cu tends
the iron permease, Ftrlp. Together, Fet3p and Ftrlp haveto dominate the absorption (abs), circular dichroism (CD),
been shown to play an integral role in high-affinity iron and magnetic circular dichroism (MCD) spectrum of mul-

uptake in yeast; Fet3p appears to oxidizé&'Re Fe*" while ticopper oxidases. The primary function of this site is long-
Ftrlp is required for the transport of Feacross the plasma  range electron transfer, and in multicopper oxidases, it is
membrane4, 5). responsible for shuttling electrons from substrate to the

All multicopper oxidases utilize at least four Cu ions to  remaining Cu sites~13 A away) ().
couple the four-electron reduction of, @ H,O with four

sequential one-electron substrate oxidations. The four Cu ions]c The type 2 (T2) Cu site does not have any distinctive abs

eatures but can be studied by EPR (parallel hyperfine
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depleted; T1DT3 type 1-depleted/H126Q mutant; T1Hg laccase, type @ trinuclear Cu cluster which is the site of 6inding and
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peroxide intermediate. have focused on laccase because of its simplicity. Under both
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single-turnover and steady-state conditions, fully (four- an intact trinuclear cluster. The first mutant, k), yielded
electron) reduce®husverniciferalaccase has been shown protein with only 2.1 Cu/protein, no absorbance at 330 nm
to react with Q to produce a transient species that decays and reduced absorbance at 608 nm. The second muta@t, H
to the resting, oxidized enzymé& & 0.03 s, 25 °C, pH yielded 3 Cu/protein, and EPR and MCD indicated that the
7.4) (7—9). This transient species is referred to as the native T2 Cu was not presentl9). The third trinuclear mutant,
intermediateN. Extensive spectroscopic studiesimeveal H126Q, yielded 3.8 Cu/protein with normal absorption at 330
that all four electrons (one from each Cu) are transferred to nm, indicating that the protein contained a stable and intact
dioxygen, resulting in a fully oxidized enzyme in which the trinuclear cluster. Therefore, a double mutant of Fet3p
trinuclear Cu site is bridged by the fully reduced oxygen containing the GgS mutation and k¢Q mutation was
product (0). The structure ofN differs from that of the prepared. The present study focuses on thigSTH;»Q
resting, oxidized enzyme because the latter does not havenutant, referred to as T1DT3The mutant gene was
an all-bridged trinuclear cluster. constructed directly in the plasmid encoding the T1D mutant

Additional insight into the mechanism of,@duction has  [the CiesS mutant, ref 18)] using the QuickChange mu-
been obtained from studies on a derivative of laccase intagenesis kit from Stratagene and the appropriate pair of
which the T1 Cu was removed and rep|aced by a spectro_mutagenic primers. This plasmid was derived from pDY148
scopically silent and redox-inactive Hgion (11—13). This that contained a truncated form of tRET3 gene to which
T1Hg laccase retains a competent trinuclear cluster that react$equences encoding the FLAG epitope were apperigjed (
with O,. The reaction of fully (three-electron) reduced T1Hg This vector, and all those derived from it, produced a Fet3
laccase with @ has been shown to produce a peroxide Proteininyeast thatlacked its C-terminal, membrane anchor
intermediate ) in which the peroxide bridges between the and was secreted directly into the culture medidhn Eet3
reduced T2 Cu and the oxidized T3 Cu sitelf)( A proteins produced in this way were readily purified to
combination of spectroscopic and kinetic isotope studies homogeneity from the medium by three passes over a
revealed thaP decays via electron transfer from the T2 Cu MonoQ column with salt elution3; 18. Typically, this
and cleavage of the peroxide-@ bond (4, 15. Reductive ~ Pprocedure yielded-36 mg of pure Fet3p per liter of growth
cleavage of the ©0 bond inP leads to the formation ofan ~ medium @). The Cu content of T1D and T1DT3vas
N-like species that decays to resting, oxidized T1Hg laccase,measured spectrophotometrically using-h@uinoline 0)
suggesting that this peroxide intermediate lies on the catalyticOr by atomic absorption spectroscopy and typically ranged
reaction coordinate. Subsequent studies on this peroxidefrom 2.9 to 3.3 Cu/proteif.The protein concentration of
intermediate seem to support this initial observatib, (7. each preparation was determined using the Bradford assay.
The studies on T1Hg and native laccase suggest that the fourBy comparison of the absorption spectrum and protein
electron reduction of o H,O proceeds via 2 two-electron ~ concentration of different T1D and T1DT3amples, the
steps; the first step results in formation of a peroxide level €ssonm Was determined to be 4.57 and 4.21 mMem™,
species while the second produces the fully reduced productrespectively. Once it was determined that thes, was

The present study extends these mechanistic investigation£OMParable in both enzymes, this band was used to determine

to T1-depleted (T1D) Fet3p. In T1D Fet3p, one of the T1 the protein concentration of a sample for a given experiment.
Cu ligands, Cyss is mutated to Ser thus preventing The concentration of paramagnetic Cu was determined from

incorporation of Cu into this site3( 18. The T2 and T3 Cu  SPin quantitation of EPR spectra. Both T1D and T1DT3

sites are unaffected by the GysSer mutation, and therefore ~ tyPically contained 38-35% paramagnetism, as expected.
T1D Fet3p retains a competent trinuclear cluster. Because/\l chemicals were reagent grade and were used without
Fet3p has been cloned, expressed, and isolated, this systerfi"ther pur|f|cat_|§)n. Water was purified to a resistivity of
affords the opportunity for perturbation of the Cu sites and Lo~ 18 M& cm™ using a Barnstead Nanopure deionizing
surrounding residues through site-directed mutagenesis. ASYSt€m- _ o .
number of mutants have been prepared in which the All spectroscopic characterization was performed in 100
trinuclear Cu His ligands are changed to GIn. One of these MM potassium phosphate buffer, pH 7.5. For CD and MCD
mutants generates the first stable but perturbed trinuclear€Xperiments, samples were prepared in deuterated buffer (100
cluster, while in the remaining mutants the trinuclear cluster MM potassium phosphate in 99.99%@ pD 7.5). Glassed
fails to form (19). This study investigates the impact that Samples for MCD experiments were prepared by adding 50%
this novel mutant [T1DT3 in which one of the T3 Cu (vIv) buffer/glycerolds. Addition of glycerol had no effect
ligands (Hz¢) has been changed to GIn] has on the electronic ©n the CD spectrum of the enzymes.
structure of the resting trinuclear Cu cluster in T1D Fet3p Room temperature U¥visible absorption spectra were
and its reaction with @ The reaction of T1D and TIDT3  recorded using a Hewlett-Packard HP8452A diode array
Fet3p with Q is examined and compared to T1Hg laccase. spectrophotometer. Room temperature CD and low-temper-
Comparison of the nature and behavior of the oxygen ature (5 K) MCD spectra in the UWvisible region were
intermediates in T1D and T1DTBet3p provides new insight ~ collected with a Jasco J-810-150S spectropolarimeter operat-
into interactions which influence the,Qeactivity of the  ing with an S-20 photomultiplier tube and an Oxford SM4-
trinuclear Cu cluster. 7T magnet. CD and MCD spectra in the near-IR region were
obtained with a Jasco J-200-D spectropolarimeter, a liquid
EXPERIMENTAL PROCEDURES nitrogen cooled InSb detector, and an Oxford SM4000-7T
Expression, isolation, purification, and characterization of

soluble T1D Fet3p were performed as described previously 2 The wild-type protein typically contained 3-B.9 Cu/protein.

(3, 18. A series of trinuclear mutants were prepared in an s The ¢, for T1D was 135 mM! cm~* and for TIDT3 was 122
attempt to perturb the T2 and T3 Cu centers but maintain mM~t cm™. The 280/330 ratio was 29.5 in T1D and 29 in T1DT3
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magnet. CD samples were run in a 1.0 cm quartz cuvette.
MCD samples were run in cells fitted with quartz disks and
a 3 mm rubber spacer. Gaussian fitting of the abs, CD, and
MCD spectra was performed using PeakFit 4.0 (Jandel).
Gaussian analyses of the absorption and CD spectra were
performed as followed: the same parameters (energy and
bandwidth) were used to fit both the absorption and CD in
order to help constrain the fit. The minimum number of bands
was used to adequately fit key features in both spectra. EPR
spectra were obtained using a Bruker EMX spectrometer,
ER 041 XG microwave bridge, and ER 4102ST cavity. All
X band samples were run at 77 K in a liquid nitrogen finger
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dewar. A Cu standard (1.0 mM Cu$BH,O with 2 mM T

HCIl and 2 M NaClQ) (21) was used for spin quantitation Glu510

of the EPR spectra. Q band spectra were obtained at 77 Kricure 1: Trinuclear cluster in ascorbate oxidase, taken from the
using an ER 051 QR microwave bridge, an ER 5106QT X-ray crystal structure35). The T2 and the T3 Cu ions are shown

resonator, and an Oxford continuous flow CF935 cryostat. a,|°,”9t Wi;fhthth?ir colordinalltintg resid(lees: :—I)(/jd{)ogt?]n gongsd"r_ the
ey : - vicinity of the trinuclear cluster are depicted by the dashed lines.
EPR spectra were baseline-corrected and simulated usmg‘{he His which corresponds to the mutated His in TLDF@3p is

XSophe (Bruker). For a given enzyme, X and Q band spectrajngicated in boldface type. It is one of the ligands of T3,Gnd
were simultaneously fit in order to constrain the simulation is H-bonded to one of the T2 Cu ligands. The distance between

parameters (using the samealues and hyperfine constants the T2 Cu-OH(H) and Asp73 would depend on the pH of the
allowed more accurate assessment of the line widths). In thecrystal-

fits presented, the line widths were optimized using a model
that accounts fog and A strain.

Peroxide intermediate experiments were performed at T2 T3 T3 T3
room temperature (25C) in either 100 mM MES or 100  AO |Veg|lss |Heo| We1| Hez | D7s A7s  Fioe  Hiosa Gios Hios
mM potassium phosphate buffer. For pH 4.7, 5.0, 5.5, and CcL | Ss2 | les | Hea | Wes | Hes | D77 Dso Wio7 Hioo S0 Hin
6.5, MES was used while at pH 7.5 phosphate buffer was TVL | Sss | lss | He7| Was | Heo | Dog Azor Wizs Hisz Sizs Hiss
used. The protein was exchanged into buffer of the desired Fe13! S [ Maol Ha1 | Fez [Has [ Dos Por - Wias Hize Sior Hize
th usri]ng Amic?ndconcen;raﬁors. Previc()jus studies have shown T2 T3 T3 (T1) T3
that the rate of decay of the intermediate at a given pH is
the same in MES and phosphate buffe)( The intermediate ég_ ';;‘:j :;:2 tjgi :jzi :i:i 8?22 :i:: :j:i Ej;g
was prepared as described previously)(in a Vacuum TVL | Pat7 Hazz | Lasg | Hazo Hazo | Cago | Has1 | lagz | Dags
Atmospheres Nexus-1 anerobic glovebox with the following Fet3| Ris Haws | Laiz | Hazs  Hass | Casa | Hags | lags | Easr
changes. The dithionite was exchanged out of the reduced = apbreviations: AOCucurbita pepo medullosascorbate oxidase
protein solution by extensive washing (microcon-30, Ami- [ref (36), accession no. 442635]; CcCoprinus cinereusaccase [ref
con) with degassed buffer of the appropriate pH in the (37), accession no. 1A65]; TviTrametessersicolorlaccase [refg8),
glovebox. The reduced protein (23Q of either T1D or ~ 3accessionno. ﬁ%%%?k Feaccharomyces cerisiae Fet3 [ref @),
T1DT3) was placedn a 1 cmpath length cuvette fitted accession no. I
with a septum and was cycled out of the glovebox.

O-saturated buffer (250L of the appropriate pH) was then The H;Q mutant in Fet3p resulted in a T2-depleted form
added, and the spectrum was recorded on an HP8452A0f the enzyme, as characterized previousl$,(19. The
spectrophotometer. The final protein concentrations were H126Q mutant only contained 2.1 Cu/protein and showed no

typically 0.045-0.05 mM, and the final @concentration absorbance at 330 nm, indicating that this mutation also
was estimated to be 0.5 mN\23). adversely affected incorporation of Cu into the trinuclear

cluster. Because these mutants do not contain an intact

RESULTS AND ANALYSIS trinuclear cluster, further spectroscopic characterization was

Mutations at the Trinuclear ClusteT.o better understand  not pursued. In contrast to these cluster mutants, tgQH
the nature of the trinuclear Cu cluster and its reaction with mutant yielded protein with a stable trinuclear cluster (with
O, we prepared mutants of Fet3p in which a number of 3.8 Cu/protein and normal absorption at 330 nm). Therefore,
histidines (Hze, Hi2s, and H;) were changed to glutamine the CiS/Hi26Q double mutant of Fet3p was prepared,
(Q). Figure 1 shows the trinuclear cluster@ficurbita pepo  yielding protein with three Cu ions, the same as T1D Fet3p.
medullosaascorbate oxidase (AO), and Table 1 lists selected From Table 1, Hbs corresponds to Hsin AO, and is one
portions of the amino acid sequences of ACpprinus  of the T3 Cuy-ligating histidines (Figure 1). In addition, ;b
cinereuslaccase (CcL),Trametesversicolor laccase, and is likely hydrogen-bonded to 41 (Heo in AO, one of the T2
Fet3p. As can be seen from the crystal structure and sequenceu-ligating histidinesy. To gain insight into how this
comparison, hbs Hize and H correspond to histidine  mutation influences the electronic structure of the trinuclear
residues that are ligands of the T3,Ci3 Cy;, and T2 Cu,  Cu site, spectroscopic studies were carried out on T1D and
respectively. T1DT3 Fet3p at pH 7.5.

Nature of the T3 Cu Site in T1D and T1DTet3p.The
absorption and CD spectra of multicopper oxidases are
dominated by T1 and T3 Cu transition23( 24. Upon

Table 1: Sequence Comparigon

4 Trametesversicolor laccase is a characteristic fungal laccase. It
should be noted that this enzyme has been c&@gporusversicolor
and Coriolus versicolorin the past.
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indicated are the individual Gaussian bands.

removal of the T1 Cu, the T3 Cu is the primary contributor Table 2: Comparison of Gaussian Fits
to the absorption and CD spectra. Figure 2A,B presents the

absorption spectrum of T1D and T1DT:t3p, respectively.
There is an intensee(~ 4.2 mM™* cm™) transition at
~30 300 cm?. Previous studies on laccase and wild-type
Fet3p have assigned this transition as@H — Cw?" charge
transfer (CT) {, 19. The energy and intensity of this

transition are comparable in T1D and T1D;T#dicating

that the interaction of the OH bridge and the T3 Cu atoms
is intact upon mutation of He to Q. The weak absorption
bands at-740 nm ¢(~13 500 cm?) are ligand field transitions

of the T3 Cu.

The CD spectra of T1D and T1DT8et3p are shown in
Figure 2C,D, respectively. Overall, the energy and intensity
of the bands are quite similar in T1D and T1DIA decrease
in coordination number would be expected to significantly
perturb the ligand field as well as shift the charge-transfer
transitions down in energy. The fact that the two spectra are
so similar indicates that the coordination number of both T3

Cuions (Cy and Cuy) is similar in T1D and T1DT3Fet3p.
Consequently, in TLDT3he glutamine (@) likely coor-

dinates to the T3 Gu The CD spectrum of T1DT3does

of the T3 Cy, ligands.

Gaussian analysis of the absorption and CD spectra WaéJr

Abs/CD: T3 Cu

TiD, T1D, TiDT3, T1DT3,
band no. energyé? Aeleb energyé? Aeleb

1 10200/ND ND 10400/ND ND

2 12500/0.177 -—8.41 12350/0.304 —-5.25

3 14080/0.242 1.39 14550/0.251 1.98
4 15120/0.046 —9.47 15600/0.142  —2.56

5 17300/0.027 18.9 17720/0.187 191
6 19630/0.019 31.2 19930/0.201 2.24
7 24770/0.400 —0.68 24700/0.775 —0.13

8 28000/1.73 0.38 28000/2.01 0.28
9 30400/2.45 —0.18 30350/2.41 -0.14

MCD: T2 Cu

band no. energy/nm energy/nm
1xy 9700/1031 9700/1031
2xz 12000/833 11700/855
3yz 13900/719 14000/714
47 16800/595 17000/588

5 Hisx 20150/496 19800/505

6 Hisx 24900/402 24800/403

7 Hisx 28200/355 28700/348

8 Hisx 30750/325 31000/323

aThe energy of the transitions is reported inénand the extinction
. _ coefficient of the absorption bands is reported in MMm™. The
not change as a function of pH (from 5.5 to 7.5), suggesting energy was obtained from simultaneously fitting the CD and the

that the carbonyl oxygen of the GIn replaces the His as onedifference absorption spectrum. The difference absorption spectrum
(oxidized — reduced spectrum) was used in order to subtract off the

performed as described under Experimental Procedures. Thige) in M~ cm~. Expressed aX x 1072,

simultaneous Gaussian fitting requires the presence of nine

bands in the energy region from 5000 to 33 000 &nThe

individual Gaussian bands are included in Figure 2 an

5 Comparable hydrogen bonds are observe@€aprinus cinereus

laccase §7) and ceruloplasmin3Q).

6 We have pursued extensive pH studies on T1D Fet3p and T1Hg
laccase to evaluate whether there are any changes in the spectral featur
of the T2 Cu upon converting its bound:® to OH 28). Analogous
pH studies could not be conducted with TIDB&cause at low pH, a f
small amount of a second paramagnetic species forms. This secondf
species does not exhibit properties of the T2 Cu in the trinuclear cluster
(it does not bind F and does not react with Qo produce a peroxide

likely results from a conformational change. This second species
contributes to the EPR and MCD spectra of T1D&8low pH and

therefore complicates spectral comparison.

rotein absorption band at 280 nkiKuhn anisotropy factor calculated
om the CD intensity A¢) in M~* cm™ and the absorption intensity

d presented in Table 2. The six transitions below 20 000'cm
(bands 1-6) have been assigned as T3 Cu ligand field bands

in T1Hg-substituted laccas2X), and the similarity between
the CD spectrum of T1Hg laccase and the T1D Fet3p

proteins suggests this assignment is appropriate in Fet3p as
ayell. Additionally, the Kuhn anisotropy factor, i.e., the ratio

of CD to absorption intensityNe/e, Table 2), is much higher

or bands 16, consistent with their assignment as ligand
ield transitions 26, 27). The fact that more than four ligand

field transitions exist indicates that the two T3 Cu ions are
intermediate) and appears to be a non-native form of the enzyme thatinequivalent.

The energy and low Kuhn anisotropy factors of the three

transitions at energies higher than 20 000 Esuggest they
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Ficure 3: EPR spectra of T1D and T1DTBet3p at 77 K. (A) X band and (B) Q band EPR spectra of T1D. (C) X band and (D) Q band

EPR spectra of TLIDT3Experimental spectra (solid lines) and simulated spectra obtained with the parameters listed in Table 3 (dotted
lines) are shown. All spectra were collected at 77 K. The X band spectra were recorded under the following conditions: 9.4040 or 9.4126
GHz microwave frequency, 10.1 mW microwave power, 100 kHz modulation frequency, 20 G modulation amplitude, 81.92 ms conversion
time, 327 ms time constant. 5 scans were averaged to obtain the spectra presented in (A) and (C). The Q band spectra were recorded under
the following conditions: 34.00 GHz microwave frequency, 13 dB attenuation, 100 kHz modulation frequency, 10 G modulation amplitude,
163 ms conversion time, 327 ms time constant. 6 scans were averaged to obtain the spectra presented in (B) and (D).

EPR intensity

are ligand to metal charge-transfer (CT) transitions. The CD Table 3: Comparison of EPR Parameters
data show that the 330 nm absorption band is actually T1D T1DT3
composed of two bands (bands 8 and 9), consistent with

u-OH CT transitions to the two T3 copperggj. Band 7 E’\XX is%zlm <2'1%52

can be reasonably assigned as a#lis Cu CT transition. g, 2.055 2063

This His— Cu CT is much lower in energy~5000 cn1?) A 10-207 <10

than observed for 4-coordinate tetragonal Cu comple2@s ( Oz 2.243 2.253

30) but is at the same energy as one of the Hi§2 Cu CT A 190+2 183+ 2
transitions in MCD (vide infra)Z8). Therefore, this transition & For the EPR simulations shown in Figure/3,= 17 andA, = 15.

; ; ; ; The line widths used were as follows: for T1D,= 30/32,L, = 43/
can be assigned as a HisT2 Cu CT. There is no difference 59, andL, = 28/28, for X band and Q band, respectively; and for

in the CT region of T1D and T1DT3 TIDT3: Ly = 40/55,L, = 45/67, and_, = 38/38, for X band and Q
The main difference in the CD spectrum of T1D and pand, respectively. The hyperfine coupling constants and line widths

T1DT3 occurs in the ligand field region. The transition are reported irX x 107* cm™

energies of bands 3, 4, and 5 increase significantiyQQ,

400, and 300 cnt, respectively) in TLDT3 An increase in were collected at X band<©.5 GHz) and Q band«34 GHz)
transition energy results from stabilization of the relevant d {5 resolve they values and hyperfine coupling constams
orbital relatlve. to the half-filed HOMO. The qarbonyl (Figure 3). The X and Q band spectra were simultaneously
oxygen of Gln is expected to be a weaker donor ligand than gjmjated in order to obtain the ground-state spin Hamilto-
the imidazole nitrogen it replaces in the mutant. From the .o parameters for T1D and T1DTBet3p (Table 3). The
CD spectrum, itis clear that one of the-dd transitions of  gpp specira of T1D and T1DTare quite similar, but there
T1DT3 (band 3) is more strongly perturbed than the others. .o sl changes in thg values and hyperfine coupling
Ligand field calculations show that the T3 Cu has a half- constants, indicating that in TIDTFet3p the T2 Cu is
filled d2 ground state and approximate trigonal bipyramidal perturbed'by the H¢Q mutation at the T3 Cu site
geometry (with an open coordination position in the equato- T | f the T2 site in TLDTFet3 .h' h
rial plane) @5). In Fet3p, Higs and Hiszs make up the " eﬂ? va u'eSTolD E 2 S'IS In X Ie p are higher
cauatonal ) plan. Therelote, thofand - ool L 1058 1 10 Ce, Fom U veue epessons
would be most affecte changes in ligand coordination '

y g g directly proportional to the amount of metal character in the

in thexy plane, and g has the most overlap with the histidine x ) X
half-occupied HOMO (i.e., covalency) and inversely pro-

ligands’ Hence, band 3 represents thg € dz transition ) : ) " .
of T3 Cu,. portional to the ligand field transition energies. For the

Nature of the T2 Cu Site in T1D and T1DTBet3p. values of T1IDT3to be higher than T1D, there must be a

Because the T3 Cu site is diamagnetic, only the T2 Cu will decrease in in the ligand field or an increase in covalency.

contribute to the EPR spectrum of T1D Fet3p. EPR spectraF'om the MCD spectra (vide infra), the ligand field of
T1DT3 is slightly higher than T1D, and the increasegn

" The coordinate system is defined such that the Cu and the T3-His values cannot be explained by a change n I_|gand field.
N ligands form they-plane and the axis is oriented along the open 1 nerefore, there must be a decrease in the T2 site covalency
coordination position. in TIDT3 as compared to T1D.
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Ficure 4: Low-temperature (5 K) MCD spectrum of T1D (solid
line) and T1DT3 (dashed line). The OT baseline was subtracted
from the 7T scan to obtain the spectra presented above.

From the parameters listed in Table 3, it is evident that
for the T2 Cu the magnitude &, has decreased with the
H1,6Q mutation. There are three contributions to the hyperfine
coupling constant which are given by the general expression
(3D):

A= AFerm|+ ASpln D|po|ar+ AOrbltaI Dipolar

The higherg values in T1DT3increase the orbital dipolar
contribution to the hyperfine (which is positive) and decrease
the magnitude of the hyperfine coupling (which is negative).
The decreased covalency of T1DT®&uld impact the Fermi
contact and spin dipolar contributions to the hyperfine and
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Ficure 5: Absorption spectrum of the peroxide intermediate in
(A) T1D Fet3p and (B) TIDT3Fet3p. The spectrum was recorded
at room temperaturenia 1 cmpath length cuvette. For T1D, the

would be expected to increase the magnitude of the hyperfineP€roxide intermediate was prepared in 100 mM MES, pH 6.5,

coupling constant. If the experimentglvalues of TIDT3
are used to estimate the hyperfine coupling constants,
assuming that all other contributions are the same as in T1D,
the following hyperfine coupling constants are obtainéd:
13 x 104 cm™!, Ay = =13 x 10% cm™}, and A,
—184 x 104 cm 1. The experimental values afg < |10|
x 104 cm™ Ay < |10 x 104 cm™L, andA, = |183 x
10% cm . Therefore, it is evident that the increased
experimentay values account for the decreas&yobserved
in the experimental EPR spectrum of T1DT3
Low-temperature MCD follows C-term selection rules and
specifically probes the paramagnetic T2 Cu site. Figure 4
shows the MCD spectrum of T1D and T1DTRet3p, and
Table 2 presents the individual band energies of the MCD
Gaussian fits. Overall these spectra are quite similar. The
four lowest energy bands {#4) are the ligand field transi-
tions and have been assigned gsd},, d,,, and ¢ (in order
of increasing energy)26). As can be seen from Figure 4,
the ligand field of T1D and T1DT3et3p is almost identical,
with a slight increase in the energy of thetdansition (band
4) and a decrease in the,dransition (band 2) in TIDT3
There is also an increase in intensity of the ligand field
transitions in TLDT3 MCD C-term intensity derives from
spin—orbit coupling of two orthogonally polarized transitions
(32). The increase in intensity of the ligand field transitions
of TIDT3 results from increased mixing, consistent with
the greater d character from thevalues. The similar ligand
field in T1D and T1DT3 Fet3p suggests that the overall
geometry of the T2 Cu site does not change significantly
with the Hi¢Q mutation.
The next four bands (58) in the MCD spectrum are

~ —

~

buffer. For TLDT3, the intermediate was prepared in 100 mM MES,
pH 5.8, buffer. The absorption spectrumpflid not change with

pH. The inset shows the absorbance at 340 nm as a function of
time. Data were fit according to a single exponential.

two transitions f; ands,) from each His ligand. The largest
difference in the charge-transfer region is the intensity
decrease of the highest energy charge-transfer band (band
8) and the increase in intensity of band 6. As mentioned
previously, in Fet3p s is likely to be hydrogen-bonded to
the T2 Cu ligand k. If this hydrogen-bonding network is
perturbed by the H¢Q mutation, the bonding interaction
between H; and the T2 Cu could be altered, resulting in
the intensity redistribution. The MCD data correlate well with
the EPR data, and together these suggest the electronic
structure of the T2 Cu has been altered in T1DF8t3p.
Nature of the Peroxide Intermediate in T1D and T1DT3
Fet3p.It has previously been shown that reaction of reduced
T1Hg laccase with @produces a peroxide intermediaf® (
that bridges between the reduced T2 Cu and the oxidized
T3 Cu site (4). The current study extends this work to Fet3p.
Reaction of 3e-reduced T1D Fet3p with £saturated buffer
(10-fold excess of @over protein) results in the formation
of a transient species with the absorption spectrum shown
in Figure 5A. This transient species decays very slowly to
resting, fully oxidized T1D Fet3p. The cycle can be repeated
if more reducing equivalents are added. As with T1Hg
laccase, formation of this intermediate in T1D was fast and
complete at the time the first spectrum was collected (1 min).
The absorption spectrum of this intermediate is analogous
to that of T1Hg laccase, indicating a similar peroxide species
is formed.

ligand to metal charge-transfer transitions and have been Parallel experiments were performed with T1DF&t3p

assigned as Hig — Cu de-y transitions 28). There are

to determine whether the perturbed trinuclear cluster would
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Ficure 6: Room temperature difference absorption spectrum (A) and CD spectrum of the peroxide intermediate of T1D Fet3p (solid line)
along with the individual Gaussian bands. Room temperature difference absorption spectrum (C) and CD spectrum (D) of the peroxide
intermediate of TLDT3Fet3p (solid line) along with individual Gaussian bands. The difference absorption was obtained by subtracting the
spectrum of the reduced protein from that of the peroxide intermediate. The intermediate CD spectra were recorded 90 s after reacting

reduced enzyme with O

Table 4: Comparison of Gaussian Fits for CD Spectifiin T1D
and T1DT3

T1D, T1DT3,

band energy (cm%)/e  T1D, energy (cmi)le T1DT3,
no. (mM~tcm™) Aele? (mM~tcm?) Aele?
1 b ND  (+) 10100/ND ND
2 (-)11690/059 —0.72 (-)12760/0.64 —0.51
3 (+) 14230/0.76 0.54 ) 14000/0.29 1.15
4 (-)15280/0.36 —1.61 (-)15120/0.75 —0.68
5 () 16540/0.59 —0.98 (-)16920/0.75 —0.71
6 (-)20850/1.86 —0.15 (-)20750/1.97 —0.09
7 (+) 24800/2.07 0.26 ) 24750/2.37 0.14
8 (+) 27580/4.23 0.94 ) 27650/4.32 0.52
9 (-)30625/5.97 —0.21 (-)30630/6.26 —0.20

aExpressed aX x 1073, P This transition was not observed in T1D
because the spectrum was not taken in this energy regior=NNDt
determined.

still react with Q. From the absorption spectrum in Figure
5B, it is evident that the reduced trinuclear cluster of TIDT3
Fet3p reacts with @to produce a transient species that is
quite similar to that of T1D Fet3p and T1Hg laccase. The
similarity of the absorption spectrum of the intermediates in
all three enzymes (T1Hg laccase, T1D Fet3p, and T1DT3

Nine Gaussian bands are required to simultaneously fit
the CD and difference absorption spectrum of TRR2nd
T1DT3-P. The individual Gaussian bands are presented in
Table 4 and are included in Figure 6. Band 7 is required
because the absorption spectrum cannot be fit without the
presence of this band. Additionally, there is an inflection
point in the first derivative of the absorption spectrum, which
justifies the presence of a band-a24 750 cm* (Figure S1
of the Supporting Information). Band 3 is required because
(1) there is a positive band at this energy in the CD spectrum
of P-T1D; and (2) inP-T1DT3, the absorption spectrum
requires the inclusion of a band at this position. Finally, bands
4 and 5 are required to adequately fit the absorption and the
negative feature in the CD spectrumi7 000 cm?). This
derives from the fact that the absorption maximum at 14 500
cm?is at the inflection point in the CD spectrum.

Based on the energies and high Kuhn anisotropy factors
(Aele in Table 4), bands 25 are reasonably assigned as T3
Cu ligand field bands. Overall, the ligand fields of THD-
and T1DT3-P are lower than in the corresponding resting
enzymes. In the CD spectrum of the resting T3 Cu site, the
highest energy ligand field transition was assigned,aszd
— dz. Previous studies have shown that the T3 Cu sites have

Fet3p) suggests a comparable intermediate species is formedan open coordination position in which the peroxide is

As with T1Hg laccase and T1D Fet3p, the rate of formation

proposed to bind25). This coordination position is in the

of this transient species was fast and complete at the timexy-plane and along thgaxis. Coordination at this site would

the first spectrum was taken (1 min).

The CD spectra of the peroxide intermediate in T1D and
T1DT3 Fet3p were also measured. The ligand field transi-
tions of the T3 Cu are better resolved in CD than in

absorption, allowing perturbations of the T3 Cu sites to be

followed more closely. Figure 6B shows the CD spectrum
of the peroxide intermediate of T1IP{T1D) while Figure

increase the energy of thedp, d2, and ¢, orbitals. Because
de-2 would have the greatest overlap with the new ligand,
its energy would be expected to increase the most, thereby
causing an overall decrease in the ligand field.

The ligand field transitions in T1B® and T1DT3-P are
quite similar, indicating a comparable geometric perturbation
of the T3 coppers in both intermediates. The largest

6D shows the CD spectrum of the peroxide intermediate of difference is that in TLDT3band 2 shifts to higher energy

T1DT3 (P-T1DT3). In both T1D and T1DT3Fet3p, the
CD spectrum of the peroxide intermediate is significantly

by ~1070 cn™. This band is likely related to band 3 of the
resting CD spectrum that was assigned as a T3 d—

different than that of the resting enzyme (presented in Figure 0z transition.

2). The fact that all of the T3 Cu ligand field transitions are

The high energies and low Kuhn anisotropy factors of

altered indicates that both of the T3 Cu ions are perturbed bands 6-9 suggest that these are charge-transfer transitions.

in the peroxide intermediate.

Overall, there are no significant differences in the charge-
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Ficure 7: pH dependence of the decay of the peroxide intermediate
in T1Hg laccase (squares), T1D Fet3p (upside down triangles), and
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fit with a single exponential. In TIDTJet3p, the rate of
decay ofP is comparable to T1D Fet3p and T1Hg laccase
(0.0002 st at pH 7.5, 25°C).

In T1Hg laccase, a residue close to the trinuclear cluster
is proposed to protonate at low pH, thereby increasing the
rate of decay by 10-fold1@, 15. Similar studies on the
native intermediate dRhusverniciferalaccase also implicate
the involvement of protons in the decay proce$), (
suggesting that protons play an important role in the catalytic
cycle. To assess whether the decafdaf T1D and T1DT3
Fet3p is influenced by proton®, was prepared at a series
of pH’s (pH 4.7-7.5), and the rate of decay was measured.
As can be seen in Figure 7, the rate of decayah T1D
Fet3p is dependent on pH, and the sigmoidal behavior is
consistent with the protonation equilibrium model invoked
for T1Hg laccase (included in Figure 7 as a reference). The
primary difference is that in T1D Fet3p theKp of the
protonatable group is lower than in T1Hg laccase (5.0 vs

T1DT3 Fet3p (circles). The data for T1Hg laccase were taken from 5.8). In TLDT3 Fet3p, the decay d? did not show the same

ref (15). The data for T1Hg laccase and T1D Fet3p were fit with
the following expressionkgps= (K[H™] + kiKa)/(Ka + [HT]). This
expression was derived from a protonation equilibrium model.

transfer region of T1OR and T1DT3-P, confirming that the

pH dependencg At high pH, the rate of decay d? was
about the same as in T1D Fet3p. But at low p&b(5), the
rate of decay only increased slightly £ 0.0005 s?) and
did not show the same protonation equilibrium behavior.

peroxide binds in a similar mode in both systems. In the p;scussioN

CD spectrum of resting T1D and T1DT¥et3p, three

charge-transfer transitions were observed (one from His to  The Electronic Structure of the Trinuclear Cluster and the

the T2, and two from the:.-OH bridge to the two T3

Role of Hydrogen Bonding'he purpose of this study was

coppers). In the peroxide intermediate spectrum of T1D and to perturb the trinuclear Cu cluster in Fet3p by mutating one
T1DT3 Fet3p, a minimum of four charge-transfer bands are Of the Cu ligands and to examine how this would influence
observed, consistent with the appearance of new peroxidethe G reactivity of the cluster. Interestingly, theiddQ

— T3 CW?" charge-transfer transitions i While comple-

mutation at the T3 Cu site led to changes in the electronic

mentary electronic structure calculations are required to Structure ofboththe T3 and the T2 Cu sites. In particular,
assign these transitions, the energies and intensities can b&he mutation results in the following perturbations: (1) One
compared to a series of well-characterized complexes to helpof the T3 Cu ligand field bands (d) increases in transition
gain insight into the mode of peroxide binding (see Discus- energy by~500 cnt*in T1IDT3. This increase in transition

sion).

Finally, it should noted that no EPR signal and no ligand
field transitions were observed in the MCD spectrum of
T1D-P and T1DT3-P (Figure S2, Supporting Information),
indicating that the T3 coppers are still strongly antiferro-
magnetically coupled through a bridging ligand. This is
consistent with the SQUID magnetic susceptibility and 5 K
EPR data on T1Hg laccase-These earlier studies showed
that the antiferromagnetic coupling-2 J) between the two
T3 coppers is>400 cn1?t (14).

Decay ofP in T1D and T1DT3 Fet3p. Studies on the

energy is consistent with a stabilization of thg arbital in
T1DT3 because the carbonyl oxygen ofQis a poorer
donor ligand than the imidazole nitrogen. (2) Tir®©H —
T3 Cu charge transfer and the antiferromagnetic coupling
of the T3 Cu ions are unaltered. (3) Surprisingly, the<&
mutation also perturbs the T2 Cu site, resulting in a less
covalent site. (4) There is also a decrease in charge donation
from one of the His ligands to the T2 Cu, suggesting a
weaker bonding interaction; this would lead to a decrease
in covalency of the T2 site in TLDT3as observed by EPR.
As can be seen from the crystal structure of AO in Figure
1, there are a significant number of hydrogen bonds between

peroxide intermediate in T1Hg laccase have shown the decayihe T2 and T3 Cu ligands and surrounding residues.
of P involves a one-electron transfer from the T2 Cu to the Comparing the sequence of AO with other multicopper

peroxide with concomitant cleavage of the-O bond (5).
This reductive cleavage of the-@ bond was found to yield

a native intermediate-like species that further decayed to the

resting, oxidized enzymelfl)). Decay of the peroxide

oxidases reveals that these surrounding residues are highly
conserved. Table 1 presents only partial sequence align-

ments, but it is clear that these hydrogen-bonding residues
are almost completely conserved, suggesting that the formed

intermediate can be studied by monitoring the absorption hydrogen-bonding network may make an important contribu-

intensity of the peroxide charge-transfer band at 340 nm.

Figure 5A, inset, shows a sample absorption trace of P1D-

at 340 nm as a function of time. The data are fit with a single

81t should be noted that at low pH a small amount of a second species
was observed in TIDT3However, this second species did not react

exponential, allowing the rate of decay to be extracted. The with O,. For intermediate experiments at low pH in T1DtBe amount

rate of decay oP in T1D Fet3p is comparable to the rate in
T1Hg laccase (0.0003 ksat pH 7.5, 25'C). Figure 5B, inset,
shows a sample T1DT-® absorption trace as a function of
time. As in T1D Fet3p and T1Hg laccase, the decaf of

of intermediate formed was normalized to the amount of “reactive
protein” present (reactive proteir total protein concentration-
amount of second species). At all pHs, the decay of P could be fit with
a single exponential, indicating only one species was contributing to
the rate.
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tion to the stability of the trinuclear Cu cluster in the Scheme 1
multicopper oxidases. In the present study, mutation of a N

o
T3 Cu ligand alters the electronic structure of the argd 1 /0”1\
the T2 Cu sites. These changes can be understood if the ) " +2°H
hydrogen bonding between}d and H; of Fet3p (homolo- \C‘ AN

gous to Hos and Hy of AO, Figure 1) is perturbed by
substitution of His with GIn. Although the hydrogen bonds
are between backbone amides, histidine and glutamine are \&1/
of different size, and the distance and orientation of the !
hydrogen-bonding partners would be altered by this mutation.
It is interesting to note that the 16Q mutation was also
made in the holo enzyme and was catalytically active,
exhibiting reduced oxidase and ferroxidase acti%itthere-
fore, it appears this mutation produces a perturbed, but active
enzyme.

A fascinating property of TLDT3et3p is that although

One structural model involves a-1,1-hydroperoxide,
bridging between the reduced T2 Cu and one of the oxidized
T3 Cu ions!® This model could give rise to four CT

one of the T3 Cu histidines (&) is mutated, the trinuclear transitions, two peroxider{y andx*,) — T3 Cu and two

cluster remains stable and intact. This can be contrasted with“'OH bridge— T3 C'u' transitions. It S.hOUId be noted that
the other two trinuclear mutants ¢ and HzQ) which one of t_he CT transn_lons observed in the resting enzyme
did not produce a stable trinuclear clusteg, Borresponds V&S attributed to a Hisr — T2 Cu CT and would not be

to Heo in AO and is one of the T2 Cu ligands. Because the observed_ in the intermediate as the T2 Cu is reduced.
carbonyl-O of GIn would be a weaker donor ligand than In resting T1D and T1DT3Fet3p, fhe _tYVO”_OH et
imidazole, and because the T2 Cu has only two protein- ”a?f'“ons are atv218 09? €~ .1990 M~ cm _)an.d 30 400.
derived ligands, it is not surprising that mutations at the T2 ST (€ ~ 2500 M™ cm™), while in the peroxide intermedi-
Cu result in an unstable site. However, the instability of the &t€ Of both enzi/mes:lthe four CT transitions arf»a() ZP 0
trinuclear cluster in Fet3p with the 1b4Q mutation is (¢ ~ 1900 M cm )’1 25 (_)?0 € ~ 2800 M fm ).
intriguing. Hi2g Of Fet3p corresponds toibt of AO. This ~27 75016 ~_1510(? M cm ), and~30500 cm* (e ~

His is a T3 Cy ligand and does have two backbone hydrogen 6200 M cm ™). Binding the hydroperoxide to one of the
bonds, but they are to residues outside of the trinuclear two T3 coppers would cause the two coppers to become more

cluster. Either the T3 Guis inherently less stable than the N€duivalent. The:-OH CT to the resultant 5-coordinate Cu
T3Cuw, or hydrogen bonds to residues outside of the

would shift ~5000 cm* to higher energy than the-OH
trinuclear cluster may play a different role than the hydrogen CT to the 4-coordinate CLBg). Additionally, the intensity
bonds within the cluster. It is possible that the hydrogen

of this higher energyu-OH CT transition would likely
bonds between Hs and Hs: (H1os and Ho in Figure 1) and decrease relative to the resting enzyme because the additional

between Higand Higs (Hass and Hosin Figure 1) help hold hydroperoxide donor would decrease the donor strength of

the Cu ligands in place, stabilizing the trinuclear cluster. An (e hydroxide. However, the four CT transitions in the
interesting test of this possibility would be to create the®l perox@e intermediate arke\_/\{er In energy a.ndh|gher In
and HgQ mutants in Fet3p (keQ and HoQ in AO) to intensity than the CT transitions in the resting enzymes.
see if the former leads to a stable but perturbed trinuclear S+pectroscop|c characterization of mono- and binuclear
cluster while the later leads to cluster instability. Cu—hydroperoxide complexes reveals that two transitions
The Nature of the Peroxide Intermediate in Multicopper (v a_\nd J_T*“) are _observed n th_e energy range .Of the
OxidasesThe trinuclear cluster in T1D Fet3p was found to Peroxide intermediate CT transitions. However, in the
react with Q to form a peroxide intermediate almost identical peroxide intermediate, the ground_stgtel of the T3 Cu.sne IS
to the species formed in T1Hg laccase. The perturbed 92 based on the strong spectral similarity of the T3 ligand
trinuclear cluster in TIDT3Fet3p also forms a similar field transitions in the intermediate to those of the resting

peroxide intermediate. While there are no significant differ- €N4YMe- Ihus, the site maintains a trigonal bipyramidal
ences in the nature of the intermediate species formed in9€oMetry:* Therefore, in the intermediate, the peroxide
T1Hg laccase, T1D Fet3p, and T1DTRet3p, the new CD yvould. interact with t_he donut of thegdorbltal, and the
data in the high-energy region of Fet3p allow further intensity of the pgromde» Cu CT transitions yvould be 3
evaluation of possible structural models for the peroxide {imes lower than in the model complexes, which havegd
intermediate. ground state 7). However, the intensities of the CT
Previous studies on the peroxide intermediate in T1Hg transitions in the peroxide intermediate are comparable to
laccase identified two CT transitions (at 20 700 and 29 400 © higher than those observed foi, 1-hydroperoxide model
cmY) from the absorption spectrum. These were aSSignedcomplexes$3, 349. Therefore, the energies and the intensities

as peroxider*, — T3 CW#" andx*, — T3 CW¥" CT, and
two possible structural models of the peroxide intermediate  *° The T2 Cu was shown to be reduced from both the EPR and MCD

data. The T3 Cu was shown to be oxidized but antiferromanetically
were developedl@, 29. The new CD data for Fet3p reveal coupled from the CD, SQUID magnetic susceptibility, and He EPR.

that there are actually four CT transitions in the peroxide see refi4 for details.

intermediate, allowing these models (shown in Scheme 1) *The designation of a trigonal pyramidal geometry apchdound

to be further assessed. state for the T3 site in the peroxide intermediate comes from the facts
that: (1) the CD spectrum still shows the same ligand field transitions
as the resting T3 site, and (2) there must still be good orbital overlap
9 Kosman, unpublished results. with the hydroxide bridge to maintain strong antiferromagnetic coupling.
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of the CT transitions in the peroxide intermediate do not trinuclear Cu cluster but with significantly different pH-
seem to be consistent with the behavior expected for the CTdependent decay kinetics for the reductive cleavage of the
transitions of theu-1,1-hydroperoxide-bridged model in O—O bond.

Scheme 1.
The second structural model in Scheme 1 involves SUPPORTING INFORMATION AVAILABLE

peroxide binding in as(;*)s mode bridging all three Cu Derivative spectrum of the absorption of the peroxide

ions in the trinuclear cluste26). This model could also give ;. armediate in T1D and T1DT2and EPR and MCD spectra

rise to fOLf CT t@nsiti_ons, twox 2 pero>§ide ' ar.]d”*") . of the peroxide intermediate in T1D and T1DFRt3p. This
— T3 Cu#" transitions in the energy region of the intermedi- jn¢ormation is available free of charge via the Internet at
ate. Unfortunately, there are presently no well-characterized http://pubs.acs.org.

models with a similar binding mode; therefore, electronic
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