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ABSTRACT. Fet3p is a multicopper oxidase that contains four Cu ions: one type 1, one type 2, and a
coupled binuclear type 3 site. The type 2 and type 3 centers form a trinuclear cluster that is the active site
for O, reduction to HO. When the type 1 Cu is depleted (C484S mutation), the reaction of the reduced
trinuclear cluster with @generates a peroxide intermediate. Kinetic studies of the decay of the peroxide
intermediate suggest that a carboxyl residue (D94 in Fet3p) assists the reductive cleavage-oOthe O
bond at low pH. Mutations at the D94 residue (D94A, D94N, and D94E) have been studied to evaluate
its role in the decay of the peroxide intermediate. Spectroscopic studies show that the D94 mutations
affect the geometric and electronic structure of the trinuclear cluster in a way that is consistent with the
hydrogen bond connectivity of D94. While the D94E mutation does not affect the initial reaction of the
cluster with Q, the D94A mutation causes larger structural changes that render the trinuclear cluster
unreactive toward € demonstrating a structural role for the D94 residue. The decay of the peroxide
intermediate is markedly affected by the D94E mutation, confirming the involvement of D94 in this reaction.
The D94 residue appears to activate a proton of the type 2@und water for participation in the
transition state. These studies provide new insight into the role of D94 and proton involvement in the
reductive cleavage of the-@D bond.

The multicopper oxidases are an important class of water-derived ligand at the T2 Cu which remains hydroxide
enzymes present in bacteria, fungi, plants, and animals thatover the pH range of 4710 (7). The T3 site is comprised
couple the four-electron reduction of,@ H,O with the of two Cu ions that are antiferromagnetically coupled through
one-electron oxidation of four substrate equivalerits (  a bridging hydroxide. Thus, the T3 site is diamagnetic and
Ascorbate oxidase (AC)human ceruloplasmin, Fet3p, and shows no EPR signal, but it exhibits a CT transition-880
laccases are among the most studied members of this familynm in the absorption spectrum. The T2 and T3 sites form a
Fet3p is a plasma membrane protein Saccharomyces trinuclear Cu cluster, which is the site of dioxygen binding
cerevisiae (2—4) that, along with the iron permease Ftrlp, and reduction§—11), while the main functional role of the
plays an integral role in high-affinity iron uptake in yeast T1 Cu site is to shuttle electrons from the substrate to the
(5, 6). trinuclear Cu site ¢13 A away).

The catalytic motif in all multicopper oxidases includes gy, dies on the catalytic cycle of the multicopper oxidases
atleast one type 1 (T1) or blue Cu, one type 2 (T2) or normal e shown that the reduction of @ water by the trinuclear
Cu, and one type 3 (T3) or coupled binuclear Cu slfe ( ¢yster involves two 2e steps 12). Reaction of the fully

The T1 Cu site is characterized by an intense €yu reduced protein with @oroduces a transient species, referred
charge transfer (CT) transition @600 nm and small{100 5 45 the native intermediate, which in turn decays into the

x 107* em™) parallel hyperfine coupling in electron roqting oxidized enzymel8, 14). Spectroscopic studies on
paramagnetic resonance (EPR). The T2 Cu site has Noyis intermediate reveal that it is a fully oxidized species
distinctive absorption features and a large parallel hyperfine (i.e., four electrons have been transferred to dioxygen), where

i 4 — 1 i - . . !

coupling (200 x 107* cm™) by EPR. A detailed spectro- o of the coppers of the trinuclear site are bridged by the
scopic investigation of laccase has shown that there is afully reduced oxygen product (oxo or hydroxdf. Oxygen
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QuickChange kit from Stratagene. Complementary primers
encoding the following mutations were used in PCR ampli-
fication of the vector: D94A, D94N, and D94E. In addition,
appropriate primers were used in two sequential rounds of

Table 1: Partial Sequence Alignment of Multicopper Oxidases
Showing the Highly Conserved Asp Resiflue

T2 T3B

[ ] ] mutagenesis to produce the TIDD94A and T1DD94E double
CpAOS8-74V I HW| H |GIT LIQR G TP WAIDIG mutants. Following amplification of the mutant-encoding
vectors in bacteria, thEET3 sequences were confirmed by
RvLe 57-73T 1/'HW| H |G|V KIQ/P R N P W SIDIG the Roswell Park Cancer Institute DNA Sequencing Labora-
CeLe 6278 S 1|H|W| H |G|L F|Q|R ¢ T Nw alp|c tory. The mutant vectors were transformed into _the
DY3260AFT" yeast strain for soluble protein expression.
TvLe 62-78 S 1|H|W| H |G|F F|Q|A G T N W AID|G Expression, isolation, and purification of soluble wt, D94A,
D94N, D94E, TIDD94A, and T1DD94E Fet3 proteins were
Fet3p 7995 S MH|F/ H |GL FIQNG T A S MID|G performed as previously described, 7). Fet3p protein

concentrations were determined by the standard dye-binding
Bradford assay248). Copper content was determined spec-
trophotometrically using 2)zbiquinoline @9) or by flameless
atomic absorption spectroscopy. The concentration of para-
magnetic copper was determined from spin quantitation of
EPR spectra using a 1.0 mM Cu$6H,0 solution with 2

mM HCI and 2 M NaClQ standard 30).

possibly as a-1,1-hydroperoxidel, 19). It has been shown Room temperature UVvisible absorption spectra were
that the peroxide intermediate is kinetically competent to be récorded using a Hewlett-Packard HP8452A or an Agilent
a precursor to the native intermediate and thus in the catalytic8453 diode array spectrophotometer. EPR spectra were
cycle of the multicopper oxidases. optalned using a Bruker EMX spectromet.er, ER 041 XG
A combination of kinetic and spectroscopic studies have Microwave bridge, and ER 4102ST cavity. All X-band
revealed that the peroxide intermediate decays via electronSamples were run at 77 K in a liquid nitrogen finger dewar.
transfer from the T2 Cu with cleavage of the-O bond ~ Q-band spectra were obtained at 77 K using an ER 051 QR
(16, 17). The reductive cleavage of the-@ bond is pH microwave bridge, ER 5106QT resonator, and an Oxfc_)rd
dependent with alp, of 5.0 in Fet3p (. 5.8 in laccase). ~ continuous flow CF935 cryostat. EPR spectra were baseline-
The rate enhancement at low pH has been associated witfforrected and simulated using XSophe (Bruker). Room
the conjugate acid form of a nearby carboxylic residue that témperature circular dichroism (CD) and low temperature
assists in the reductive cleavage of the@bond (7, 18). (5 K) magnetic circular dichroism (MCD) spectra in the
The nearest acidic residue in the vicinity of the trinuclear UV —Visible region were collected with a Jasco J-810-150S
cluster is D94 in Fet3p (D72 in laccase), which is highly SPectropolarimeter operating with an S-20 photomultiplier
conserved in all multicopper oxidases (Table 1). Therefore, tube and an Oxford SM4000-8T magnet. CD and MCD
we have proposed that D94 assists in the decay of theSPectra in the near-IR region were obtained with a Jasco
peroxide intermediate at low pH in Fet3p. J-200-D spectropolarimeter using a liquid nitrogen cooled
In this study, we have studied three mutations at the D94 InSb detector and an Oxford SM4000-7T magnet. CD
residue (D94E, D94A, and D94N) to evaluate its role in the Samples were run in a 0.5 cm quartz cuvette. MCD samples
decay of the peroxide intermediate. D94A and D94N are Were runin cells fitted with quartz disks @@ 3 mmrubber
found to be unreactive toward.ODetailed spectroscopic ~ SPacer. All MCD spectra presented are the subtracted average
studies of the TIDD94E and T1DD94A proteins have been Of the+7T and—7T scans, [#- (=7)J/2T, to eliminate glass-
pursued to assess and compare the effects of these D94|nduceq ba;gllne shifts and to increase signal-to-noise ratios.
mutations on the geometric and electronic structure of the Gaussian fitting of the CD and MCD spectra was performed
trinuclear Cu cluster. The kinetics of formation and decay USing PeakFit 4.0 (Jandel). Stopped-flow absorption kinetics
of the peroxide intermediate in the TIDD94E mutant have With ~2 ms dead time were obtained using an Applied
also been examined and compared to those of T1D Fet3p.Photophysics SX.18MV stopped-flow absorption spectro-
These studies provide new insight into the role of the D94 Photometer equipped with a Hg/Xe arc lamp and outfitted
residue and the involvement of a proton in assisting the With PEEK tubing. The tubing, plungers, and valves of the

a Abbreviations: CpAOCucurbita pepo medullosascorbate oxidase
(20); RvLc, R. verniciferalaccase21); CcLc, Coprinus cinereutaccase
(22); TvLc, T. versicolorlaccase 23); Fet3p,S. cereisiae Fet3p @4).

b One out of all fungal laccases characterized thus &), (Trametes
villosa 2 (26), has a glutamate instead of an aspartate in this position.

reductive cleavage of the-@D bond.

EXPERIMENTAL PROCEDURES

All chemicals were of reagent grade and used without
further purification. Water was purified to a resistivity of
15-17 MQ cm?! using a Barnstead Nanopure deionizing
system. Mutant~ET3 alleles were constructed directly in

plasmid pDY148 by site-directed mutagenesis using the

2 Holo D94A protein does not react with,@section 4). This is also
found to be the case for D94N. Given the similar behavior of the D94A

stopped-flow instrument were made anaerobic by washing
with dithionite solution followed by several washes with
degassed buffer. Onclusion was prevented by a stream of
N2 gas through the system. The cell path length was 1 cm.
The temperature was maintained using a water/ethanol
temperature bath (Fisher Scientific Isotemp 3016).

All oxidized Fet3p samples for spectroscopic characteriza-
tion were prepared in either 100 mM deuterated potassium
phosphate buffer (for pDs between 6 and 8), 100 mM
deuterated MES buffer (for pDs between 4.7 and 6), or 50
mM potassium phthalate buffer (for pDs below 5). Mixtures

and D94N mutants, detailed spectroscopic and reactivity studies of the Of 950% (v/v) buffer/glycerold; were used to obtain optical-

T1D forms have only been pursued on the TIDD94A protein.

quality glasses upon freezing. Final protein concentrations
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Table 2: Characterization of Oxidized Fet3p Mutants X-band Q-band

Cu content EPR spin quantitation o D
(Culprotein) (spin/protein) o0
wild type 4.2 1.8
DOIA" 3.9 15 . WA B
D94N 3.8 1.6 -15000)
D94E 4.3 1.8 ' ' '
TiD 3.2 0.8 .
T1DD94A 3.3 0.9
T1DD94E 3.2 0.7

EPR Intensity
g 8

were 0.3-0.8 mM. Addition of glycerol had no effect on
the Cu sites, as assessed by EPR and absorption spectra.
Protein solutions for oxygen reactivity studies were
prepared as described previously7,( 18). Briefly, this
involves reduction of the degassed protein by excess sodium
dithionite inside a Vacuum Atmospheres Nexus-1 anaerobic A
globebox and removal of the excess dithionite by washing 00 2600 3000 3200 3400 10500 {1000 11500 12000
the protein solution with deoxygenated buffer, using a Field (gauss)
microcon concentration device (10000 MW cutoff, Amicon, Ficure 1: X-band EPR spectra of Fet3p T1D (A), TLDD94E (B),

Inc.). For fast measurements (formation of intermediates), arl]%géEED?SAa%%)T?LrSD&%aFFg E_';eRpSrgggggngf gitgc?ogdllsap((e%)és
the reduced and washed protein was loaded into the gastlghﬁ] the T1DD94A EPR spectra is indicated with asteriSExperi-

syringe of an Applied Photophysics SX.18MV stopped-flow mental data (solid lines) and simulated spectra obtained with the
absorption spectrophotometer. The reduced protein wasparameters listed in Table 3 (dotted lines) are shown. X-band spectra
mixed with air-saturated buffer, and the reactions were were obtained at~9.4 GHz microwave frequency, 10 mWw
followed at 20°C; final protein concentrations were 430 ?rﬁrﬂ‘t’n?j‘ée gcz)\;ver:{slgomlécho?sc;gﬁlta?nn dfrgf‘gezngs’ zc(())r?v;nrcs)%unlitilr%g
HM' and_ the final Q@ C(_)ncentratlon was 0.1 _mM. For -bpand sp’)ectra were obtainedAa’Bﬁ GHz microwave frequency,
Intel’medlate decay StUdIeS, the I‘educed pI’OteII’] was tl‘al’lSOg mW microwave power, 100 kHz modulation frequency, 10 G
ferred inb a 1 cmpath length cuvette and mixed with,O modulation amplitude, 327 ms time constant, and 163 ms conversion
saturated buffer; the reactions were followed using an time. All spectra were collected at 77 K.

HP8452A or an Agilent 8453 spectrophotometer at room

temperature. Final protein concentrations were-80 M, (Figure S2B) and MCD (Figure S2C) spectra show no
and the final @ concentration was 0.5 mM. All kinetic  Significant difference in the spectroscopic features of the T1
experiments were performed in either 100 mM phosphate Cu site. The EPR spectrum of wt (Figure S3) shows signals
buffer (for pHs between 6.5 and 8) or 100 mM MES buffer from the T1 and T2 Cu sites, both with > go > 2.00,

(for pHs between 4.7 and 6.5). When both buffers were indicative of g2 ground states. The EPR spectra of the
employed at the same pH (6.5), there was no difference in mutated proteins (Figure S3) show comparable T1 Cu EPR

the observed reaction rates. signals with a small parallel hyperfine splitting Af = |88|
x 1074 cml, as previously reported for Fet3p v&1( 32).
RESULTS AND ANALYSIS (2) Effects of the D94 Mutations on the Trinuclear Cluster

The following mutations were generated in Fet3p: D94A, I T1D Fet3p. (2.1) The T2 SiteSince the T1 Cu site
D94N, D94E, TLDD94A, and TLDD94E. All holo proteins dommate_s the spectra pf the holo proteins, the spectroscopic
purify with ~4 Cu/protein, while all T1-depleted forms purify pertur_batlons of the trlr_lucl_ear cluster caused by th_e D94
with ~3 Culprotein (Table 2). Some mutants are mostly mutations are best studied in the T1D mutdntfie T3 site
reduced in their as-isolated state: therefore, all proteins werelS diamagnetic; therefore, EPR and MCD spectra of the T1D

; . forms show contributions only from the paramagnetic T2
treated with HO, (x4 equiv; excess D, was removed by X
buffer exchanging into phosphate buffer, pD 7.5) prior to Sit€- The X-band 9.4 GHz) and Q-band~34 GHz) EPR

their spectroscopic characterization. Figure S1 (Supporting SPectra of T1D, TIDD94E, and T1DD94A are shown in
Information) shows the oxidation of the holo proteins, Figure 1. For each mutant, X- and Q-band spectra were

followed by absorption and EPR. The spin quantitation of Simultaneously simulated to obtain the ground-state spin
the EPR spectra shows that the oxidized holo proteins containti2miltonian parameters listed in Table 3. Overall, the EPR

~2 spins/protein, and the T1-depleted forms contalnspin/  SPectra of TLIDD94E (Figure 1B,E) and T1DD94{kigure
protein (Table 2). 1C,F) are similar to those of T1D (Figure 1A,D), yet the

(1) Spectroscopic Characterization of Holo Mutaribe
absorption spectrum of Fet3p wild type (wt) is dominated 2 The apparent extinction coefficient for the shoulder at 330 nm is
by two envelopes of intense charge transfer (CT) bands: 45000 M cm*. However, once the spectrum of the reduced protein is
band centered at 608 nm with = 5500 M- g subtracted (Figure 3), it lowers to about 3000'Mm . This is because

- . . with = cm . the tail of the protein absorption at 280 nm contributes significantly at
(associated with the T1 site) and a shoulder at 330 nm with 330 nm.
an apparent = 5000 M~ cm! (associated with the T3 4The presence of a second species is evident in the TIDD94A EPR
site; Figure S2A, Supporting Informatiér(B1). The D94A spectra, as indicated with asterisks in Figure 1C,F. This is partially
! ’ . . ’ ’ eliminated by chelating resin, increases at low pH, is not reversible
D94N, and D94E Fet3 proteins exhibit the same CT bands ith pH, and does not bind fluoride, indicating that it is an ireversibly

with comparable extinction coefficients. Similarly, their CD  denatured species.
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Table 3: Spin Hamiltonian EPR Parameters for the T2 Cu Site

T1D T1DD94E T1DD94A
Ox 2.041 2.038 2.039
Oy 2.055 2.055 2.055
[0 2.243 2.243 2.245
A 152 15-20» 20-2%
Ay 10202 10207 1015
A, 190+ 2 188+ 2 189+ 2

a For the EPR simulations shown in FigureAk,= 17 andAy = 15.
b For simulations showr = 25 andA, = 15. All hyperfine coupling
constants are reported ¥ x 1074 cm™.

Table 4: Gaussian Fits of Absorption, CD and MCD Spectra

MCD: T2 site
T1D T1DD94E T1DD94A
band no. energy energy energy
1xy (+) 9800 @) 10000 ) 10100
22 (—) 10540 ¢) 11080 ¢) 11600
3xz (+) 11700 ) 11540 ) 11200
4yz (—) 13940 ¢) 14380 ¢) 14100
5 His 7 (—) 16700 €) 16800 €) 17130
6 OHx (—) 20140 €) 20400 €) 20400
7 Hisx (—) 24800 €) 25280 €) 25900
8 Hisx (+) 28270 ) 28300 ) 28800
9 Hisx (+) 30800 ) 30900 ) 30940
Abs/CD: T3 site
T1D T1DD94E T1DD94A
band no. energy Acle® energy Aele® energy  Aele®
1d-d 10200 N/D 10200 N/D 9950 N/D
2d-d 12500 —-8.41 12430 -—-18.4 12280 -—11.7
3d-d 14080 1.39 15490 3.46 14750 2.41
4d—d 15120 —-9.47 13190 —-0.99 13050 —2.68
5d-d 17300 18.9 17200 23.1 18230 135
6 d—d 19630 31.2 19100 29.7 19970 27.3
7 Hisx 24770 —0.68 23900 -—1.11 25600 -0.26
8u-OH 28000 0.38 28250 0.22 28200 0.22
9 u-OH 30400 -0.18 30800 -—-0.17 30300 -—0.082

a2The energy of the transitions is reported inénThe energy was

Quintanar et al.
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32000 28000 24000 20000 16000 12000 8000
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FiGUrRe 2: Low-temperature (5K) MCD spectra of Fet3p T1D (A),
T1DD94E (B), and TIDD94A (C). Individual Gaussian bands with
the parameters listed in Table 4 are shown in dotted lines.

(Table 4). The magnitude of the observed changes is most
evident in the shape of the ligand field region of the
T1DD94A spectrum (Figure 2C vs 2A). There is also an
increase in intensity of some LF transitions (most notably,
band 4). Ligand field transitions gain their intensity from
mixing with ligand to metal CT transitions. Therefore, the
increased intensity of some of the LF transitions in TLIDD94E
and T1DD94A correlates with the increased intensity of some

obtained from simultaneously fitting the CD and the difference CT pands (bands 5, 6, and 7 in Figure 2).

absorption spectrum. The difference absorption spectrum (oxidized
minus reduced spectrum) was used in order to subtract out the protein
absorption band at 280 niKuhn anisotropy factor calculated from

the CD intensity A¢) in M~ cm™t and the absorption intensity)(in
M~t cmL. Expressed aX x 1072,

small changes observed in the values and hyperfine
coupling constants4 (i = x, y, 2) in Table 3] indicate that

The next five bands (59) in the MCD spectrum of the
T2 site (Figure 2) are ligand to metal CT transitions. Four
of these bands correspond to His — Cu de-2, two
transitions {r; ands,) from each of the two His ligands to
the T2 site. The fifth CT band corresponds to an @H-

Cu dz-y (band 6), as assigned for the T2 site in T1Hg laccase
(7). Overall, the CT transition energies do not change

the T2 Cu site has been perturbed by the mutations at thesignificantly in the D94 mutated proteins (Table 4); however,

D94 residue. In particular, the small value shift observed

intensity changes are evident. In both, TAIDD94E (Figure 2B)

in the TIDD94A mutant does not correlate with the energy and T1DD94A (Figure 2C), bands 5, 6, and 7 increase in

shift observed for the g — de_ transition (Table 4) and

reflects a small covalency decrease at the T2 site.

The MCD spectra of T1D, TIDD94E, and TIDD94A are pronounced in TIDD94A (Figure 2C). The observed inten-
shown in Figure 2, and Table 4 presents the individual band sity redistribution in the CT bands indicates that the strength
energies of the MCD Gaussian fits. The four lowest energy of the interactions of the two histidines and the hydroxide
bands (1-4) are the ligand field transitions and are assigned ligand with the T2 Cu site in Fet3p have been perturbed in

as gy —, dz2 —, dy, —, and ¢, — de_y transitions in order

of increasing energy (bands 1 to 4, respectiveR)) From
Figure 2, changes can be observed in the ligand field regionabsorption and CD spectra of the T1-depleted proteins are
of the spectra of TIDD94E (Figure 2B) and T1DD94A dominated by the T3 Cu transitions9, 33). Figure 3 shows
(Figure 2C), as compared to T1D (Figure 2A). In particular, the absorption and CD spectra of T1D, T1DD94E ,and
a small increase in the energies of thg, dz, and ¢, —
de-y transitions (bands 1, 2, and 4, respectively) is observed,and CD spectra requires the presence of nine bands in the
while the energy of the ,dtransition (band 3) decreases energy region from 5000 to 33000 chas shown in Figure

intensity, while bands 8 and 9 decrease compared to T1D
(Figure 2A). The decreased intensity in band 9 is most

the D94 mutants.
(2.2) The T3 Siteln the absence of the T1 Cu site, the

T1DD94A Fet3p. Simultaneous Gaussian fit of the absorption
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Ficure 3: Room temperature difference absorption spectra (oxi-
dized minus reduced) of Fet3p T1D (A), T1IDD94E (B), and
T1DD94A (C) and room temperature CD spectra of T1D (D),
T1DD94E (E), and T1DD94A (F). Individual Gaussian bands with
the parameters listed in Table 4 are shown in dotted lines.

3 and listed in Table 4. Based on their Kuhn anisotropy
factors, i.e., the ratio of CD to absorption intensitye(e in

Table 4, bottom), bands-16 are assigned as T3 Cu ligand 16000 14000 12000 1°<_51°° 5000 6000
field transitions in T1D Fet3p, while bands- are assigned Energy (cm™)
as ligand to metal CT transitiong §). FiIGURe 4: Low-temperature (5K) MCD spectra of Fet3p T1D (A),

. . T1DD94E (B), and T1DD94A (C) at pD 7.5 (blue) and 5.8 (red).
In the absorption spectrum of T1D Fet3p (Figure 3A) there Thg jnset in (A) shows the intensity at 7700 chas a function of

is an intenseq~ 3 MM~ cm™)3 transition at~30300 cnt?, pH (). The apparent change in the higher energy region of (A)
which is resolved into two bands in the CD spectrum (Figure (indicated by **) is due to a baseline shifiThe presence of a
3D, bands 8 and 9). These transitions are associated withsecond species in the TLDD94E and T1DD94A spectra is indicated
the hydroxide bridge at the binuclear T3 Cu site and are by an asterisk.

assigned as two vector-coupleddH — CLe" CT transitions, jith high affinity and form fluoride adducts with fluoride
one for each of the two T3 coppers( 31). The CD spectra  gperhyperfine couplings similar to those observed in the
§how that the intensities of these transitions have changedt1p adduct (Figure S4, Supporting Information). High-
in the DY4E (Figure 3E) and D94A (Figure 3F) mutants; atfinity fluoride binding is a unique feature of the trinuclear
these changes are more pronounced in the D94A case. Thej,ster in the multicopper oxidases and is indicative of the
shape of the broad absorption band-®0300 cm*is also  jntegrity of the cluster. These results indicate that the oxidized

altered, most notably in the spectrum of TLDD94A (Figure 11ppgo4A and T1DD9A4E proteins contain a valid trinuclear
3C). These results indicate that the interaction of the OH ¢ ster.

bridge with the T3 Cu atoms has been perturbed upon |, summary, the Asp94 mutations to Glu and Ala have
mutation of the D94 residue. yielded proteins with stable trinuclear clusters that show some
The CD spectra of T1D (Figure 3D), TIDD94E (Figure spectroscopic perturbations. The strength of the interactions
3E), and T1DD94A (Figure 3F) show differences in the of the T2 Cu site with its ligands, the OH bridge at the T3
ligand field region (bands -16). Relative to T1D the  site, and the ligand field at one of the T3 Cu centers have
transition energies of bands 3 and 4 are shifted in TLDD94E peen most Strong|y per[urbed' These effects are most
(Table 4), which results in a notable change of shape in the pronounced in the D94A case where the carboxyl moiety
13000-20000 cn1? region of its CD spectrum (Figure 3E).  has been eliminated.
The changes in the LF region are even more evident in the  (3) pH Effects on the Oxidized Trinuclear Clustdhe
T1DD94A case (Figure 3F), where the largest energy shifts effect of pH on the spectroscopic features of the T2 site in
were observed in bands 3, 4, and 5 (Table 4). The fact thatFet3p T1D was evaluated by EPR and MCD. The EPR
more than four LF transitions can be resolved from the CD spectra of T1D at pD 5.8 and 7.5 are identical (Figure S5,
spectrum of Fet3p T1D indicates that the two T3 Cu ions Supporting Information); however, the MCD spectra show
are inequivalent, as observed in the T1Hg derivative of changes in the ligand field region (Figure 4A), with a positive
laccase 19). While LF bands 3, 4, and 5 are shifted in energy band at~7700 cn1! growing in at low pH (arrow in Figure
upon D94 mutation, LF bands 1, 2, and 6 did not significantly 4A) with a pK, <5.8 (Figure 4A, inseta). Gaussian analysis
change, suggesting that one of the two Cu centers is moreshows an intensity redistribution in the LF transitions and a
perturbed. large shift of the ¢— d,_, transition (band 1) to lower
Finally, fluoride binding to the TLDD94A and T1IDD94E energy (7700 cm') at low pH. The CD spectrum of T1D
mutants was studied by EPR. Both proteins bind fluoride does not change in the pH range studied (Figure S5,
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Scheme 1: Hydrogen-Bonding Network between the D94 Residue and the Hydroxide Ligand at the T2 Cu

A) Resting oxidized at high pH: B) Resting oxidized at low pH:
backbone backbone
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Supporting Information), indicating that the T3 site is not Fet3p T1D with Q results in the formation of a peroxide-
perturbed. level intermediate with absorption features at 340 and 470

A similar pH effect has been observed in T1Hg laccase, nm (18). The rate of formation of this intermediate was
where a positive T2 MCD band at7800 cnt? grows in measured by stopped-flow absorption spectroscopy, as shown
with a pK, of 5.6+ 0.3 (7). This pH effect is ascribed to the in Figure 5A. Single-wavelength data collected at 340 nm
D72 residue irRhusverniciferalaccase (equivalent to D94  were fit to a single exponential to obtain the pseudo-first-
in Fet3p and D73 in AO). In the crystal structure of AO order rate of formation (Figure 5A, inset). The rate of
(11), D73 is hydrogen bonded to a water molecule that in formation of the intermediate is pH dependent (Figure 5B,
turn is hydrogen bonded to the OH ligand at the T2 site. W); the sigmoidal behavior is indicative of a single proton
Thus, protonation of this aspartate residue could change theequilibrium with a K, of 6.3. No deuterium kinetic isotope
orientation of the OH bond at the T2 Cu site, causing LF effect is observed at low pH (data not shown). The rate of
changes as observed by MCD. Scheme 1 gives a model formation increases linearly with Qoncentration, and no
for the T2 OH ligand and its hydrogen bonds at high pH saturation behavior is observed (Figure S8, Supporting
(structure A). A backbone amide that forms a conserved andInformation), suggesting that the rate-limiting step in the
strong hydrogen bond with the OH ligand is also included. formation of the peroxide intermediate is, @inding.
When D94 is protonated at low pH (structure B), the Previous studies of peroxide intermediate formation in T1Hg
hydrogen bonds to the water would rearrange, which in turn |accase showed a linear dependence of the rate pn O
would change the orientation of the-® bond at the T2 concentration34), and no deuterium kinetic isotope effect,
Cu. but exhibited no pH dependenc&7{. The spectroscopic

In contrast to T1D, no pH effect is observed in the LF
region of the MCD spectra of the TLIDD94E and T1DD94A
mutants (Figure 4B,C).For the TIDD94A mutant, this is
not suprising because the acidic side chain at this position 008}
has been eliminated. In the TIDD94E mutant, however, a i
carboxylic moiety is still present, and the lack of a pH effect
indicates that either itsia, has shifted to a lower value
(<4.5) or the connectivity between the carboxylate and the
hydroxide ligand at the T2 site has been eliminated. Since 0.02
an increaseof the K, value in the TIDD94E mutant is
observed in other pH effects studied (section 4), it is

Absorbance
Absorbance at 340 nm

reasonable to ascribe the lack of a pH effect in this mutant 300 400 W 50|0 " 600 700
to the loss of connectivity with the T2 OH ligand. avelength (nm)

(4) Oxygen Readtity of the Trinuclear Cluster.The 1000 |- i B
reaction of the three-electron reduced trinuclear cluster in I

%, 800 | *

5 The largest shift is observed in thgre+ d2,2 transition, yet nay, § 600
or A, change is observed, indicating concomitant small covalency g i
changes at low pH. The ligand field and covalency changes occur S
mostly at the ¢, orbital, which has ar interaction with the O pand 5 400 - H
a pseudas interaction with the O porbital and is the most affected 2
by a change in orientation of the-€4 bond. o€ 200 - .

® The data shown in Figure 4A were collected with a J200 instrument N
that has best resolution in the near-IR region but some baseline shifts 0 . . . e
at higher energy (above 14000 chh This baseline shift problem is 5 6 7 8
more pronounced in the T1D Fet3p samples at low pH, which tend to pH

yield lower quality glasses. Better data on the higher energy region FIGURE 5: Formation of the peroxide intermediate in T1D at pH
have been collected with a J810 instrument on comparable samples7_5 as followed by stopped-frl)ow absorption Spectroscopy (A).E)I'he

|(r|1: 'tghuerelggbglé%)f) gg?orfgén gﬂgr})o, s&lhg;v;ré%rtlgaéftfg%f pparent Changesinset shows the absorbance increase at 340 nm; data were fit to a

7 An intensity increase is observed around 11000 cin both single exponential (dotted line) to obtain the first-order rate of
T1DD94E and T1DD94A at low pH. However, this change is not formation. pH dependence of the rate of formation of the peroxide
reversible with pH (Figure S7A, Supporting Information) and is ascribed intermediate (B) in TLD M) and T1IDD94E @). The T1D data
to the presence of the denatured site that could not be completelywere fit with an expression derived from a protonation equilibrium
removed by chelating resin. The amount of the second species is almosimodel: Kops = (ko[H*] + kiKg)/(Ka + [H*]), wherek, is the rate at
negligible in TLDD94E (Figure S7B) and is most evident in TLDD94A high pH,k; is the rate at low pH, anld, is the equilibrium constant
by EPR (Figure S7C). of the protonatable group.
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FicurRe 6: Room temperature absorption (A) and CD (B) spectra 4 5 6 7 8
of the peroxide intermediates of Fet3p T1D (solid lines) and pH

T1DD94E (dashed lines). Individual Gaussian bands for the T1D

intermediate are shown in dotted lines; bands52have been FIGURE 7: Decay of the peroxide intermediate in TIDDI4E, as

k i ; followed by absorption (A). The inset shows the absorbance decay
assigned as T3 Cu LF transitions, while bandd&orrespond t0 5’340 1ymat pH 5.5; data were fit to a single exponential (line) to

; i " - .
E:rg)r(t'gg’ig" fgdlg o = T3 CW#" CT transitions, as previously obtain the first-order rate of decay. pH dependence of the rate of
P v =S decay of the peroxide intermediate (B) in T1)(and TIDD94E

similarity of the peroxide intermediates in T1Hg laccaks ( (®). The data were fit with an eipression derived frgm a protonation
and T1D Fet3p18) and their comparable rates of formation €auilibrium model: kops = (ko[H "] + kiKg)/(Ka + [H7]), wherek,

L - : : is the rate at high pHk; is the rate at low pH, and, is the
(which implies comparable driving forces for this reaction) equilibrium cons?antpof ?[he protonatable groﬂﬂ)( pH data for

indicate that a proton can participate in but is not required T1p were taken from re8. Data collected in deuterated buffer
for the formation of the peroxide intermediate. Moreover, are shown with open symbols.
the K, associated with the formation of the peroxide
intermediate in Fet3p argues against the involvement of a In contrast to T1D and T1DD94E, reduced T1DD94A
carboxylic residue in this reaction. protein does not react withOand no peroxide intermediate
The analogous reaction of reduced T1DD94E with O is observed (Figure S10A). Similarly, reduced D94A protein
generates a transient species with an absorption spectrungoes not react with § no native intermediate is present,
similar to that of the T1D intermediate (Figure 6A), and only a slow reoxidation of the T1 site is observed (Figure
indicating that a peroxide intermediate is formed in TADD94E. S10B), indicative of outer-sphere electron transfer. These
Consistent with this assignment, no EPR signal and no LF results demonstrate that the D94A mutation has eliminated
transitions were observed in the MCD spectrum of this the oxygen reactivity of the trinuclear cluster. Spectroscopic
species (Figure S9, Supporting Information), demonstrating studies of the T1D proteins in section 2 show that the D94A
that the T2 Cu site is reduced and the T3 coppers are stronglymutation causes larger structural changes at the T2 and T3
antiferromagnetically coupled through a bridging ligand. The Cu sites than the D94E mutation. This larger structural
rates of formation of the TLDD94E peroxide intermediate perturbation caused by the D94A mutation has rendered the
(Figure 5B, ®) are identical to those obtained for T1D, trinuclear cluster unreactive towarch.O
indicating that the D94E mutation does not affect the initial ~ (5) Decay of the Peroxide Intermediaféhe decay of the
reaction of the trinuclear cluster with,OA comparison of peroxide intermediate in T1D Fet3p has been studied by
the absorption and CD spectra of the T1D and T1DD94E monitoring the loss in absorption intensity of the peroxide
peroxide intermediates is shown in Figure 6. The overall CT bands at 340 and 480 nm. The intermediate decays slowly
shape and intensities of the CT bands are comparable,to resting oxidized T1D Fet3p, and the rate of decay is pH
indicating that the peroxide binds in a similar mode. dependent with akg, of 5.0 £ 0.2 (included for reference
However, a small shift to lower energy is evident in the in Figure 7B,m) (18). The sigmoidal behavior of the pH
T1DD94E intermediate spectra (Figure 6, dashed lines) dependence of the peroxide intermediate decay rate has been
relative to T1D (Figure 6, solid lines), and all bands shift ascribed to a protonation equilibrium model, where inter-
by the same amount~@400 cn1?l). Since the d is the mediate decay is accelerated upon protonation of a nearby
acceptor orbital of these transitions, this implies that the d carboxylate residue at low pH.T, 18).
ground state at the T3 Cu centers must be at lower energy The results from parallel studies on the decay of the
(i.e., less destabilized) in the TLDD94E intermediate. This peroxide intermediate of TIDD94E are given in Figure 7.
observation is consistent with the small perturbations to the The absorption intensity decay (Figure 7A) can be fit to a
electronic structure of the T3 site caused by the D94E single exponential to extract a first-order rate constant. For
mutation characterized in section 2.2. T1DD94E, the rate of decay is also pH dependent (Figure
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7B, @), but with a different K, (5.7 & 0.2) and a much
smaller rate enhancement at low pH, indicating that the
protonation of the carboxylate residue is not as effective in
enhancing the rate as it is in the T1D case.

The kinetic solvent isotope effect (KSIE) on the rate of
decay of the peroxide intermediate was measured at pH/pD
4.7 to obtain information about the transition state involved
in proton transfer. For the T1D intermediate, a marginally
inverse KSIE is observed/ko = 0.86+ 0.10; Figure 7B,

0). A similar inverse KSIE has been observed for the decay
of the peroxide intermediate in T1Hg laccase at low i) (
suggesting that the proton of interest is bound more tightly
in the transition state than in the reactant sta&. (However,

for the TIDD94E intermediate a normal and larger KSIE is
observed Ku/kp = 2.29 + 0.19; Figure 7B0O). The facts
that the rate enhancement with pH is much smaller and that
the KSIE is no longer inverse in TLDD94E indicate that the
nature of the transition state in this mutant has changed.

In summary, the trinuclear cluster in the TIDD94E mutant
is capable of reaction with oxygen and forms a peroxide
intermediate that is structurally comparable to that of T1D
Fet3p. However, kinetic studies on the intermediate decay
indicate that the mechanism by which a proton assists the
decay of the peroxide intermediate in TIDD94E is different
from that of the T1D protein.

DISCUSSION

The mutations of the Asp94 residue to Glu and Ala
generate stable trinuclear Cu clusters in Fet3p. Spectroscopi
studies have shown that these mutations perturb the ge
metric and electronic structure of the trinuclear cluster. In
particular, the strength of the interactions of the T2 Cu with
its two histidines and one hydroxide ligand, the nature of
the OH bridge at the T3 site, and the ligand field at one of
the T3 Cu centers are affected. In the crystal structure of
AO (11), the D73 residue (equivalent to D94 in Fet3p)
interacts with the hydroxide ligand of the T2 site through
hydrogen bonds (Figure 8). The carboxylic moiety of D73
is hydrogen bonded to a water molecule which, in turn, is
hydrogen bonded to the T2 hydroxide ligand. Both of the
D94 mutations studied above would perturb this hydrogen-
bonding network and, therefore, affect the interaction of the
hydroxide ligand with the T2 Cu. The mutation of D94 to a
longer glutamate side chain would change the spatia
arrangement of the water molecule, while the elimination
of the carboxylic moiety in the D94A mutant would abolish
the connectivity of this residue with the OH ligand of the
T2 site. The carboxylic moiety of D73 in AO (D94 in Fet3p)
is also hydrogen bonded to the noncoordinatigdiiHis450
(H418 in Fet3p), which is the axial histidine ligand to the
T3 Cu atom (Figure 8). A comparable scenario is present
in the crystal structures of other multicopper oxidases,

Quintanar et al.

Ficure 8: Hydrogen bond connectivity of the D73 residue (D94

in Fet3p) with the trinuclear Cu cluster. This figure was generated
from the crystal structure of AO (PDB accession number 1AZ0O)
(12). Sequence numbers in parentheses correspond to Fet3p, and
Cu atoms are shown in green. T3 Lfalso referred to as Cu3)
corresponds to the Cu atom ligated to His62, His104, and His508,
while the T3 Cy atom (also referred to as Cu2) is ligated to His106,
His450, and His506.

show that the T3 Cu has a half-filledzdyround state and
approximate trigonal bipyramidal geometry with an open
coordination position in the equatorial plan&9). The
dominant bonding interactions that determine the orientation
of the T3 Cuy dz orbital involve the axial His418 and the

O(:OH bridge. Therefore, perturbations of the orientation of the

axial His418 ligand would affect the ligand field at the T3
Cuy; atom and its interaction with the bridging hydroxide, as
observed in TIDD94E and T1DD94A.

A third connectivity between the D94 residue and the
trinuclear cluster is given by a hydrogen bond between the
D94 backbone carbonyl and the noncoordinatidgdflHis81
(His60 in AO), one of the histidine ligands of the T2 Cu
site (Figure 8). Since the D94 mutations disturb the hydrogen-
bonding network of the carboxyl moiety, they are likely to
affect the orientation of the backbone as well, disrupting the
hydrogen bond connectivity between the D94 backbone
carbonyl and His81. This in turn would alter the bonding
interaction of His81 with the T2 Cu, resulting in intensity
redistribution of the Hist — Cu de-y2 CT bands, as observed
by MCD (section 2).

Therefore, the D94 mutations perturb the electronic
structure of the T2 and T3 Cu sites in a way that is consistent
with the hydrogen bond connectivity of D94 with the cluster
(Figure 8). These hydrogen bonds are highly conserved in
the multicopper oxidasésnd are part of a large hydrogen-
bonding network around the trinuclear Cu cluster that

including fungal laccase®acillus subtilisCotA, andEs-
cherichia coliCueO @6—40), and diffraction data for Fet3p
collected to 2.8 A indicate that there is a similar arrangement
for the D94 residue in this protei®{).® Mutation of D94

to a longer glutamate residue could change the orientation
of the axial histidine ligand at T3 GuSimilarly, elimination

of the carboxyl group in the D94A mutant would abolish
any constraint that the D94 residue may place on the
orientation of the histidine ring. Ligand field calculations

8 The crystal structures d&. coli CueO (1.4 A resolution, re37),
B. subtilis CotA (1.7 A resolution, ref38), and Trametesversicolor
laccase (1.9 A resolution, ref0) show hydrogen-bonding networks
identical to that in Figure 8. The crystal structuresMlanocarpus
albomycedaccase (2.4 A resolution, r&6), T. versicolor laccase (at
2.4 A resolution, reB9), and Fet3p (2.8 A resolution, réfl) show the
D94 residue in a comparable position, where the two hydrogen bond
connectivities to the T2 His and to one of the T3 axial His are
conserved; however, the hydrogen bond connectivity between the D94
carboxylate and the T2 hydroxide ligand is not resolved, probably due
to the lower resolution of the structures.
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contributes to its stability and oxygen reactivity, as shown

Figure 9 shows the proposed catalytic mechanism for the

previously in the study of several mutations around the multicopper oxidases. The reduction of ©© water involves

trinuclear Cu cluster in Fet3@d.8). While the D94E mutation
does not affect the initial reaction of the cluster with e

two 2e steps (2. When the enzyme is deprived of 1
electron equivalent (as in the T1D derivatives), the decay of

larger structural changes caused by the D94A mutation renderthe peroxide intermediate becomes a slow one-electron

the trinuclear cluster unreactive toward.OQhese results

process. It has been shown that the peroxide intermediate

establish a structural role for the D94 and its hydrogen bond decays to the resting oxidized protein through a native

connectivity that is relevant for the oxygen reactivity of the
trinuclear cluster.
While the D94E mutation still allows for oxygen reactivity

and peroxide intermediate formation, it eliminates the pH

intermediate-like speciesl®). Therefore, although this
process is too slow to be catalytically relevant, it provides
insight into the reductive cleavage of the-O bond.

In the peroxide intermediate, the reduced T2 Cu and the

effect observed in the resting T2 Cu site. Thus, the hydrogenoxidized T3 coppers are bridged by the peroxide (Figure 9)
bond connectivity between the D94 carboxyl group and the (16—19). Upon decay, the T2 site is oxidized and an electron
T2 OH ligand in T1D (Scheme 1) is disrupted in the D94E s transferred to the peroxide species for@bond cleavage.
mutant. The D94E mutation also completely changes the Detailed spectroscopic studies on the resting oxidized form
properties of the decay of the peroxide intermediate and its of the T2 Cu site have shown that the water-derived ligand
pH dependence; it shows slower decay rates, differ&gt p at the T2 Cu is a hydroxide over the pH range of-41D.0

(5.8 £ 0.2), significantly smaller rate enhancement, and (7). Thus, the water ligand at the T2 Cin the peroxide
strikingly different KSIE at low pH. These results indicate intermediate (Figure 9) must get deprotonated upon oxidation
that the mechanism of rate enhancement at low pH has beerof the T2 site. Our pH studies on the T2 site have also shown
perturbed with the D94E mutation. Thus, the D94E mutant that protonation of D94 affects the orientation of the OH
demonstrates that the D94 residue is responsible for bothbond (Scheme 1), and a similar connectivity between the
the pH effect on the resting T2 Cu site and the pH Cut-bound water and the D94 residue reasonably exists in
dependence and rate enhancement at low pH of the decayhe peroxide intermediate (Scheme 2). Protonation of D94
of the peroxide intermediate in T1D Fet3p. Consistent with would then cause both a perturbation of the water ligand at

this assignment, for T1D theKp associated with the decay
of the peroxide intermediate (580.2) falls within the range
estimated for the pH effect on the resting T2 Cu by MCD
(<5.8).

the T2 Cu and an acceleration of the rate of decay of the

peroxide intermediate, suggesting that these two events are
associated. Thus, deprotonation of the T2 water may be

involved in the transition state of this reaction.
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The observed inverse KSIE at low pH in the decay of the Insituto de Biotecnolog, Universidad Nacional AGtmma
peroxide intermediate is consistent with the involvement of de Mexico, for sharing sequence alignments of fungal
a metal-bound water in the transition stet@)( If this proton laccases.
is transferred to the Cu-bound peroxide, thekDbond being
formed in the transition state would be stronger than in the SUPPORTING INFORMATION AVAILABLE

Cu-bound water of the reactant state. Transfer of an electron Oxidation of the holo proteins followed by absorption and
from the reduced T2 Cu to the peroxide would increase the gpg. absorption, CD, MCD, and EPR spectra of the holo
positive charge of the Cu and its inductive effect, lowering qteins: EPR comparison of the fluoride adducts of the T1D

the K, of the Cu-bound water and facilitating the proton mutants: EPR and CD spectra of T1D at high and low pH:
transfer from the T2 Cu-bound water to the peroxide (as \icp spectra of T1D at pD 5.8 collected on different

indicated by the arrow in Scheme 2, structure B). Protonation instruments: MCD spectra of TIDD94E at different pHs,

of the peroxide decreases the energy of the peromftie  ppp gpectra of TIDD94E and TIDD94A at high and low
orblgal (42), lowering the barrier for the ©0 bond cleav- . 1ates of formation of the peroxide intermediate in T1D
age- as a function of oxygen concentration; EPR and MCD spectra
Thus, the proton that assists the reductive cleavage of theof the T1IDD94E peroxide intermediate; and absorption
O—0 bond in Figure 9 could be provided by the T2'€u  gpectra of reduced D94A mutants and their exposure;to O

bound water in the peroxide intermediate. The role of the This material is available free of charge via the Internet at
protonation of D94 would then be to activate this Cu-bound http://pubs.acs.org.
water to participate in the transition state, lowering the barrier
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