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Abstract: The multicopper oxidases contain at least four copper atoms and catalyze the four-electron
reduction of O, to H,O at a trinuclear copper cluster. An intermediate, termed native intermediate, has
been trapped by a rapid freeze-quench technique from Rhus vernicifera laccase when the fully reduced
form reacts with dioxygen. This intermediate had been described as an oxygen-radical bound to the trinuclear
copper cluster with one Cu site reduced. XAS, however, shows that all copper atoms are oxidized in this
intermediate. A combination of EXAFS, multifrequency EPR, and VTVH MCD has been used to understand
how this fully oxidized trinuclear Cu cluster relates to the fully oxidized resting form of the enzyme. It is
determined that in the native intermediate all copper atoms of the cluster are bridged by the product of full
O, reduction. In contrast, the resting form has one copper atom of the cluster (the T2 Cu) magnetically
isolated from the others. The native intermediate decays to the resting oxidized form with a rate that is too
slow to be in the catalytic cycle. Thus, the native intermediate appears to be the catalytically relevant fully
oxidized form of the enzyme, and its role in catalysis is considered.

. Introduction coupling @, = 2.30,A; = 39 x 104 cm™1). The Cys ligand at
the T1 Cuis flanked on either side in the sequence by histidines,
which are ligands to the Cu atoms at the binuclear type 3 (T3)
center. The T3 center contains two antiferromagnetically coupled
copper atoms and exhibits a characteristic 330 nm absorp-
2H,0 (1) tion band arising from CT transitions of a bridging OH to the
Cu(ll)s. The oxidized type 2 (T2) center is three coordinate and
exhibits a normal Cu(ll) EPR signaty( = 2.24,A; = 182 x
10% cm™Y). The T2 center is labile, and reduction in the
presence of a chelator can selectively remove this copper ion
generating the T2 depleted (T2D) derivatfvé. The T2 and
T3 centers are close together and form a trinuclear cluster, which
is the site of dioxygen reduction. Crystal structures of!&d?

and Cp3 15 revealed that this center is separated from the T1
center by about 13 A.

The multicopper oxidasés?® which include laccase (Lc),
ascorbate oxidase (AO), ceruloplasmin (Cp), and Fet3, catalyze
the four-electron reduction of Qo H,O according to eq 1.

~ +
O,+4e +4H" —

Lc is the simplest of these multicopper oxidases having only
four copper atoms in its active site.

The metal centers in the multicopper oxidases are classified
into three types according to their spectroscopic characteristics.
The type 1 (T1) center, which is the substrate reaction site, is
characterized by an intense blue absorption feature at 614 nm
(e = 5300 M1 cm™1) arising from Cys S~ Cu charge-transfer
(CT) transitions as well as an EPR signal with a small hyperfine
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Scheme 1 fact that the EPR signal associated with the oxidized T2 center
H,0 0 is not present in the native intermediate. Further, a broad EPR
T2{ —cul — —ol— signal with ag value below 2.00 is observed (a0 K), and
33 o N /lc/»f?Z this shows additional broadening witfO,.2” Our preliminary
o N spectroscopic results on the native intermediate suggested that
T1{ O o, _al all of the copper ions were in fact oxidiz88.This study
Fully AN Peroxy examines the electronic and magnetic properties of the native

Reduced k-2x10°M''s” Tntermediate intermediate in detail by a combination of stopped-flow absorp-
Fast tion and rapid-freeze-quench (RFQ) X-ray absorption spectros-
g8 4o j> 1000 5! copy (XAS), multifrequency electron paramagnetic resonance
(EPR), and variable-temperature variable-field magnetic circular
Resting HZ»EO Native dichroism (VTVH MCD). The structure and origin of the
Oxidized unusual spectroscopic properties of this intermediate are defined
in terms of an all-bridged trinuclear Cu(ll) cluster. The relation

k=0034g! Intermediate

H,0 H?O HZIO
—aall — —all— , —al, of this fully oxidized intermediate structure to the resting
N NP AR oxidized site is determined and extended to the catalytic
ull {I yuu SOl o ull /Cnﬁ .
AN N YA tﬁo’/ \ mechanism.

Vi1 cull cull .
Pk ~ Il. Experimental Methods

Chemicals and Protein Preparation.All chemicals were reagent
Spectroscopic and kinetic propertiesRifiusverniciferalLc grade and used without further purification. Water was purified using
isolated from the Japanese lacquer tree make this enzyme idea Barnstead Nanopure deionizing syst&husverniciferalaccase g-
for a detailed study of the dioxygen reduction mechanism. Past diphenol:dioxygen oxidoreductase, EC 1.10.3.2) was isolated from
studies of this reaction in different forms of Lc have demon- acetone powder (Saito and Co., Osaka, Japan) and assayed according
strated the presence of two intermediate species termed the© published proceduré$?® T2D was prepared as described previ-
peroxy intermediaé~18 and the native intermediaté:22 ously®°3°The protein concentration was determined using the extinction

. X . . _ 1 o1 .
Scheme 1 summarizes our current working model of the react|oncoeg'2C£Pt €280 = 90 000 M"* cm™) of the absorption band at 280
mechanism. The fully reduced trinuclear copper cluster site m282931Copper concentration was determined spectrophotometrically

. . . . . ing 2,2-biquinoline3233
reacts with dioxygen to generate the peroxy intermediate. This using 1uinglne

. . g . UV/Vis Absorption and MCD Spectroscopy.UV/visible absorption
intermediate has been trapped and extensively sttfdimihg spectra were recorded on a Hewlett-Packard HP8452A diode array

the T1 Hg derivative of Lc in which the T1 copper has been gpecirophotometer. Rapid scan stopped-flow experiments were per-
replaced with a redox inactive mercuric it?* The peroxy formed on an Applied Photophysics SX.18MV, stopped-flow absorption
intermediate decays to the resting oxidized T1Hg Lc via a spectrophotometer equipped with a PDA.1 Photodiode Array accessory.
species similar to the native intermediitén the native enzyme, MCD spectra were recorded in the UV/visible region using Jasco J500
the peroxy intermediate would be produced transiently in the or J810 spectropolarimeters equipped with S-1 and S-20 photomultiplier
formation of the native intermediate. The oxygen species in the tubes for the 1056800 and 806-300 nm regions, respectively. In the
native intermediate is at least 1éurther reduced than that in ~ n€ar-IR region, MCD spectra were recorded using a Jasco J200

the peroxy intermediate, as the T1 Cu is now present and spectropolarimeter equipped with a liquid-nitrogen cooled InSb solid-
oxidized in its formation ' state detector. Each instrument was modified to accommodate mag-

. . . netocryostats, Oxford SM-4 (7 T, UV/Vis) or SM-4000 (7 T, near-
It had been proposed that in the native intermediate, the T2 g 's;perconducting magnets with optical access within their sample
copper is reduced, and an oxyl or hydroxyl radical is bound t0 compartments. MCD data were obtained using a sample cell consisting
an oxidized T3 centel21.2526The proposal was based on the  of two infrasil quartz disks wit a 3 mmneoprene spacer.

Iterative, simultaneous Gaussian fits to the room-temperature absorp-
(13) fggsers\é.sfgét;eva, I.; Papiz, M.; Lindley, P. F.Biol. Inorg. Chem. tion and LT MCD spectra were carried out using the program PeakFit
(14) Zaitgev’a, I.;Zaitsév, V.; Card, G.; Moshkov, K.; Bax, B.; Ralph, A.; Lindley, version 4 (AISN Software Inc.). The MCD temperature dependence
P.J. Biol. Inorg. Chem1996 1, 15-23. ) ~was fit and the energy matrix calculated by macro scripts written for
(15) hlr?ggl;%h ,Pizl.:;';Y%g{]?d:'kg.e‘g?gl\./?hclir;gz.acltﬁ% 1\355‘3',”234"11‘25‘, B.; Selin- Excel 97 (Microsoft Corp.) or Mathcad 7.0 (MathSoft Inc.).

(16) Cole, J. L.; Ballou, D. P.; Solomon, E.J. Am. Chem. Sod.991, 113 Multifrequency EPR Spectroscopy.All X-band (9.2 GHz) spectra
an %%};F?%Q-Tan G. 0. Yang, E. K. Hodgson, K. O.: Solomon, . were obtained with a Bruker ER 220-D-SRC spectrometer. Sample
Am. Chem. Sod99Q 112 2243-2249. T B temperatures of 77 K were maintained using a liquigddldfinger

(18) Shin, W.; Sundaram, U. M,; Cole, J. L.; Zhang, H. H.; Hedman, B.; dewar, and temperatures from 4 K were obtained using an Air
ggfgson, K. O.; Solomon, E. 0. Am. Chem. Sod996 118 3202~ Products Model LTR Helitran liquid helium transfer refrigerator and a
(19) Aasa, R.; Biaden, R.; Deinum, J.; Malmstra, B. G.; Reinhammar, B.; Lake Shore Cryotronics temperature controller Model DTC-500. S-band
(3.4 GHz) spectra were obtained from a spectrometer with a loop-gap

Vvanngard, T.FEBS Lett.1976 61, 115-119.

(20) Andraasson, L.-E.; Biaden, R.; Malmstion, B. G.; Vaangard, T.FEBS
Lett. 1973 32, 187—-189.

(21) Andreasson, L.-E.; Bimaden, R.; Reinhammar, BBiochim. Biophys. Acta
1976 438 370-379.

(22) Clark, P. A.; Solomon, E. 3. Am. Chem. Sod992 114, 1108-1110.

(23) Moriebebel, M. M.; McMillin, D. R.; Antholine, W. EBiochem. J1986
235 415-420.

(24) Moriebebel, M. M.; Morris, M. C.; Menzie, J. L.; McMillin, D. Rl. Am.
Chem. Soc1984 106, 3677-3678.

(27) Aasa, R.; Biaden, R.; Deinum, J.; Malmstro, B. G.; Reinhammar, B.;
Vvanngard, T.Biochem. Biophys. Res. Commua®76 70, 1204-1209.

(28) Reinhammar, BBiochim. Biophys. Actd97Q 205, 35-47.

(29) Reinhammar, BBiochim. Biophys. Actd972 275 245-259.

(30) Reinhammar, B.; Oda, Y. Inorg. Biochem1979 11, 115-127.

(31) Meadows, K. A.; Moriebebel, M. M.; McMillin, D. RJ. Inorg. Biochem.
1991, 41, 253-260.

(25) Huang, H. W.; Zoppellaro, G.; Sakurai,J Biol. Chem1999 274, 32718~ (32) Hanna, P. M.; Tamilarasan, R.; McMillin, D. Biochem. 31988 256,
32724. 1001-1004.
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J. AM. CHEM. SOC. = VOL. 124, NO. 21, 2002 6181



ARTICLES Lee et al.

resonator cavity and a low-frequency microwave bridge built at the contributions from ice diffraction belok= 11 A~ were not included
National Biomedical ESR Center, Medical College of Wisconsin. Spin in the average. The data represent 16-scan averages for both the reduced
quantification of protein samples was determined using a Cu standardand the fully oxidized, and a 20-scan average for the native intermediate.
(1.0 MM CuSQ-5H,0 with 2 mM HCI and 2 M NaClQ). The averaged data were processed as described previdaysfigting

Intermediate Sample Preparation.All intermediate sample con- a second-order polynomial to the post-edge region and subtracting this
centrations were 0.4 mM protein in either 100 mM phosphate or 100 background from the entire spectrum. A three-region cubic spline was
mM MOPS buffer at pH 7.5, 4C unless otherwise noted. Typically,  used to model the smooth background above the edge. Normalization
laccase samples were made anaerobic in a conically bottomed reactiorof the data was achieved by subtracting the spline and normalizing the
vial by gently flushing with G-scrubbed Ar gas on Schlenk lines for ~ edge jump to 1.0 at 9000 eV. The resultant EXAFS Wageighted
30 min at 4°C. Degassed four-electron equivalents of ascorbate were to enhance the impact of highdata.
then added to the reaction mixture and allowed to equilibrate for an ~ XAS Data Analysis.The Cu K-edge of the native intermediate was
additional 30 min. Reductants (ascorbate or dithionite) in slight excess analyzed through comparisons with the reduced and fully oxidized
were added to maintain strict anaerobic conditions. The reaction mixture laccase edges. By subtracting the normalized edge of fully oxidized
was then loaded into a 1.0 mL stopped-flow syringes@turated buffer laccase from that of reduced laccase, a characteristic derivative shape
solution (1.4 mM at 4°C) was also loaded into a second 1.0 mL signal is produced, the amplitude of which corresponds to 100% reduced
stopped-flow syringe. The two syringes were then assembled for rapid laccase. Performing a similar subtraction of the fully oxidized data from
mixing with an Update Instruments System 1000 equipped with a the native intermediate data allows quantitation of the percent of reduced
Wiskind Grid Mixer. RFQ EPR and XAS samples were frozen by copper present in the native intermediate.
spraying directly into liquid M or into liquid N, chilled isopentane at Theoretical EXAFS signalg(k) were calculated using FEFF (version
—140°C. The frozen samples were then packed into either 4 mm quartz 6.08>% and fit to the data using EXAFSPAK.The experimental
EPR tubes or XAS sample holders. RFQ MCD samples were made by energy thresholdg, (the point at whichk = 0), was chosen as 9000
transferring the frozen samples into chilled glycerol in a reaction vial eV. The AE, represents the deviation from this value. The structural
submersed in an ethanol/dry ice bath-&80 °C. The frozen samples parameters varied during the refinements were the bond dist&)ce (
were then dissolved by thoroughly mixing into glycerok80 °C and and the bond variances). The ¢? is related to the DebyeWaller
transferred quickly using a chilled Hamiltion syringe to a MCD cell factor, which is a measure of thermal vibration and static disorder of
kept at—30 °C. The transferring process was completed within 2 min. the absorbers/scatterers. Coordination numbers were systematically
The extent of the intermediate decay was determined by measuringvaried in the course of the analysis, but they were not allowed to vary
the EPR signal before and after dissolving in glycerol and was found within a given fit. Single scattering paths and the corresponding multiple
to be negligible. scattering paths were linked during the course of refinements.

XAS Sample Preparation.The Cu concentrations for the reduced,
fully oxidized, and native intermediate samples were 6.0, 4.0, and 1.6

2.4 mM, respectively, all in phosphate and/or MOPS buffer at pH 7.5. 1 Eormation and Decay of the Native Intermediate The
Seven separate preparations of the native intermediate were run. Therapid scan stopped-flow absorption spectrum of the native
data presented represent both the highest concentration and the highe%termediate of tree laccase (Figure 1) exhibits features with

percentage yield of native intermediate based on EPR quantitation. All . . .
native intermediate samples were prepared by freeze-quench techniquesa.lpparem maxima at 315, 365, and 614 nm. This intermediate

As a control, fully oxidized samples were prepared both by freeze- species i§ observed when four-electron reduced laccase is rapidly

quench and as solutions with20% glycerol. The fully reduced sample ~ Mixed with O-saturated buffer. The fully reduced laccase

was prepared as a solution with20% glycerol. Freeze-quenched Spectrum is digitally subtracted from the experimental data to

samples were packed into windowless Lucite XAS cells holders and eliminate scattering and the contribution from the protein. Figure

inserted into 2- mm Lucite XAS cells with 63m Mylar windows. 1A and C shows the apparent pseudo-first-order formation of

Solution samples were loaded into 1 mm Lucite XAS cells with 63.5 the native intermediate with a rate constantaf00 s ([O;]

#m Mylar windows. All samples were frozen immediately by immersion = 0.7 mM, pH 7.5 and 4°C). This formation step was

in liquid nitrogen and kept at this temperature or lower throughout. previously shown to be an&lependent second-order process
XAS Data Acquisition. All data were collected at the Stanford (1.6 x 10° s~1 M~1).1621Figure 1B and C shows the apparent

Synchrotron Radiation Laboratory (SSRL) on unfocused 8-pole wig- first-order decay of the native intermediate at 661073 s

gler beam line 7-3 under ring conditions 3.0 GeV and-&00 mA. A (tr = . .
) - ) ) t12 =104 s) at £°C. In earlier studies, the reported decay rate
Si(220) monochromator was utilized for energy selection with the is ~5 x 10251 (typ ~ 13 s) at 25°C.2!

monochromator detuned 50% to minimize higher harmonic components . .

in the X-ray beam. The samples were maintained at 10 K during the 1 ne appearance of the blue band at 614 nm in the native

data collection using an Oxford Instruments CF1208 continuous-flow iNtermediate, identical to that in the resting oxidized state,

liquid helium cryostat. Data were measured in fluorescence mode usingindicates the T1 center is oxidized in the native intermedfété.

a Canberra Ge 13-element array detector. Internal energy calibrationFigure 2A shows the 77 K X-band EPR spectrum of the native

was performed by simultaneous measurement of the absorption of aintermediate prepared by RFQ (aged for 25 ms €% The

Cu foil placed between a second and third ionization chamber. The spectrum exhibits a typical oxidized T1 copper signal vgth

first inflection point of the Cu foil was assigned to 8980.3 eV. = 2.30 andA, = 39 x 104 cm{, similar to that of the resting
XAS Data Reduction. All samples were monitored for photore-  gxidized laccase shown in Figure 2B. Unlike the resting oxidized

duction throughout the course of data collection. Only those scans which laccase. however. the native intermediate lacks the T2 Cu EPR
showed no evidence of photoreduction were used for edge comparisons. ' '

For the EXAFS analysis, only scans which showed less than 5% (34) DeWitt, J. G.; Bentsen, J. G.; Rosenzweig, A. C.; Hedman, B.; Green, J.;
photoreduction were averaged. All freeze-quenched samples were found  Pilkington, S.; Papaefthymiou, G. C.; Dalton, H.; Hodgson, K. O.; Lippard,

P ; ; S. J.J. Am. Chem. S0d.99] 113 9219-9235.
to contain s°’.“e ice, and a Smal! amount Wa.\s also present infeéb (35) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R.. @m. Chem.
glycerol solution samples. For this reason, single channel averages were  * soc,1991, 113 5135-5140.
examined for ice diffraction. It was found that in most of the channels (36) ll\/lglésifrzldill-ggfaf-s;eRehr, J. J.; Zabinsky, S. I.; Albers, FRlys. Re. B
there was some interference from ice at higthence the data have  (37) George, G. N. Stanford Synchrotron Radiation Laboratory, SLAC, Stanford
been truncated beyorkl= 11 A~ Those channels which showed University: Stanford, CA 94309.

Ill. Results and Analysis

6182 J. AM. CHEM. SOC. = VOL. 124, NO. 21, 2002



Intermediate Formed in the Reduction of O, to H,0 ARTICLES
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g ’ Figure 2. (A) EPR spectrum of the native intermediate at 2.02 mW and
g 0.12 77 K. (B) EPR spectrum of the resting oxidized form at 2.02 mW and 77
E‘ K. (C) EPR spectra of the native intermediate taken at-@%uW at 10
2 01 K. (D) EPR spectra of the native intermediate showing a new broad feature
< 0.08 around 4000 G taken at 625 mW at 10 K, 9.5 GHz, 10 G (mod. amp.),
’ and 100 kHz (mod. freq.).
0.06 1 1 1 |
0.0001 0.01 1 100 10 K, a new shoulder around 3200 G and a broad feature around

Time (sec) 4000 G become visible (Figure 2D). Consistent with previous
Figure dl' F?‘”:S“O’;g"}%\‘,’veicna‘s{rzfnﬂit”g?vﬂ";eé”;ift’ge(%‘omgrﬁgt“ﬂ”9 findings1°2! the new signal can be detected only at low
gc';]plaftz(;amixingp?s at 1.28 ms, and eacg successive scan is taken ever)}emperature €20 K) and at high power=0.1 mW) Flgure_
2.56 ms up to 11.52 ms. (B) The decay of the native intermediate scans atS1A shows the EPR spectrum of the native intermediate
0.017, 0.30, 0.57, 0.83, 1.0, 1.5, 5, 13, 20, and 30 min. (C) The time course measured ta5 K and 200 mW. This spectrum contains
of the native intermediate formation and decay. contributions from the saturated T1 Cu axial signal and from
) . ) the new broad feature of the native intermediate. Low temper-
signal (F'gl.”e 2A and C). _Th_e apsence of the T2 EPR S|gna_1| ature and high power were used to maximize the intensity of
had been interpreted as indicating that the T2 Cu center iS o a4 signal. At this setting, the T1 signal is almost saturated.
reduced in the native intermediate. ) _ Toremove the spectral contribution from the T1 signal, the EPR
The features at 316 and 364 nm appear concomitant with spectrum of T2D under the same conditions was obtained
the blue band as shown in Figure 1A. This suggests that the rigyre S1B) and subtracted from the native intermediate
oxidation of the T1 center and the formation of 316 and 364 gpectrum. The spectrum of T2D also shows a heavily saturated
nm bands occur in one step or without accumulation of other 11 copper signal as shown in Figure S1B. In addition to spectral
transient species. These bands at 316 and 364 nm disappeatontributions from T1 copper, the native intermediate spectrum
with time, and the resulting absorption spectrum of the decayed j, Figure S1A exhibits a very small radical signal{%). There
product resembles that of oxidized laccase with a broad bandjs ng correlation between the amounts of radical species formed
at 330 nm as well as the blue band at 614 nm (Figure 1B). The among various sample preparations; it appears to be associated
absorption band at 330 nm has been associated with theyith variable amounts of excess substrate in the different
formation of the oxidized T3 coupled binuclear site. The new preparations. The radical signal was also digitally removed from
absorption features at 316 and 364 nm are intense, indicatinghe native intermediate spectrum. Figure S1C shows the resulting
that these are ligand to metal charge-transfer (LMCT) transitions. jyrgaq spectrum with its simulated spectrum over¥igimula-
In this energy region (25 00€80 000 cn1), these should be  tions showed that the EPR signal is rhombic and das, mi,
OH™ (or oxo, vide infra) CT transitions to oxidized Cuions of ;) of 2.15, 1.86, and 1.65, respectively.
the trlnut?lear clustef? ) ) The S-band EPR spectrum with simulation of the native
2. Multifrequency EPR Spectroscopy. Native Intermediate  jniermediate shown in Figure S1D was obtained by subtracting
EPR Spectrum. The X-band EPR spectrum of the native  the T1 Cu signal in a similar manner. Simulation of the S-band
intermediate obtained at 10 K and low microwave power is gpr spectrum gave the same segofalues, 2.15, 1.86, and
shown in Figure 2C. As expected, the T1 signal saturates asj g5 only the line widths of the bands were adjusted to account
the applied power is progressively increased from 0.5 {0\@5 for their known frequency dependence. The simulated EPR
However, upon increasing the power to 0.1 mW or higher at

(39) The residual T1 signal at the low field region is due to the differences in

(38) Spira-Solomon, D. J.; Solomon, EJI.Am. Chem. Sod987, 109, 6421~ the relaxation behavior of the perpendicular and parallel region in T2D
. and in the native intermediate. The origin of this behavior is not known.
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Table 1. Multifrequency EPR Simulation Parameters 1
PO+ = 3)
frequency parameters Omax Omid i Tl'Tz
X-band (9.5 GHz) gerr 215 186 165 ) ) ) ) )
Aei@ x 1074 cm ! 30 45 73 whereT; ™1 is the spin-lattice relaxation rate, an@,™ ! is the
o line width2 x 104cmt 17 63 53 spin—spin relaxation rate. The spirattice relaxation process
S-band (3.5 GHz) %Zf:fa P 3%15 4é'86 731'65 involves energy redistribution from a paramagnetic center to
line widtha10-4 cm-1 s 32 27 its surrounding, whereas the spigpin relaxation process

involves redistribution within the spin system. Thgprocess
a Ag and line widths ShOWI’]_ indicate minimum values required to simulate does not Significantly influence the temperature dependence of
the broad unresolved hyperfines. the Py» value, and thd; process becomes the dominant factor

parameters are summarized in Table 1. Because of the lack ofin the temperature range studied here. In a magnetically insulated

resolvable hyperfine structure in the EPR signal, the simulated protein active site, an additional efficient relaxation pathway is

hyperfine parameters only reflect effective values, accounting \t/)ia a Ic;fw-lying excited state. This Orbach process is described
y €q 4.

for contributions from all > 0 nuclei.

Previously, it had been reported that the broad EPR feature
of the native intermediate changed with pH, which was proposed
to be a protonation evedt:*° However, we have found that

::Ist{]iporfgsiozg if,:ﬁg:elss 'TJ:CIEC:DUS t: tgitf:rin%? I?hzu?gt.ive and A is the energy gap between the ground and the excited
P : P state in cmil. Thus,Py; is related to theA value by eq 5.

intermediate showed significant differences when samples made
in Na-acetate (pH 5.5, Figure S2A) were compared to those In Py, 0 —Alkg T (5)
made in Na-phosphate (pH 7.5, Figure S2B). Particularly, the
broad feature around 4000 G shifts to lower field and sharpens The saturation data and simulations at 4000 G and various
with low pH in acetate buffer. However, when the native temperature settings between 9 and 17 K are shown in Figure
intermediate sample is made in Na-MES (pH 5.5, Figure S2C) S3A. The Orbach analysis shown in Figure S3B reveals a linear
or in Na-MOPS (pH 7.5, Figure S2D), the resulting EPR spectra relationship, and the slope of the line directly relates to the
show no differences relative to that prepared in Na-phosphateenergy separation of the low-lying excited state. The slope gives
buffer at pH 7.5 (Figure S2B). A = 1404+ 30 cnTl. Thus, the saturation behavior of the native
Power Saturation and Orbach Analysis. An important intermediate EPR signal is due to the presence of a low-lying
characteristic of the native intermediate EPR spectrum is that excited stat®® at ~140 cntl.
this broad signal is very difficult to saturate, which suggests  The presence of a low-lying excited state is very unusual.
the presence of a novel relaxation pathway. Figure S3A shows For Cu(ll) monomers, the lowest excited states are in the 5000
progressive microwave power saturation data for the native cm=! (T1) or 10 000 cmi! (T2) energy region, consistent with
intermediate between 9 and 17 K. The signal intensities are the relatively slow relaxation. In addition, largeandA values
measured at 4000 G, and the saturation behavior of the nativeare generally observed for Cu(ll) monomers. These unique EPR
intermediate is analyzed according to the following equatfon.  features associated with the native intermediate require that the
signal be of a novel species. Initially, it had been thought to be

1T, Oe MeT (4)

whereksg is the Boltzmann constankd = 0.695 cnt! K1),

L S 2) associated with an OHadical, which would require the T2
NG [1+ (P/Pl,z)]b/2 copper atom to be reduced.
3. Cu K-Edge XAS and EPR Quantitation of Cu(l) and
where | is the intensity of the signal at 4000 @, is the Cu(ll). A comparison of the normalized Cu K-edge spectra of

microwave power,Py, is the microwave power at half- the reduced, fully oxidized, and native intermediate forms of
saturation, and is the inhomogeneity parameter. For the first laccase is shown in Figure 3A. Fully reduced laccase exhibits
derivative EPR spectrunp is 1 in the inhomogeneous limit  an intense 1s~ 4p transition at~8984 eV, which is charac-
and 3 in the homogeneous limit. Most EPR signals in proteins teristic of Cu(l) in a three-coordinate environméhin contrast,
are inhomogeneously broadened such thalhould be near 1. fully oxidized laccase exhibits no peak maximum below 8985.0
From Table S1, the power saturation studies show that the broadeV, except a very weak ks 3d pre-edge transition at8979
EPR signal associated with the native intermediate is much moreeV. Using the Cu K-edge of reduced laccase minus that of fully
difficult to saturate than is the T1 EPR signal. TiRg, of the oxidized laccase as reference for 100% reduced copper (Figure
native intermediate EPR signal at 8.8 K325 mW, although 3B), the amount of Cu(l) in a given native intermediate sample
the half-saturation point of the T1 EPR signal is approximately can be quantified through an edge difference comparison
0.45 mW and that of the T2 EPR signal is approximately 0.05 assuming all Cu(l) sites have a similar contribution, that is, three
mw. coordinate as in the X-ray structure of the reduced trinuclear
Equation 3 relates the half-power saturation process to thesitel? In the seven separate preparations of the native intermedi-
relaxation rates of energy redistribution following the microwave ate, it was found that8—28% of all copper was reduced (Table

absorption. 2, data/Cu(l}y). Much of the variation was due to the presence

(40) Huang, H. W.; Sakurai, T.; Monjushiro, H.; TakedaB&chim. Biophys. (43) A temperature sweep between 10 and 200 K (data not shown) failed to
Acta 1998 1384 160-170. reveal any new EPR features that might be associated with the excited

(41) Sundarm, U. W. Thesis work, Stanford University, 1997. state.

(42) Poole, J. C. PElectron Spin Resonance: A Compreheasireatise on (44) Kau, L. S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K. O.;
Experimental TechniquesViley: New York, 1983. Solomon, E. 1.J. Am. Chem. Sod.987, 109, 6433-6442.
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Energy (eV)

unreacted enzyme. This requires the reduced T1 Cu deduced
12FA from EPR spin quantitation (Table 2, model 1B/fRed) to be
equal to the total Cu(l) measured from XAS (Table 2, data/
g 1of Cu(Dror). This model also overestimates the amount of Cu(l)
& present, and thus the data require inclusion of an additional
_§ 0.8 partially reduced species.
: 0.6 F / Two additional models (2A, 2B) were considered in which
] partial re-reduction of the T1 site in the native intermediate was
TE‘ 04 / - — reduced included (Scheme 2). Experimentally measured T1 Cu(ll) from
E O fully oxidized EPR spin quantitation and t.otall Cu(l) from X.AS are ysed
—— native intermediate together to calculate the distribution of the possible species. In
0.0 bezmazy ' ; ; model 2A, the T2 Cu site of the native intermediate is assumed
to be reduced. Re-reduction of this intermediate leads to a
& 040 F B " species with both T1 and T2 sites reduced. According to this
5 S model, Cu(l) is distributed over the fully reduced, native
o 030 - [ intermediate, and re-reduced native intermediate species. This
é 020 model predicts unrealistic percentages, significantly below zero,
o ! Y for the unreacted fully reduced species (Table 2, model 2A/
2010t i fRed.a). Finally, model 2B was considered, in which the native
5 L wrtne AR ot intermediate is assumed to be fully oxidized. Re-reduction of
g 0.0 : y —— this intermediate leads to a species with only the T1 site reduced.
E 010k '\\ ’ This model with all the copper atoms of the native intermediate
’ e ; oxidized produces a reasonable distribution of species (Table
-0.20 L 1 1 L 2, model 2B) and is the only model that is consistent with
8970 8980 8990 9000 9010 9020 experimental result®. Thus, the native intermediate is best

described as a fully oxidized form of the enzyme, andh@s

been reduced by 4eto the water level.

4. EXAFS. The k3-weighted EXAFS data and fits for the
reduced, fully oxidized, and native intermediate formdRaf.
] o . laccase are shown in Figure 4A. A comparison of the corre-
of the slight excess of reductant (dithionite or ascorbate), which sponding FTs is shown in Figure 4B. The EXAFS data show a
was added to ensure the anaerobicity of the freeze-quenchyjear change in the beat pattern of the native intermediate relative
instrument. This addition caused some re-reduction of the native;, poth the reduced and the oxidized samples. In particular, the
intermediate and resulted in samples that contain different . tive intermediate beat pattern is split in the redion 7—9
distributions of the intermediate, re-reduced intermediate (vide 4-1 \ore distinct differences can be seen in the comparison
infra), unreacted, and decayed product. A combination of XAS ¢ the FTs. While the first shell amplitude of the native
and EPR spin quantitation can be used to determine thejyermediate is slightly decreased relative to the oxidized sample,
distribution of these species, where XAS quantitates the total o otershell amplitude is dramatically increased relative to
Cu(l), and EPR quantitates the amounts of T1 and T2 Cu(ll) ose of hoth the oxidized and the reduced samples. Figure S4
present (Table 2, data/gdand T2y). _ shows a comparison of the FTs of six separate preparations of

To determine the composition of the intermediate samples, aghe native intermediate relative to all of the preparations of
number of different models were considered (Scheme 2). The yyigized and reduced laccase, indicating that the observed
first two models (1A, 1B) assume the minimal case in which oy 5n0eq are clearly characteristic of the native intermediate form.
the sample is comprised of fully reduced, native intermediate, Tege differences, as they relate to the fit results, will be
and resting oxidized laccase. The lack of a T2 Cu EPR signal .onsidered below.
in all cases indicates that no resting oxidized enzyme is present. £y ars fits to the data for the reduced, oxidized, and the
In this case, th'e o>.<|d|zed T,l Cu EPR signal quanhtateg the hative intermediate samples were performed using the 1.9 A
amount of native intermediate present, and the remainder ;. s structure of oxidized ascorbate oxidase as a starting
corresponds to fully reduced enzyme. Using the T1 sSpin ,qe111 A good fit for reduced laccase was obtained by
quantitation value from EPR, an expected value for total Cu(l) iqjyding three CerN/O interactions at 1.94 A and multiple
can be calculated and compared to the gxperlmentglly meas,ure‘%cattering interactions from the imidazole rings of the ligating
value from XAS. Model 1A assumes T2 is reduced in the native | .qidines to fit the outer shells (Table 3, fit 1). As may be

intermediate; thus the total Cu(l) will reflect the fully reduced expected from the relatively low average coordination number,
and the T2 site of the native intermediate. The total reduced improvement in the fit was obtained by inclusion of 0.25

copper in model 1A is then a sum of the fully reduced form ¢, g'jnteractions corresponding to the short-i(~2.1 A)

and %, equivalent of the native intermediate. Compar|§on of ot the blue copper site; similar results were found for the
the calculated amount of Cu(l) (Table 2, model 1A/Cyfiith oxidized and native intermediate data. The oxidized form was
the experimentally measured Cu(l) (Table 2, data/G)(indi-
cates that this model overestimates the amount of Cu(l) present45) All other possible cases (Supporting Information Scheme S1) of the re-

Model 1B assumes the native intermediate is fully oxidized, reduction of the native intermediate have been evaluated. In all cases, the

. . calculated percentage of the Cu(l) present is overestimated as compared to
and thus the only Cu(l) present will be in the fully reduced the experimental values.

Figure 3. (A) Cu K-edge data for reduced, fully oxidized, and the native
intermediate of laccase. (B) The normalized edge difference spectra for
fully reduced and the native intermediate of laccase.
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Table 2. Concentration and Percent Distribution of Species in the RFQ Samples?

sample data (%) model 1A model 1B model 2A model 2B

no. [prot}/mm® Cu(l)o® Tl T2¢ fRed" NI¢ Cu(l)cal fRed' NI9 fRED/ NI¢ INlca fRedc! NIe INlcal

1k 0.4 17 78 0 22 78 42 22 78 —27 78 49 15 78 7
2 0.4 23 38 0 62 38 72 62 38 -35 38 97 10 38 52
3 0.4 25 53 0 47 53 60 47 53 -—24 53 71 18 53 29
4 0.4 28 48 0 52 48 64 52 48 —-20 48 72 20 48 32
5 0.4 8 68 0 32 68 49 32 68 —50 68 82 0 68 32
6 0.8 25 56 0 44 56 58 44 56 —22 56 66 19 56 25
7 0.6 8 75 0 25 75 44 25 75 —47 75 72 2 75 23

aRFQ samples were prepared in 100 mM phosphate buffer at pH 7.5:@t énless otherwise statetllnitial protein concentration with 96% RFQ
packing efficiency® % Cu(l) per total [Cu] according to the XAS edge data. Erebi0%).9% T1 Cu(ll) per [protein] by EPR spin quantitation. Error
(£7%).© % T2 Cu(ll) per [protein] by EPR spin quantitation. Errat{%). f % fully reduced (unreacted) by EPR spin quantitation 100% minus % T1 Cu
oxidized.? % native intermediate by T1 Cu EPR spin quantitatib® calculated Cu(l) per total [Cu] according to model 146 calculated fully reduced
(unreacted) and partially re-reduced native intermediate (rNI) according to modéP@Aalculated fully reduced (unreacted) and partially re-reduced
native intermediate (rNI) according to model 28n MOPS pH 7.5! Slight excess dithionite present as scrubbing agent in the mixing tubes.

Scheme 2
1 1,0 1 } T2
I I — -] —e 11 T3
Model 1A v U }
1 1 It } T1
I i
Model 1B I I —e -1 —-1
i 1
I Ls I L g
12A I I — -] —— II-1I II-1r
Mode \[/ w v
1 il I I
&
1 )K I 2{
Model 2B | ] —+I?I —— 1] 1\-/11

well fit by 3.5 Cu—N/O at 1.95 A and outershell contributions
from the imidazole rings (Table 3, fit 2). It should be noted
that the increase in first shell coordination of the oxidized form
is expected upon oxidation of the enzyme and is consistent with
the increase in the first shell FT amplitude (Figure 4B).
However, similar EXAFS fits are obtained with first shell
coordination numbers between three and four.

In contrast to the oxidized and reduced samples, the native
intermediate data are not well fit by inclusion of only -€N/O
interactions and multiple scattering from histidine rings (Table
3, fit 3 and Figure S5A). As shown in Figure S5, there is clearly
a large component of the outershella3.0 A (nonphase shift
corrected), which is not fit by typical histidine ring scattering.
For this reason, an attempt was made to vary the orientation of
the histidine rings. An improvement in the fit is obtained by
splitting the Cu-N—Ca interactions into shorter and longer
components at3.0 and 3.3 A. However, this fit (Table 3, fit
4) results in physically unreasonahiévalues. In addition, this
distribution of distances requires a €N distance of 2.1 A
with average CttN—Ca angles of 110 and 1458 (vs ~127
for a symmetrical bound histidine). Such a distortion of all of
the histidine rings is unlikely. Attempts were also made to add
Cu—C/N/O light atom interactions in addition to the histidine
rings. However, to obtain a physically reasonaiievalue, an
average of five CtrC/N/O interactions at 3.40 A were required
(Table 3, fit 5). It is important to note that this is five interactions
per copper, and is in addition to the histidine ring scattering.

reduced

7 \J \/ N

% /\ fully ox1dlzed
5 LN\
2 L 7/ W W i
E native intermediate
I /’/\ Mv/\ MM\
SAR=AvA SV,
1 i I 1
2 4 6 8 10
k@AY
1 1}
B F A S reduced
0.8 il —-—fully oxidized

native intermediate

Fourier Transform Magnitude

R(A)

Figure 4. (A) Experimental EXAFS data<) and fits to the data (- - -) for

the reduced, fully oxidized, and native intermediate forms of laccase. Fit
numbers 1, 2, and 6 (Table 3) are shown for data for the reduced fully
oxidized, and native intermediate forms, respectively. (Each major tick on
the ordinate scale represents five units.) (B) Nonphase shift-corrected Fourier
transforms for reduced, fully oxidized, and native intermediate forms of
laccase.

atoms, attempts were further made to fit the native intermediate
outershell EXAFS data with inclusion of a €€Cu interaction.
The results shown in Table 3, fit 6 and Figure S5B indicate
that an excellent fit to the data is obtained. The data could be
equally well fit by inclusion of either one CtCu interaction
(corresponding to two bridging interactions in the trinuclear
cluster) or one and one-half €«€Cu interactions (corresponding

to three bridging interactions). However, it should be noted that
inclusion of one-half Cu-Cu interactions resulted in a negative
o? value, indicating that the EXAFS data require at least two
strong bridging interactions within the trinuclear cluster with a

Such a model is not chemically reasonable. Having establishedCu—Cu distance of 3.3 A.

that the outershell contribution to the EXAFS cannot be well
fit by including only scattering from histidine or other light
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Table 3. EXAFS Fits to the Reduced, Fully Oxidized, and Native Intermediate Forms of Laccase

reduced fully oxidized native intermediate
fit no. 1 2 3 4 5 6
AEg —8.35 —7.47 —7.28 —8.44 —7.78 —7.52
CN R@A) o2(Ad cN RA) 2(A2 cN R@A) 2R cN R@A) 02(A2 cN RA) 02(A2) cCN R(A) 02(A?
Cu—N/O 3 1.94 0.0085 3.5 1.95 0.0068 3.5 1.96 0.0083 3.5 1.94 0.0075 3.5 1.96 0.0075 3.5 1.96 0.0074
Cu—C* 5 2.95 0.0059 5 2.95 0.0068 5 2.99 0.0029 2.5 2.960.0009 5 2.96 0.0027 5 2.96 0.0030
3.04 0.0068 3.05 0.0073 3.08 0.0031 3.060.0009 3.05 0.0029 3.05 0.0032
Cu—C2 5 3.95 0.0159 5 3.90 0.0059 5 3.96 0.0064 5 3.96 0.0041 5 3.96 0.0054 5 3.96 0.0078
4.24 0.0186 4.19 0.0059 4.25 0.0064 4.25 0.0041 4.25 0.0054 4.25 0.0078
Cu—C? 25 3.32 0.0016
3.42 0.0016
Cu—CIN 5 3.40 0.0015
Cu—Cu 1 3.30 0.0032
Erro 0.250 0.194 0.405 0.310 0.183 0.153

aThese components represent a single scattering path (top) and the corresponding multiple scattering patt? @otioig)given by [(obsd— Xcalcd?k®]/
zka)(obsd?-

between 5000 and 33 300 cfa The LT MCD spectrum of the
native intermediate between 5000 and 10 000 tim shown
in Figure S7. Assignments of bands 1 to 6 are based on analogy
with other well-established absorption and MCD spectral
assignments of the T1 copper stte!8 Bands 1 through 4 are
assigned to ligand field transitions associated with T1 Cu center.
Band 5 at 16 270 cnt is assigned to a Cys,S~ Cu de—y2 CT
transition. Band 6 at 17 780 crhis assigned to a Cys,Quda
— Cu CT transition. Band 7 at 22 050 cfrepresents a number
of unresolved bands involving charge-transfer transitions of
histidine to the T1 copper and trinuclear copper centers. In the
25 000~ 33 000 cnt? region, the pseudo-A feature in the MCD
spectrum (Figure 5A), in combination with the double peaked
feature in the absorption spectrum (Figure 5B), requires at least
two bands. However, from VTVH MCD spectral changes in
the region (vide infra), there are actually five bands-{2)
required to fit the spectra and their changes in this region.
The relative band intensities in the MCD and the absorption
spectra can differentiate between ligand field and charge-transfer
transitions. For complexes exhibiting onGrterm intensities,
the Co/Do ratio can be determined from the Gaussian fit of the
MCD and the absorption spectra using the following equation.

35000

15000 20000 25000 30000

10000
Wavenumber (cm™)

Figure 5. Simultaneous Gaussian fit of the native intermediate. (A) RT
absorption spectrum and (B) LT MCD spectrum of the native intermediate
is simultaneously fitted with a minimum number of Gaussian bands. *
denotes a small amount of heme contaminant in the sample.

Do ugB

Co _ KT (Ae
— = )
max
region of 10 008-35 000 cnT? is shown in Figure S6. Panel A
shows temperature dependence, and panel B shows the applie
field dependence of the intermediate. The temperature and thet
field dependence are typical of MC@-term behaviof®

Consistent with our previously reported LT MCD spectrum of

herekg is the Boltzmann’s constanig is the Bohr magneton
slug = 1.489 K1 T71), T is the temperature in Kelvir, is
he molar absorptivity in M! cm™, and Ae is the MCD
intensity maximum measured in M cm™! taken within the
the native intermediat&,very intense apparent pseudo-A-shaped linear 1I|'.reg|on'. The MCD intensities depend on.the magnitude
. . . .-~ of the spin-orbit coupling parameter for the excited state. The

MCD features (two bands with equal intensity but opposite _ . - . _ 1

. X . . _spin—orbit coupling constant for the Cd4y(Cu) = 828 cnt?t)
signs) are observed in the high-energy charge-transfer region. . ich greater than that for Ssf(S) = 382 cnm?), N (E2(N)

) . 3 - ’ 2p!
with maxima at 316 nm (36 100 cH and 364 nm (27500  ~ 76 cnTd), or O (E2{0) = 140 cnT1)4950 Thus, d— d

) " . .

cm .)' In_addition, LT MCD_fgatures associated with the transitions tend to have much high@&yD ratios than do charge-

oxidized T1 Cu center are visible in the low-energy region o . .
transfer transitions since they are centered on the Cu atom with

around 614 nm (16 300 cm¥). : . )
Simultaneous Gaussian fitting of the absorotion and the MCD a much larger spirorbit coupling constant. For the T1 Cu
imu us f>aussian fiting . ption an center, bands 3 and 4, which are metal-base¢dltransitions,
spectra for the native intermediate are included in Figure 5. As
summarized in Table S2, a minimum of 12 bands is required (47) Randall, D. W.; George, S. D.; Hedman, B.; Hodgson, K. O.; Fujisawa,

i i K.; Solomon, E. I.J. Am. Chem. So00Q 122 11620-11631.

to simultaneously fit both the RT Abs and the LT MCD spectra (48) LaCroix. L 'B. Randall. D W Nersissian. A. M.: Hoitink, C. W. G..
Canters, G. W.; Valentine, J. S.; Solomon, EJ.IAmM. Chem. S0d.998
120, 9621-9631.

(49) Keijzers, C. P.; Boer, E. IMol. Phys.1975 29, 1007-1020.

(50) Blume, M.; Watson, R. BProc. R. Soc. AL962 271, 565-579.

(46) Solomon, E. I.; Hanson, M. A. linorganic Electronic Structure and
SpectroscopySolomon, E. I, Lever, A. P. B., Eds.; Wiley: New York,
1999; Vol. II, pp +-129.
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show significantly higheCy/Dy ratios than do bands 5 and 6, 100
which are Cys S~ Cu charge-transfer transitions (Table S2).
Bands 8 through 12 hav€/D| values of 0.02 to 0.09 (Table
S2) which are within the range appropriate for & Because
the T1 does not contribute in this region, they are due to CT
within the oxidized trinuclear cluster and would be associated
with bridgedu-OH~ (or u-oxo, vide infra) to Cu(ll) charge
transfers®

th
<

MCD Intensity
>

Saturation at Low Temperature. Normalized saturation 50 25000 e’
magnetization curves taken at 31 780 and 27 560 care om
shown in Figure S8. These were obtained by increasing the -100 L L ! ! !
magnetic field at fixed temperature at 1.8 K. These curves are 22500 25000 27500 30000 32500
dependent on th& of the ground state in the limit of no zero Wavenumber (cm'l)

field splitting (ZFS). The normalized magnetization curvds,
for different possible spin states are included in the figure (solid
lines). These were generated using the Brillouin function,

® 25000 cm™ B

Bs(X), for a ground state with spis S (eq 7). =
2

M = Ng$Bs(x) (7A) z

2S+1 2S+1 1 1 8

Bs(¥) = S cot S x) - Z_SCOt Z_SX)] (7B) =

In eq 7A, x is gBH/ksT, N is Avogadro’s numberSis a
given spin stated is the Bohr magneton (9.274 10724 J T-1), 0 50 100 150
H is the applied field in Tesl& is Boltzmann’s constant (1.381 Temperature (K)

23 _ . . .
X. 10 . J K™), and T is temperature in K_el\l/m' ,These Figure 6. (Panel A) The temperature dependence of the native intermediate
simulations clearly show that the ground stat&#s '/, with g MCD spectra. The intensity of the signal decreases between 5 and 40 K
= 2.19 (31 780 cm! band) and 2.14 (27 560 cthband). This but rises again at higher temperatures- 580 K. (Panel B) The temperature
assignment of the ground state $o= 1, from the saturation dependence_ of_ the native intermediate M_CD spectra at 25 _009(0) in
o data is in agreement with the observation of panel A. Solid lines are generated according to eq 7 assuming the following
magnetlzat!on a g i energy parameters. A, 70 ¢ 175 cntl; B, 100 cntl, 250 cnt?; C, 150
frequency independerg values from EPR spectroscopy in  cm2 350 cntl; D, 250 cnt?, 625 cntl; and E, isolated (1000 crd,
Figure S1. 1000 cn1?) for the relative energies of the first and the second excited
. . . states (see text).

VTMCD: Excited-State Analysis. Figure 6A shows the
MCD spectrum (expanded scale) of the native intermediate in population of these states each having term that decreases
the high-energy region (22 265 000 cm'*) between 5 and  as 1T. Thus, the energy separation) between the states is
170 K. MCD transition intensity of a magnetically isolated optained by fitting the temperature dependence of the MCD

system normally decreases as temperature increases, that isptensity at any given wavelengtt)(according to eq 8.
intensity [0 1/T. This behavior is observed in the T1 features

and in the heme contaminant at 23 500 émHowever, the —Ehc) 1
Z Deg ex ,

bands in Figure 6A show spectral changes indicating thermal

population of an excited state with a different MCD spectrum. T

This is demonstrated by the temperature dependence of the lweo() = —Ehd (8)
MCD signal taken at different energies. The plot in Figure 6B Z Deg ex !

taken at 25 000 cnt (arrow in panel A) clearly exhibits the ; kg T

contributions from both the ground and the first excited state.
At temperatures between 0 and 30 K, the band intensity rapidly wherei and j are the different spin states, Deg j is the
decreases. However, between 40 and 100 K, the intensity startslegeneracy of the statedf j), E o is its energyhis Planck’s
to increase indicating increasing contribution from an excited constant (6.626< 10734 J s),c is the speed of light (2.99&
state with a larger positive MCD signal than the ground state. 109 cm s1), kg is Boltzmann’s constant (1.38 10723J K1),
At temperatures above 150 K, the band intensity starts to and T is the temperature in Kelvin. The degeneracy of each
decrease again indicating thermal population of a second excitedstate is 2 for the ground stat& & %/,) and the first excited
state. This decrease is faster thaf, Which would be expected  state §= 1/,) and 4 for the second excited stag= 3/,) (vide
without the presence of a higher excited state. Attempts to infra). C; is the MCD intensity of staté at wavelengthi.
increase the temperature above 170 K cause a phase transition For the simulation of the temperature dependence of the MCD
of the glass, which prevented further analysis. spectrum for the native intermediate, t@eterm coefficients
The total intensity of the MCD spectrum of a system with for the ground stateQ; = ground starp Were fixed by using the 1.8
thermally accessible excited states is given by the Boltzmann K MCD spectrum of the native intermediate scaled by the
temperature. There are no changes in the MCD spectra between
(51) Gewirth, A. A.; Solomon, E. U. Am. Chem. Sod.98§ 110, 3811-3819. 1.8 and 2.5 K, which indicates that only the ground state is
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Chart 1. (A) Coupling Scheme for the Trinuclear Cu(ll) Cluster
and (B) A Model for the Native Intermediate with Three Coupling
Constants

Excited State

Cuy Cul3I
§ 3 Ju/ \Ju 435 cm‘/ \470 em?
f’ Cuf! Cuy¥ CullI Culzl
= J L
22 1z 520 em”
5 A B
o1
8 are oxidized in the native intermediate. (2) The frequency
= 0 et dependence of thg-values from multifrequency EPR spectros-

copy and the Brillouin function fit to the saturation magnetiza-
tion MCD intensity at low temperature indicate that the ground
-1 : : X state isSet = 2. (3) VT MCD and the Orbach analysis of the
22000 25000 28000 3](_)100 34000 EPR relaxation show that the first excited state is therm-
Wavenumber (cm ) ally accessible at 150 crh (4) EXAFS analysis indicates a
Figure 7. The ground- and excited-state MCD spectra of the native Cu__Cl_J interaction pr_esent !n the hatlve mtermedlat? at.3'3 A’
intermediate. Gaussian fit of the ground-state spectrum is shown in gray. Which is not present in resting oxidized laccase. This distance
Different arrows indicate the different Cassociated with the CT transitions ~ requires that there cannot be two single atom bridges between
(see Figure 10). two Cu atoms. (5) The temperature dependence of the MCD
data shows that the MCD spectrum of the 150 &raxcited
thermally populated at 1.8 K. The excited-state spectral con- giate is different from that of the ground state (Figure 7).
tribution of the native intermediate was obtained by floating A nymper of possible structural models for the trinuclear Cu
the energy parametef; and the first e?<C|ted sta‘@—term cluster of the native intermediate are considered below. A model
coeff|C|ent. G = first excited stat T.he best fit was gchlevgd aS s considered acceptable when it is consistent with all the above
shown by line C in Figure 6B with 150 crhfor the firstexcited g0 ctr05copic data. First, a single-bridge model in which two
state and 350900 cm* for the second excited state. Ad- ¢,y atoms form a coupled binuclear center with the third
dition of the C-term coefficient for the second excited state 1) atom in an isolated state is considered (equivalent to the
(Ci = second excited Stal?to the f|tt|ng. routine did not Improve the resting oxidized state in Scheme 1). Second, a two-bridge model
goodness of thg fit hqwever, It was necessary to |nclude.the is considered where the third Cu(ll) center is coupled to one of
energy separation for its effect on the population of the first the binuclear copper ions. Finally, a three-bridge model is
excited state. The energy separation between the ground anq,,ngjgered in which the spins on all three copper atoms are
the first excited state of 150 crhis in excellent agreement exchange-coupled.
with the A value obtained from the Orbach analysis of the — =~ exchange-coupled trinuclear Cu(ll) complex, the
temperature dependence of the EPR (see section Power Satura-eneral spin Hamiltonian is ’
tion and Orbach Analysis). Furthermore, the MCD spectrum g P
of the first excited state could be generated from the wavelength _ < _ o .
dependence in thé-term coefficients C; in eq 8) obtained by H= 7200505~ 05%S — 20505y )
simulating the temperature dependence at each wavelength )
fixing the energy separation between the ground and the first WhereJ_lz, Jas, _‘"’md‘]l?’ are exchange-_couphgg constants between
excited state at 150 cmh. Figure 7 shows the resultant MCD _the ne|gh_bor|_ng COpper 1ons mdm_:até’d. ) Egch spin can
spectra of the first excited state and the ground states of themteract_ with its adjacent neighboring SpIns |1n the trimer as
native intermediate. showp in Chart 1A. Two Cu(ll) atoms witB = 1/, couple to
From Figure 7, there are five bands in the high-energy region form intermediate spin§ot = 1 and 0. TheSq = 0 couples to

. e 1 . 1
between 25 000 and 33 000 chwhich indicate the presence ?E t{nrd colppetr ?;Ont]hwgi_ I{Z t(: g'vf the /Z’BEgtath'; r:je
of multiple charge-transfer transitions associated with the > couples to the third Cu(ll) atom to g = [*/2, n

1 : . .
trinuclear Cu(ll) cluster. Band 8 is fit with a small negative 2, 1_Dstatt<)as.thThe etn_erglss of _th(?rseblspgslevels of the trimer
peak in the ground state that changes sign and gains intensit;f"re .glven y € matrix s own in Table 5o

in the excited staté2 Band 9 is very intense and positive inthe _Single-Bridge (1J) Model.Figure 8A shows the energy levels

ground state. This band decreases in intensity in the excited©f the three spin states for the single- or two-bridge model as
state. Band 10 is apparent in the ground state as a shoulder bu® function of theJgJ;, ratio. The single-bridge trimer model
gains MCD intensity in the excited state. Band 11 is an intense consists of two antiferromagnetically coupled spins with the third

negative band in the ground state. This band changes sign and — ) - )
(52) Gaussian fitting routinely results in a small negative peak for band 8.

Ground State

gains intensity in the first excited state. Band 12 is difficult to However, since band 8 in the ground state is obscured by the neighboring
assign due to the close energy proximity to the protein bands, a small positive band will also fit the data with an acceptable
. . . . value. This does not affect the analysis.
absorption. However, this band reproducibly changes sign and(s3) cole, J. L; Clark, P. A.; Solomon, E. J. Am. Chem. Sod.99Q 112,
ins i itv i i 9534-9548.
gains mtenSIty in the e,XCItEd state. . (54) Bencini, A.; Gatteschi, CElectron Paramagnetic Resonance of Exchange
6. Exchange-Coupling Models.The spectroscopic data Coupled SystemsSpringer-Verlag: Berlin, New York, 1990.

ini il ; (55) Banci, L.; Bencini, A.; Gatteschi, Dnorg. Chem1983 22, 2681-2683.
presented here limit the structural possibilities of the native 56) Bandi L Bencini, A Dei, A Gatteschi. Morg. Chem 1983 22, 4018-

intermediate. These restrictions are as follows: (1) All Cu atoms 4021.
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s oA B Angle (0)
é 100.6 105.3 110.3 115.6 121.3 127.6
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= 2 Cu
7 . 1200 - 1.95A -
5 I . HO 116° 334
= (1/2,0) = 1000 =
= o g 1.95 A " .
S 800 [ Cu
' ! : : ] 520 cm -
0 0.2 0.4 0.6 0.8 1 a1 600 <
J23/‘112 400 =
200 200 —
o~ 180f B 170 0 ! :
'E /_’\ 3 3.1 32 33 34 3.5
S 160} 150 cm™ .
=~ B Distance ()
(’?: 140 /\130 Figure 9. Magnetostructural correlation of the €Cu distance and angle
! 120 L 110 with coupling constants for OH bridged binuclear Cu(ll) model complexes.
/— A Cu—0 distance of 1.95 A is assumed as shown in the inset. Note that
100 _ 90 \ ) ) there is a nonlinear relationship between the-Q4Cu angle ) and the
0 40 80 120 160 Cu—Cu distance (A). Data taken from Tandon etlabrg. Chem.1994

33, 5555-5570.

-2J (em™)
Figure 8. The energy diagram and the solution space for the two-bridge Correlatlor_l between the-2J values and CtCu distance.
model. (Panel A) Energy levels of the trimer in termsJgfJi», while Ji3 (Note: This has been converted from-©0QH—Cu angle based
is fixed to zero. (Panel B) Solution space foRJi, and —2J3 that allows on the scheme shown in the inset.) The EXAFS distance of the

energy separation of the ground and the first excited state as labeled. native intermediate. 3.3 A requires a larg@J value 0f~520
: tically isolated (i 3 = 0). Thi del cm L. The fact that the EXAFS shows a clear outer shell

me _ntr:agnr(]a ically 150 a_; c(i"e‘J”/ l]f h_ ). | IS go (Ia Cu—Cu interaction requires a favorable Debywaller factor

Hescn tﬁs tt € rest_lng toﬁl 'Zf ;;Etfo t gtrlnuc e?r UOTUSter'and a strong bridge. Thus, the EXAFS-determined-Cu
ere, the two spin stales Irol=L are degenerate and aré  gigiance requires a magnitude-e2J that exceeds the allowed

sep;rz:tet(;l] ftr(t)r?n' j[hel %r%ugd-ﬁtﬁezt O.b){h_z‘lt.-rh'.s tmodeld. ‘ maximum coupling constant for the single- or two-bridge models
predicts that the isolated Cu(ll) center in the native intermedia € for the native intermediate.

will exhibit a number of spectroscopic characteristics that are Three-Bridge (3J) Model. A three-bridge model in which
similar to the T2 Cu(ll) c_enter In resting .C)X'd.'zed Iagcase. each spin in a triad is coupled to two neighboring spins is now
However, the ;pectroscoplc data of the native intermediate doconsidered. Figure S9 shows the solution space for the energy
not suppqrt this model. ) o of the first doublet at 150 cmi for different values of-2J for
Two-Bridge (2J) Model. A two-bridge model, which iS4 three bridges. With;, defined as the largest, the bold line
analogou§ to a linear trimer, is considered next. In this cgse,in Figure S9 represents a coupling scheme that satisfies all
the coupling between the center atom and the two terminal experimental constraints. The2) = 520 cm® curve allows
Cu(ll)s is nonzero, while the coupling between the outer ,,a of the—2J values to vary from 445 to 520 criy while the
Cu(ll) ions is set to zero. This results in three spin levels at yinar —23 stays near 440 cm. (This model assumes the
different energies with th¢!/y, Ollstate (i.e.Sot = 1/2) as @ pxaFS-determined CuCu distance at 3.3 A reflects the
ground state. The energy separation of the two excited Statesstrongest bridge; thus, the largest coupling is limited to 520
%2, 10and ¥/, 1] above the ground state in the two-bridge cmL) The EXAFS restriction (C#Cu = 3.3 A and—2J =
model is given as a function of the coupling constant ratio in 550 cnr1) can be fulfilled along with the doublet excited state
Figure 8A. In the limiting symmetrical case where the two 4i 150 ¢l if both —2J13and—2J,3 are large and comparable
coupling pathways are comparable (i.&3/Ji12 ~ 1), Y2, 10 t0 —2J1.
and |3/2’. 10states are abovg the ground state Byaad 3, 7. Coupling Coefficients from VT MCD. The range of the
respectively. The first excited-state energy calculated as acqpjling constants in case Il can be further refined by
function of the two coupling constants is given in Figure 8B. ¢qnsidering the spectral changes between the ground state and
The solution space for the first excited state at 150363"‘0"‘1’5 the first excited doublet state of the native intermediate. The
the maximum allowee-2J value forJ;, andJsis <170 cnt™. MCD C-terms represent contributions from electronic transitions
While this model fulfills the requirement of a doublet ground - centered on the three individual Cu(ll) ions, and the total MCD
state and a 150 cm energy separation for the first excited state, intensities are weighted by the coupling coefficients of the
the coupling constants 6f170 cn1* are inconsistent with the  jndividual coppers into the trinuclear wave functioog,5 The
Cu—Cu distance determined by EXARSom systematic studies  \cD C-terms associated with the ground doublet state (i.e.,
on model complexes, Hatfield and co-workers have found that |1/, oy and the first excited doublet state (i.E/p, 10) are then
the exchange-coupling constant of ©@H—Cu complexes  gjven by the following equations.
strongly depends on GtO—Cu angle which in turn relates to

Cu—Cu distancé’~%° Figure 9 shows the magnetostructural (58) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D. J.;
Hatfield, W. E.Inorg. Chem.1976 15, 2107-2110.

(59) Tandon, S. S.; Thompson, L. K.; Manuel, M. E.; Bridson, J.Inbrg.

(57) Thompson, L. K.; Lee, F. L.; Gabe, E.ldorg. Chem.1988 27, 39—46. Chem.1994 33, 5555-5570.
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1

co(z,o) = ¢,Cony + &Cop + &Coy  (10A)
' 1 J ' J ! U T

CO(E,l) = ¢,Chy + GCh + GChey  (10B)

where theCqy(;y and C'y(;) refer to theC-terms associated with
electronic transitions at each of the three copper centers in the
trinuclear cluster in th¢/,, 0Cand thelY/,, 1kstate, respectively.
The|Y/,, OCground-state coefficients are given by eq S1, while
the |Y,, 10 excited-state coefficients are given by eq S2.
Experimentally, the MCD temperature dependence of the native
intermediate between 25 000 and 33 000 ¢rshows at least
five bands with three different behaviors (Figure 7). Band 10
(28 700 cnm?) is positive in both the ground and the excited
states. Band 9 at 27 300 ctris large and positive in the ground
state but loses much of its intensity in the excited state. Bands
8 (26 000 cmY), 11 (31 000 cmt), and 12 (32 400 crt) are
negative in the ground state but large and positive in the ex-
cited state. These differences can be explained in terms of
differences in the wave functions of the two states as shown in
Figure 10 obtained from egs S1 and S2. The MCD spectral
intensities of the native intermediate arise from the summation

-2J45:520 cm’!

—
(=4

=
=

o
to

ES Coefficients

.
<o
)

0.6

0.2

GS Coefficients

-0.2

' 1w
L Cu
11/2,0) 2
1

1 1

213 445 470 495 520
21y5: 445 435 435 445
—2J (em-1)

Figure 10. Coupling coefficients of the individual coppers of the trinuclear
Cu(ll) cluster in the ground state (GS) and excited state (ES) wave functions.
Different arrows indicate the different copper associated with the CT

of the ¢ coefficient weighted electronic transitions from each  transitions according to the coupling scheme (see text).

of the three coppers. Accordingly, bands 8, 11, and 12 are
charge-transfer transitions to &lL), band 10 to Cy(ll), and
band 9 to Cy(Il). Moreover, correlation of the experimental
spectral differences with the wave function changes between

the ground and the excited state allows an estimate of the three®

coupling constants in the native intermediate (Chart 1B). Note
that these assume odevalue of 520 cm?! from the EXAFS
analysis.

8. EPR Trimer g Values.The observed values (2.15, 1.85,
and 1.65) of the native intermediate are different from those of
the resting trinuclear cluster and are unusual for a Cu(ll)
complex in that two of the values are significantly below the
spin-only value of 2.0023. However, the obsergadilues arise
from an all-coupled trimer Cu(ll) cluster. The resting oxidized
form has two Cu(ll) atoms coupled in the T3 center so that
spin is localized on T2 Cu(ll). As described by eq 11, the
observedy-tensor is constructed from a linear combination of
the local monomerig-tensors weighted by the samesoupling
coefficients as in eq 10 and determined from the MCD studies.

1
g(é,O) =C0@m 1 9 T €Y (11)

A number of different cases can be considered for local
g-tensors in which the three local copper atoms all hagga
ground states, g ground states, or a combination. For each
possibility, a number of permutations of tgeensor orientations

of 1.41, 1.55, and 0.56 (Figure S10B). These are similar to those
observed experimentally for a copper doped in ZnO in which
the site symmetry is close to tetrahedrhis leads to a small
plitting of the 2T, ground state of the Cu(ll) center and a
significant orbital angular momentum contribution to tge
values. Thus, it appears that there are structural constraints on
one copper atom in the trinuclear cluster of the native intermedi-
ate, which limit the JahnTeller distortion of the Cu(ll). This
likely relates to the all-bridged structure of the trinuclear cluster
in the native intermediate.

IV. Discussion

1. Structural Model. This study has shown that four-electron
reduced laccase reacts with @ give the native intermediate
in which all the copper atoms are oxidized, similar to the redox
states of the resting oxidized form. This is clearly shown by
the Cu K-edge XAS of the native intermediate. Moreover, the
absorption and MCD data of the native intermediate also show
it cannot involve a hydroxyl radical. Spectroscopic data of this
radical species trapped in an argon matrix exhibit very different
feature§! from that of the native intermediate (Figure S11). The
lack of the T2 Cu EPR signal in the native intermediate misled
past researchers to believe that this site is reduced, and many
assumed a hydroxyl or oxyl radical species for the native
intermediate. However, it is clear from this study that T2 copper
in the native intermediate is not EPR silent but is involved in

and three coupling coefficients must be considered to reproducecoypling to the T3 coppers that greatly changes the signal.

the observed trimeg values. This approach gives a set of two
g values slightly below 2.0023, but the third is much larger
than the observedmax (Figure S10A).

Alternatively, two of the local Cu(ll) centers can be fixed
with a set ofg values, while the locaj-tensor of the third center
is allowed to vary to fit the experimentglvalues. It is found
that when two local copper centers are assumed to haye,a d
and a ¢ ground state (or two,d-,2 ground states), the observed
trimer g values can be reproduced if the third Cu(ll) atom {Cu
with the large positive coupling coefficient) has locgvalues

Although the redox states of the native intermediate and
resting oxidized laccase are equivalent, the two forms have very
different geometric structures. The new bridging interaction
present in the EXAFS spectrum with a €QGu interaction at
3.3 A differentiates the native intermediate from the resting
oxidized form. Another dramatic difference is obtained from

(60) Dietz, R. E.; Kamimura, M. D.; Sturge, M. D.; Yariv, Rhys. Re. 1963
132 1559-1569.

(61) Langford, V. S.; Williamson, B. EJ. Phys. Chem. A997 101, 3119~
3124.
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Chart 2. Structural Models of the Native Intermediate. ((A) All enzyme is very slow. This process has been measured directly
Three Copper Atoms Bridged by Hydroxide and (B) All Bridged by using pulse radiolysis or laser flash photolysis in lactase
a Single us-Oxo) in ascorbate oxidasé&%:%° In laccase, the measured rate constant
\Cu2+/ \Cu2+/ of ~1 s1 (independent of the extent of T1 Cu reduction and of
ud o I the ;ubstrate concentration) is much slower than the observed
N 1 N z{o\ 7 maximal overall turnover number of 5601s Thus, the
—/C“ ~o" < '—/C“\ Cu g intramolecular electron transfer rate between the T1 center and
H OH the trinuclear cluster is partially inactivated and must be faster
A B under turnover conditions. It was shown that the slow intramo-

lecular ET could be partially activated after a single turn&ver
or in the presence of the dioxygen during multiple turnoveérs.
Further, this activation slowly returns to an inactivated form
with a decay rate constant that matches that of the native
intermediate decay to the resting oxidized stit€hus, it is
proposed that under turnover conditions, the native intermediate
is the primary acceptor of reducing substrates rather than the
resting oxidized form.

The increase in the reduction rate of the trinuclear cluster in

T o | model h " Chart 2 in which the native intermediate would be consistent with having strongly
wo possible structural models are shown in Chart 2 in whic coupling bridges between the copper ions in the trinuclear

Fhe O—O.bond has been broken in the formgtion of the native cluster. On the other hand, the slow reduction rate of the
intermediate. Chart 2A shows a structure with all three Copper yi, ,cjear cluster in the resting oxidized form is consistent with
atoms bridged by hydroxide. In this model, both oxygen atoms having the magnetically isolated nonbridged T2 copper. In

Z?m 02 alre Srt]i” bzoémg to the trinuclegrhct?pper cluster. ceruloplasmin, no efficient ET pathway from the surface or T1
ternatively, Chart 2B shows a structure with three Cu centers center to the T2 Cu is present in the resting oxidized gate,

all bridged by.a Slng|ﬁ:3-OXO. In th'?’ modpl, the second qugen and thus the T2 center is very difficult to reduce. However, in
atom of the dioxygen is already dissociated from the trinuclear the native intermediate, since all Cu atoms are bridged, the

cluster as HO. electronic coupling ipa) would be much more favorable for

2 MePhan'St'ﬁ Implications. The decay of tTe natl\r/]e rapid ET through the clusté?.7*Moreover, since th&° of the
intermediate to the resting oxidized state is very slow (Scheme i, \cjear cluster in the native intermediate is expected to be

1, 0.034 s1).21|n fact, this process is slower than the overall higher than that of the resting oxidized site (the native

turnover numrli)er such (';hat this step (;)annot b; catalytically intermediate is unstable and decays to the resting oxidized form),
competent. The reported turnover number rafigem 0.13 | 06t driving force is expected for the ET process. Note that

to 56? ﬁ - Accordingly, E_was pr(;pofs?ld thgt a gwect reduc-\hile the additional bridging in the native intermediate relative
tion of the native intermediate to the fully reduced state 0CCUTS 4t resting state increases ET through makhiy, and E°,

F’“““g tdh.e catalyyl;: CYCIE,' hSt'r ucturr]al dgf!nltl?nh.of tlhe gatlve the reorganization energyl)(would increase as more bonds
;r;(t)e E:?Fgﬂs ;)r:g\{:soe?éﬁlsqs,mtezt |te qrzlg'lga(t)ettffolts:::l sg:y' are broken on reduction. This would have an adverse effect on
) y results indicat y the ET rate and is thus a small contributor relativédtg, and

oxygen atom from @'$ Prese”t'“ resting oxidized laccase (de- E°. Thus, under turnover conditions, it appears that direct
cayed product), and itis a water or OI-!i)qund to T2 Cu(ll). reduction of the native intermediate occurs in the catalytic
The crystal structure of the resting oxidized state shows that mechanism. One feasible model for reduction of the native
this water (or OH) is terminally bound and oriented away from intermediate is shown in Scheme 3. The reducing substrate
the interior of the trimeF-*In the native intermediate, however, delivers the first equivalent to the active site via the T1 center

tue oxygen ?t(k)]m(s) of dioxygen is(are) b;]ldglng_the trimer. ThUS, i, the anaerobic reduction of the resting oxidized enzyme or
the decay of the native intermediate to the resting oxidized Statere-reduction of the native intermediate. In ceruloplasmin,

would require a large structural reorganization of one of the reduction of the resting oxidized form was clearly shown to

oxygen atoms from the interior to the exterior of the trimer. involve a second substrate together with the reduced T1 copper

; An(;]ther comphcahﬂg fgctolr 1S tTat th_e |r;]tramo!ecula_rd_ETd center resulting in a two-electron reduction of the T3 copper
rom the T1 center to the trinuclear cluster in the resting oxidized ,;1.<72 |t was further shown that the T2 Cu is the last to be

reduced. In the re-reduction process of the native intermediate,

the temperature dependence of the MCD spectrum and the
Orbach analysis of the EPR saturation data that show a low-
lying excited state at 150 crh for the native intermediate. This
combined with the EXAFS-determined ECu distance, which

is consistent only with a large coupling constant around 520
cm™L, require a three-bridge model for the native intermediate.
Here, spin-exchange coupling of all three coppers results in a
spin-frustrated system giving a low-lying excited state at 150
cm~! with large individual exchange couplings.

(62) The specific activities of Lc under a similar condition differ substantially
among different preparations by different research groups. It has been
reported by Petersen and Degn (Petersen, L. C.; DedBiodhim. Biophys. (65) Farver, O.; Pecht, Mol. Cryst. Liq. Cryst1991 194, 215-224.

Acta 1978 526, 85—92) that slow substrates do not saturate and show (66) Meyer, T. E.; Marchesini, A.; Cusanovich, M. A.; Tollin, Biochemistry
)

substrate-dependent turnover numbers of 1170 for hyrodroquinone 1991, 30, 4619-4623.
and 259 Mt s71 for ascorbate. Others have reported substrate saturation (67) Farver, O.; Pecht, Proc. Natl. Acad. Sci. U.S.A992 89, 8283-8287.
with ascorbate, but the reported turnover numbers vary a great deal: 0.13 (68) Kyritsis, P.; Messerschmidt, A.; Huber, R.; Salmon, G. A,; Sykes, A.G.

s1 by Hansen et al. (Hansen, F. B.; Noble, R. W.; Ettinger, M. J. Chem. Soc., Dalton Tran4993 5, 731—-735.

Biochemistry1984 23, 2049-2056), 8.5 s! by O’'Neill et al. (O'Neill, (69) Hazzard, J. T.; Marchesini, A.; Curir, P.; Tollin, Biochim. Biophys. Acta
P.; Fielden, E. M.; Morpurgo, L.; Agostinelli, Biochem. 31984 222, 1994 1208 166-170.

71-76), and 117 st by Tollin et al. (Tollin, G.; Meyer, T. E.; Cusanovich, (70) Hansen, F. B.; Koudelka, G. B.; Noble, R. W.; Ettinger, MBidchemistry
M. A.; Curir, P.; Marchesini, ABiochim. Biophys. Actd993 1183 309~ 1984 23, 2057-2064.

314) under the similar reaction condition. The maximal turnover number (71) Farver, O.; Wherland, S.; PechtJ1 Biol. Chem1994 269, 22933-22936.
for Rhuslaccase is reported to be 560'swith phenylenediamine at pH (72) Machonkin, T. E.; Solomon, E. J. Am. Chem. So@00Q 122, 12547

7.4 and 25°C. 12560.
(63) Branden, R.; Deinum, JFEBS Lett.1977, 73, 144-146. (73) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265-322.
(64) Branden, R.; Deinum, J.; Coleman, MEEBS Lett.1978 89, 180-182. (74) Marcus, R. ABiochim. Biophys. Actd985 811, 405-405.
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Scheme 3 . ) . provides structural insight into the unusual kinetic behavior
Rﬁf“ct"’“ "Ifthe Resg“g OX“III‘“" |2 observed for the multicopper oxidases. The slow decay of the
I-I — -1~ [ I—& [ [ — 1 T}T3 native intermediate to the resting oxidized laccase can be
YeYeyYeyYey vT1 understood in terms of a large structural change associated with

loss of the bridging product of £reduction. In addition, the

Reduction of the Native Intermediat : . o .
S oman the Rative fnfermediate rapid rate of re-reduction of the native intermediate as compared

I I 1 I
I@I g I@I o I\/H}' U e v, to that of the resting oxidized enzyme can be explained by the
1 I 1 ! I strong electronic coupling among the copper atoms in the

trinuclear cluster. This couples all three copper atoms into a
a similar two-electron process would now be able to reduce the superexchange pathway allowing fast ET between the T1 center
T2 and one of the T3 copper atoms, since the three Cu atomsand the trinuclear cluster in catalytic turnover.
are linked by a strong exchange-coupling pathway that provides
rapid ET. This model predicts formation of a mixed valence discussions regarding exchange-coupling models, Dr. Frank
T3 copper center. Indeed, it was found that the native intermedi- P

. . .Neese for his EPR simulation program, and Prof. John D.
ate decays in the presence of excess reductant to a species wit. . . .
. . ipscomb for allowing use of a stopped-flow instrument. This
a new Cu signal that was assigned as a half-reduced T3

75,76 . . . research was supported by NIH Grants DK31450 (E.I.S.) and
S'gf‘a'- . Furthgr reduction of the remaining T3 center in the NIH RR-01209 (K.O.H.). SSRL operations are funded by the
native intermediate should be fast via the Cys/His pathway Department of Enerav. Office of Basic Enerav Sciences. The
between the T1 and T3 centers. In contrast, this reduction in P gy, oy )

the resting oxidized is very slow since the T2 Cu center is buried SSRL Structural_ Molecular Biology program 15 supported by
. . the National Institutes of Health, National Center for Research
and electronically isolated.

Resources, Biomedical Technology Program, and by the De-
V. Conclusions partment of Energy, Office of Biological and Environmental
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coppers oxidized. Furthermore, all three copper atoms in the  Supporting Information Available: Experimental spectro-
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0X0 groups. This causes spin frustration, which allows thermal and coefficient equations; alternative re-reduction scheme; and
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