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Abstract: A variety of spectroscopic techniques combined with density functional calculations are used to
describe the electronic structure of the nonaxially ligated, trigonal planar type 1 copper site in three fungal
laccases with substantially different type 1 copper reduction potentials. These methods are also applied to a
mutant of the high-potentidPolyporus pinsitidaccase in which the nonligating axial phenylalanine (Phe) is
changed to methionine (Met). Optical absorption, circular dichroism, and magnetic circular dichroism
spectroscopies of all three fungal laccases reveal that, relative to the classic blue copper protein plastocyanin,
the ligand field strength at the type 1 Cu center and the oscillator strength of the charge-transfer transitions
increase. Resonance Raman spectra show that the envelope 8{Cys) stretching bands is shifted to higher
energy in the fungal laccases, implying a stronger-S(Cys) bond. Differences in the EPR spectra of the
fungal laccases and plastocyanin are found to result from the increased ligand field and decreased 4s mixing
into the Cu ¢e-2 half-filled, highest occupied molecular orbital (HOMO). All three fungal laccases display
similar spectroscopic properties despite their differing reduction potentials. Electronic absorption, circular
dichroism (CD), magnetic circular dichroism (MCD), resonance Raman, and EPR spectroscopies show significant
perturbation of the electronic structure of the fungal laccase type 1 copper site upon mutation of the axial Phe
to Met, consistent with the site becoming more like that in plastocyanin, which has an axial Met ligand; the
ligand field decreases, covalency of the-€3(Cys) bond decreases, and the Raman shifts of theSGiretching

bands decrease. Density functional calculations on the fungal laccase site provide insight into the origin of the
experimentally observed increase in covalency and ligand field strength. These calculations show that it is the
elimination of the Met ligand donor interaction that leads to an increase in the donor strength of the S(Cys).
The contribution of the axial ligand to the reduction potential is discussed.

Introduction of normal tetragonal Cu and does not exhibit intense features
in the visible absorption or CD spectrum. The T3, or coupled
binuclear, Cu site is comprised of two €uions that are
antiferromagnetically coupled through a bridging hydroXde.
The resulting diamagnetiSga = 0) T3 Cu site lacks an EPR
signal, but it displays an absorption feature around 330 nm
¢ ~ 5000 M~tcm™Y). Laccase is the simplest of the multicopper
oxidases, containing one of each type of Cu for a total of four
Cu atoms. Ascorbate oxidase (AO) is essentially a dimer of
laccase-like subunits while ceruloplasmin (CEP) is more
complex26 The AC® and CEP crystal structures confirm
spectroscopic resuft§ showing that the T2 and T3 Cu sites
are in close proximity (within 4 A) and together form a trinuclear
Cu cluster. Similarly, although the crystal structure of fungal
laccase is of a T2 depleted form of the enzyme, it indicates
that an analogous trinuclear Cu cluster exists in the native
enzyme? The T1 Cu site in fungal laccase accepts electrons

Laccase§-diphenol: dioxygen oxidoreductase, EC 1.10.3.2)
belongs to the family of multicopper oxidases that includes
ascorbate oxidase, ceruloplasmin, and FETBunctionally, all
multicopper oxidases couple four one-electron substrate oxida-
tions with the four-electron reduction of dioxygen to water.
Spectroscopic studies, sequence alignments, and crystal structur
comparisons reveal that all multicopper oxidases contain at least
one type 1 (T1), one type 2 (T2), and one type 3 (T3) Cu
center'* These different Cu sites are defined by the spectro-
scopic properties they exhibit in the oxidized @Clstate. The
T1, or blue, Cu site is distinguished by an intense~( 5000
M~1 cm™1) absorption (abs) feature around 600 nm and small
(<100 x 1074 cm™1) parallel hyperfine coupling in electron
paramagnetic resonance (EPR). The T2, or normal, Cu site
displays parallel hyperfine coupling (60 x 10~4cm™1) typical

" Stanford University. from the substrate, typically diphenols, aryl diamines, or amino
*Novo Nordisk Biotechnology.
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Copper Site in Fungal Laccase

His 87 His 396

Figure 1. Comparison of the T1 Cu site in plastocya§igA) with
Coprinus cinereugungal laccas®(B).

phenols, and then transfers the electrons over 13 A to the T2/

T3 trinuclear Cu cluster where dioxygen is reduced t®H

A plethora of comparative studies have established that the

copper coordination of the T2 and T3 centers is very similar
among the multicopper oxidases; however, there are difference
in the T1 Cu ligation. The classic T1 Cu coordination environ-
ment, such as that found in plastocyanin (Figure 1A), involves
a short Cu-S from Cys (2.1 A), a long Cu-S from Met (2.8

A), and two fairly typical Cu-N from His (~2.0 A)10 This
ligation pattern is also observed for the T1 Cu in ascorbate
oxidase, two of the three T1 coppers of human ceruloplasmin,

and the tree laccases. In contrast, sequence alignments suggegt
that laccases isolated from fungi possess a leucine (Leu) or

phenylalanine (Phe) rather than a methionine at the axial
position::311These amino acids do not contain functional groups
that can ligate to the Cu and are too bulky to allow water to
bind. The recent crystal structure @bprinus cinereusaccase
confirms that the T1 Cu in this fungal laccase forms a trigonal
planar site with two Nis and one gy ligands and, most
importantly, no axial ligand (Figure 1B).

The nature of the blue copper site has been the subject of
extensive studies that relate the unique electronic structure of

this site with its function as an electron-transfer ceitet? A
combination of experimental and theoretical studies have
elucidated a number of important properties of the blue Cu site.
There is very little geometry change upon reduction from*Cu
to CU'", indicating that the site has a low reorganization energy
associated with electron transféf® The Cu-Scys bond is
highly covalent”~1° providing an efficient hole superexchange
pathway for electron transfer through this resiéti€he strength

of the Cu-Scys bond appears to be inversely related to the
strength of the axial CuSy.: interaction (the weaker the Met,
the stronger the Cy2}.The reduction potential of the oxidized

(9) Ducros, V.; Brzozowski, A. M.; Wilson, K. S.; Brown, S. H.;
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Table 1. Comparison of Redox Potentials of the T1 Cu

enzyme E°? axial
Myceliophtora thermophiléaccase 456480 Leu
Rhizoctonia solaniaccase 636680 Leu
Polyporus pinsitug.accase 756790 Phe
Polyporus pinsitusaccase F463M 680 Met
spinach plastocyanin 370 Met

aUnits of mV vs NHE.P From ref 26.¢ From ref 30.9 From ref 21.

T1 Cu site tends to be higher than that of aqueous™Gu

Further insight into the origin of these properties may be gained
by looking at systematic differences in the experimental data
and electronic structures of a series of blue copper proteins with
axial interactions of varying strength. The electronic structures
of the classic T1 site in plastocyanin as well as a number of

{erturbed T1 sites (nitrite reductase, cucumber basic blue, and

tellacyanin) have now been examiri@d!2324The perturbed
sites fall into two classes: those exhibiting a tetragonal distortion
with increasing axial interaction (pseudoazurin, cucumber basic
protein, and nitrite reductase) and those displaying a tetrahedral
distortion (stellacyaninj! In both cases the change in electronic
structure in the perturbed centers was linked to the axial ligand
interaction. The blue copper site in fungal laccase is of particular
terest in relation to other blue copper proteins because it lacks
an axial ligand.

In this study, we examine the T1 Cu in three different fungal
laccases where the axial ligand is absdviyceliophthora
thermophila(M.t.), Rhizoctonia solan{R.s.), andPolyporus
pinsitis (P.p.)?> From sequence comparisons and EPR &ata,
these enzymes appear to have identical T1 Cu ligation, and yet
they exhibit a range (566300 mV) of redox potentials (Table
1). In this study, we use absorption, circular dichroism (CD),
magnetic circular dichroism (MCD), EPR, and resonance Raman
spectroscopies to elucidate the spectral features of these
enzymes. Parallel studies of fluoride derivatives are used to
differentiate the spectral features of the T1 from those of the
trinuclear Cu cluster. The spectroscopic results are combined
with density functional calculations to gain insight into the
electronic structure of this unique, nonaxially ligated, trigonal
planar T1 Cu site. In addition, we examine a mutant in which
the axial Phe of the high potenti®olyporus pinsitidaccase
was mutated to a Met to gain further insight into the contribution
of the axial Met ligand to the electronic structure. Finally, the
electronic structure of these enzymes is compared to that of the
classic blue copper site in plastocyanin and the origins of their
spectral and redox differences are discussed.
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(10) Guss, J. M.; Bartunik, H. D.; Freeman, H.A&ta Crystallogr.1992
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as described previousl:2° Enzyme concentrations were determined
using the absorption band at 280 nepsg= 146 mM* cm™ for M.t.L,
66 mM* cm! for R.s.L, and 80 mM* cm™! for P.p.L and P.p.L

Palmer et al.

in C; symmetry, in which methyl thiolate is substituted for cysteine
and imidazoles replace the histidine residues in the T1 copper
coordination sphere. The crystallographic coordinatesCoprinus

F463M). Copper concentrations were determined spectrophotometrically cinereuslaccase guided the construction of the model for the fungal

using 2,2-biquinoliné! or by atomic absorption spectroscopy. The

laccase T1 site used in the calculations. The 1.9 A resolution crystal

concentration of paramagnetic copper was determined from spin structure shows a long Gt8(Cys) distance of 2.2 A (vide infra).
guantitation of EPR spectra (vide infra). Spectra were normalized to Calculations were performed on a series of models with varying Cu
copper concentration. All experiments were performed in 100 mM Scysbond lengths. Reasonable agreement with spectroscopy was given
potassium phosphate buffer, p#6 (pD = 5.6 for MCD experiments). by a model with a C&S(Cys) bond length of 2.067 A, the distance in
Chemicals used as buffers were reagent grade and were used withouthe oxidized poplar plastocyanin (PLC) structdi@DB code: 1PLC).
further purification. Water was purified to a resistivity of-158 MQ The precision of this bond length in plastocyanint.04 A The
using a Barnstead Nanopure deionizing system. Cu—S-CFf angle was placed at 110,4he value in the 1PLC structure.
Isolation of the T1 Cu. Fluoride adduct samples were prepared by The imidazole nitrogens were placed such that the&C8-N angles
incubating egimolar amounts of NaF and protein for 24 h &C4 were identical to the laccase crystal structfré. coordinate system
Samples were then characterized by absorption, CD, and MCD. To was chosen to give a Cied,2 ground-state wave functiofi®the Cu-
selectively reduce the T1 Cu (vide infra); Rdduct samples were  S(Cys) bond is 45from thex andy axes, and the 6 plane defines
treated anaerobically with-15 electron equiv of sodium ascorbate. the xy plane. This axis system diagonalizes théensor for plasto-
Samples were then transferred anaerobically to quartz EPR tubes, MCDcyanin® The Cartesian coordinates employed for calculations per-
cells, or optical quartz cuvettes for further spectroscopic characteriza- formed for this study are provided as Supporting Information.
tion. Glassed samples for MCD were prepared in deuterated bufferand B. Self-Consistent Field . Scattered Wave (SCF-Xo-SW)

50% (v/v) D;O/glycerolds. Addition of glycerol had no effect on the
CD spectrum of the proteins.
Spectroscopic StudiesRoom-temperature UV/visible absorption

Calculations. Following the approach described in ref 23, the electronic
structure of the T1 center in fungal laccase was probed using the 1982
QCPE release of the SCFeXSW packagé’-#° The atomic sphere radii

spectra were obtained using a Hewlett-Packard HP8452A diode arraywere adjusted to reproduce the experimentally obsegvediues in
spectrophotometer in 1.0, 0.2, or 0.1 cm quartz cuvettes. Room- plastocyanirt? The parameters used for the SCB-8W calculations
temperature CD and low-temperature (5 K) MCD spectra in the-300  are listed as Supporting Information.

800 nm region were collected with a Jasco J-500-C spectropolarimeter C. LCAO Density Functional Calculations. Spin-restricted calcula-
operating with an S-20 photomultiplier tube and an Oxford SM4-7T tions were performed as described in ref 23 using version 2.0.1 of the
magnet. CD and MCD spectra in the 768000 nm region were Amsterdam Density Functional (ADF) program suit®asis functions,
recorded with a Jasco J-200-D spectropolarimeter, a liquid nitrogen core expansions functions, core coefficients, and fit functions for all
cooled InSb detector, and an Oxford SM4000-7T magnet. CD samples atoms were used as provided from database IV, which includes Slater-
were run in a 1.0 cm quartz cuvette. MCD samples were run in MCD type orbital triple€ basis sets for all atoms and a sindlgolarization

cells fitted with quartz disks and a 0.3 cm rubber gasket spacer. function for all atoms except Cu.

Depolarization of light by the MCD samples was monitored by the
effect it had on the CD spectrum of nickel)-tartrate placed before
and after the sample. Depolarization was less than 5%. Simultaneous e
Gaussian fitting of the absorption, CD, and MCD spectra was performed _ |dentification of the Spectral Features of the T1 Cu.The
using the PeakFit program (Jandel). EPR spectra were obtained using@Psorption, CD, and MCD spectra of multicopper oxidases,
a Bruker ER 220D-SRC spectrometer. All samples were run at 77 K Including fungal laccase, are complicated by contributions from
in a liquid nitrogen finger Dewar. Spin quantitation of the EPR spectra all three Cu sites. The absorption and CD spectra contain
was accomplished using a Cu standard, Cu@@l® of known transitions involving the T1 and T3 coppers, while the MCD
concentration run in the same tube as the sample. Simulations of EPRspectrum is a combination of transitions arising from the
spectra were pe_rformed using the program SIM15 obtained from the paramagnetic T1 and T2 coppers. To gain insight into the
Quantum Chemistry Program Exchange. Resonance Raman spectrg|ectronic structure of the T1 Cu, one must isolate its features
were collected with a Princeton Instruments ST-135 back-illuminated from those of the T2 and T3 Cu sites. This was accomplished

CCD detector on a Spex 1877 CP triple monochromator with 1200, ina the differential anion binding or. i f the Cu sit
1800, and 2400 grooves/mm holographic spectrograph gratings. A using the erential anio g properties ot the Lu sites.

Results and Analysis

Coherent 190C K ion laser provided excitation at 647.1 nm. A

Exogenous ligands (F CN™, N3~, O,2") have been shown to

polarization scrambler was used between the sample and the spectrombPind to the T2 Cu site and in some cases (fnd Q*") to

eter. The Raman scattering energy was calibrated withGERCN.
Frequencies are accurate to withi2 cn . Samples tubes were spun
by an air-driven NMR tube spinner and were runét80 K, with the
temperature maintained by & Now system. The intensity-weighted
average [c,-slJ of the complex CuS stretching envelope was
calculated using Jlo?/[ 3 lov], wherelo; is the resonance Raman
intensity of a particular mode andis the frequency of that mode in
Cm_l.33

Electronic Structure Calculations. A. Active Site Geometry.The
T1 Cu site of fungal laccase was modeled by Cu[(S0EsN2H4)2]™

(27) Berka, R. M.; Schneider, P.; Golightly, E. J.; Brown, S. H.; Madden,
M. S.; Brown, K. M.; Halkier, T.; Mondorf, K.; Xu, FAppl. Erviron.
Microbiol. 1997, 63, 3151-3157.

(28) Yaver, D. S.; Xu, F.; Golightly, E. J.; Brown, K. M.; Brown, S. H.;
Rey, M. W.; Schneider, P.; Halkier, T.; Mondorf, K.; Dalbgge, Appl.
Environ. Microbiol. 1996 62, 834-841.
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1996 29, 395.

(30) Xu, F.; Palmer, A. E.; Yaver, D. S.; Berka, R. M.; Gambetta, G.
A.; Brown, S. H.; Solomon, E. U. Biol. Chem1999 274, 12372-12375.

(31) Felsenfeld, GArch. Biochem. Biophy4.96Q 87, 247—251.

(32) Carithers, R. P.; Palmer, G.Biol. Chem1981 256, 7967-7976.

bridge the T2 and T3 Cu centets#® However, the T1 Cu is

(33) Blair, D. F.; Campbell, G. W.; Schnoover, J. R.; Chan, S. |.; Gray,
H. B.; Malmstrom, B. G.; Pecht, |.; Swanson, B. |.; Woodruff, W. H.; Cho,
W. K.; English, A. M.; Fry, H. A.; Lum, V.; Norton, K. AJ. Am. Chem.
Soc.1985 107, 5755-5766.
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to that in the plastocyanin crystal structure; small deviations in ring
orientation from the crystal structure of plastocyanin are due to placing the
Cu in the trigonal plane.

(35) Penfield, K. W.; Gewirth, A. A.; Solomon, E.J. Am. Chem. Soc.
1985 107, 4519-4529.

(36) Penfield, K. W.; Gay, R. R.; Himmelwright, R. S.; Eickman, N.
C.; Norris, V. A.; Freeman, H. C.; Solomon, EJl.Am. Chem. Sod981
103 4382-4388.

(37) Johnson, K. H.; Norman, J. G. J.; Connolly, J. W. DJampu-
tational Methods for Large Molecules and Localized States in Solids
Herman, F., McLean, A. D., Nesbet, R. K., Eds.; Plenum: New York, 1973;
pp 161-201.

(38) Connolly, J. W. D. InModern Theoretical Chemistrysegal, G.

A., Ed.; Plenum: New York, 1979; Chapter 7, pp $IB32.

(39) Rosch, N. IrElectrons in Finite and Infinite Structurg®hariseu,
P., Scheire, L., Eds.; Wiley: New York, 1977.

(40) Slater, J. C. IThe Calculation of Molecular OrbitajsSlater, J. C.,
Ed.; John Wiley and Sons: New York, 1979.
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Figure 3. Magnetic circular dichroism spectra of freatedPolyporus
pinsitis laccase (solid line) and Ffollowed by ascorbate-treated
Polyporus pinsitislaccase (dashed line). Samples were run at a
temperature 06 K and magnetic field of 7 T. Arrows indicate changes
that occur upon addition of ascorbate (i.e., reduction of the T1 Cu).

with the appearance 6fF superhyperfine couplingd(- = 53
x 1074 cm1, AgF = 125 x 1074 cm1)#° indicating anion
binding. There was no detectable change in the spin Hamiltonian
parameters of the T1 Cu. Further, addition of did not alter

[ N R TR NN N N | the absorption, CD, or MCD spectra. These results suggest that
27 26 25 24 23 22 21 20 19 the T1 Cu was not significantly perturbed by Binding to the
g value T2 Cu. Addition of a stoichiometric amount of ascorbate to the

Fi N i F~-bound sample resulted in complete loss of absorption and
igure 2. EPR spectrum oPolyporus pinsitidaccase treated with 1 . . . . .
equiv of F followed by 1 equiv of ascorbate, with the following ~CP features in the visible region (see Figure S1 of Supporting
experimental conditions: microwave frequency, 9.505 GHz; microwave Information) and disappearance of the T1 Cu EPR signal, while
power, 20 mW; modulation amplitude, 20 G; modulation frequency, the F -altered T2 Cu EPR signal remained present (Figure 2).
100 kHz; time constant, 0.5 s. These changes are consistent with reduction of the T1 Cu in
. the presence of an oxidized#ound T2 Cu center. Simulations
unaffected by exogenous ligands. Normally, the T1 Cu accepts ghow that the EPR parameteig \alues, hyperfine coupling
electrons frpm the substr:alte and_tralnsfers them_to .the Tlesconstants, andFsuperhyperfine coupling constants) of the T2
Cu centers in a fast(10° s™*) reaction: However, binding an ¢, i the samples containing Fwith and without ascorbate,
anion at the T2 Cu can alter the thermodynamic driving force are the same, indicating that reduction of the T1 Cu does not

Iﬁr e:cectrorlll transfelr ftr.om ti:je -[.l to ftTﬁ 'I:I_leTgli_hgentelr a}[pd affect the T2 Cu. These manipulations enable differentiation of
erefore alows selective reduction of the .. 1hiS SEIecVe y, o spectral contibutions from the T1 and T2 Cu centers.

reduction of the T1 Cu allows its features to be distinguished directl b ited
from those of the T2 and T3 coppers: Binds to the T2 with Low-temperature MCD spectroscopy directly probes excite
states of metal centers with paramagnetic ground states.

high affinity,*” and this binding can be monitored by the : )
appearance of superhyperfine coupling between tHeé (3= Thergforg, the MCD spectrum of resting P.p. Iacpase contglns
contributions from both the T1 and T2 Cu. Selective reduction

1/,) and the F (I = 1/,). Previous studies d?olyporusversicolor ; et
laccase indicated that Fhinding to the T2 Cu lowers the redox of the T1 Cu allows identification of the bands due to each Cu

potential of the T3 Cu center from 780 to 580 r&/This 200 Site. Figure 3 shows the MCD spectrum of P.p. laccasé

mV change inE° is sufficient to localize the first electron, (T10/T2:F 7o) and P.p. laccasé- F~ + ascorbate (TddT2:

supplied by an external reductant, on the T1 Cu. F~ox). The arrows highlight the changes that occur upon addition
In the present study, P.p. laccase was treated with 1 equiv ofof ascorbate. Tht_e_complete loss of the negative band at 6900

fluoride (F) for 24 h. The EPR spectrum (Figure 2) of the CM *and the positive feature17 500 cn* upon T1 reduction

F-treated sample indicated that the T2 Cu features were alteredndicates these bands arise from the T1 Cu. In addition, the
negative bands-13 500 anc~15 500 cn1! lose most of their

intensity, suggesting that the T1 Cu makes a significant

(42) Fee, J. A.; Malkin, R.; Malmstro, B. G.; Vaingard, T.J. Biol.
Chem.1969 244, 4200-4207.

(43) Malkin, R.; Malmstfen, B. G.; Vangard, TEur. J. Biochem1969 contribution in this region. The spectrum of P.p. laccase
10, 324-329. F~ + ascorbate has a positive MCD feature~dt1 000 cnt?!
L 1&432552—'%5isl._'; Clark, P. A.; Solomon, E.J. Am. Chem. S0d.99Q and a negative feature atl’5 000 cnl. These MCD transitions
(45) Spira-Solomon, D. J.; Solomon, EJI.Am. Chem. S04987, 109, are consistent with previous reports of the T2 Cu MCD spectrum
6421-6432. in Rhusvernicifera (tree) laccase where the T2 features were

(46) Sundaram, U. M.; Zhang, H. H.; Hedman, B.; Hodgson, K. O; ; i i i
Solomon, E. 1. Am. Chem. S04997 116 12525 12540 selectively observed by replacing the T1 Cu with spectroscopi

i 44
(47) Brndan, R.; Malmstion, B. G.; Vanngérd, T.Eur. J. Biochem.  cally innocent Hg".
1973 36, 195-200.
(48) Reinhammar, B. R. MBiochim. Biophys. Actd972 275 245- (49) Although the splittings are clearly observed in the spectrum,

259. superhyperfine coupling constants were obtained from EPR simulations.
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6.4 A: P.p. laccase B: P.p. laccase F463M C: Plastocyanin
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Figure 4. Room-temperature electronic absorption (top), room-temperature circular dichroism (CD), and low-temperature (5 K) magnetic circular
dichroism spectra oPolyporus pinsitidaccase (A), thé®olyporus pinsitidaccase F463M mutant (B), and plastocyahi(cC).

Table 2. Experimental Spectroscopic Parameters for M.t., R.s., P.p., and the P.p. F463M Laccase

energy (cm*) oscillator strengthffy,)
band M.t. R.s. P.p. P.p. F463M PEC M.t. R.s. P.p. P.p. F463M PLC
8 dz 6 500 6500 6900 6 500 5000 ¢ c c c c
7 dyy 13160 13080 13270 12 370 10800 0.0105 0.0112 0.0122 0.0068 0.0066
6 d,, 14 290 14 590 14 350 13 700 12 800 0.0134 0.0152 0.0136 0.0164 0.0126
5 (o 15 470 15850 15860 14 880 13 950 0.0071 0.0094  0.0092 0.0069 0.0049
4 Sx 16 610 16 660 16 450 16 630 16 700 0.0576  0.0502  0.0555 0.0626 0.0501
3 S pseudas 18 650 18 640 18 860 18 540 18 700 0.0210 0.0186  0.0183 0.0105 0.0082
0.1096 0.1046  0.1088 0.1032 0.0824

a parameters for plastocyanin were reported previously in reP ZBe energy of the dtransition is taken from the low-temperature MCD,
whereas the energies of the remainder of the transitions are taken from room-temperature ab%dtmiascillator strength of this transition
could not be calculated because the absorptigawas not determined. The oscillator strength of the room-temperature spectrum of plastocyanin
is reported in order to compare with the room-temperature data on the fungal laccases.

Absorption/CD/MCD. The MCD spectral features of the T1  (fexp) Were calculated according to the approximatigg ~
Cu in P.p. laccase were obtained by subtracting the spectrum4.61 x 10 %ma1/2, Where the absorption maximuranfy) is
of P.p. laccaset F~ + ascorbate (T14T2-F ox) from the expressed in M! cm™ and the full width at half-maximum
spectrum of P.p. laccas¢ F~ (T1loW/T2:F o). The room- (v10) is expressed in cm. The energies and experimental
temperature absorption, CD, and low-temperature (5 K) MCD oscillator strengths of the bands are given in Table 2. The
spectra of the T1 Cu in P.p. laccase obtained in this manner areabsorption, CD, and MCD spectra of M.t. laccase and R.s.
shown in Figure 4A. Simultaneous fitting of these three spectra laccase are very similar to those of P.p. laccase and are presented
revealed that six bands were required to fit the region from 5000 in Supporting Information (Figures S2 and S3). The transition
to 25 000 cm™.5° These bands are depicted by the dashed lines energies and experimental oscillator strengths of all three
in the absorption spectrum. To be consistent in our comparisonenzymes are included in Table 2.
with other blue copper proteins, we have used the numbering |n addition to studying the wild-type fungal laccases, we
scheme from plastocyantThe experimental oscillator strengths  examined a mutant in which the nonligating axial Phe in P.p.

(50) The energy region above 25 000 ¢his obscured by contributions Iaccase' was changed to a MetFigure 4B displays the
from a small heme impurity. absorption, CD, and MCD of the P.p. laccase F463M mutant.




Copper Site in Fungal Laccase

Again, the individual Gaussian resolved transitions obtained
from simultaneous fitting of the absorption, CD, and MCD

J. Am. Chem. Soc., Vol. 121, No. 30, 189

mutant demonstrates that the covalency of the-&gys bond
is lowered relative to the wild type. The larger covalency of

spectra are given by the dashed lines in the absorption spectrumthe fungal laccase T1 center observed here is further supported
The energies and experimental osciallator strength of the bandsby Q band electron nuclear double resonance (ENDOR)

are included in Table 2.

Ligand field and charge-transfer transitions can be differenti-
ated by comparing their relative intensities in absorption and
MCD. In particular, the MCD intensity depends on the
magnitude of spirrorbit coupling for the center involved in
the transitiorP’~53 Because the spirorbit coupling parameter
for Cu is greater than that for S or Ngg(Cu) ~ 828 cnr?,
£3(S) ~ 382 cnrt, £,4(N) =~ 70 cnTl), transitions centered on
the Cu (i.e., d— d) have a highe€C-term MCD intensity than
transitions involving significant S or N character (i.e., charge
transfer). Alternatively, absorption intensity is expected to be
much higher for charge transfer (CT) transitions because the
ligand—ligand overlap (which determines absorption intensity)
between the two states involved in the charge-transfer transition
should be much larger.

In both the wild-type P.p. laccase and the F463M mutant,
band 4 at~16 500 cnt! (~600 nm) has a very high absorption
€max and a relatively low MCD intensity and is the intense
feature responsible for the blue color of fungal laccase. In
analogy with other well-characterized blue copper proté#is!
(Figure 4, Table 2) this band involvesretype Cu-Scys bonding
interaction and is thus assigned as arS— Cu de-y2 CT
transition. Note that EPR and density functional calculations
identify de-y2 as the highest occupied molecular orbital (HOMO)
(vide infra). Band 3 can also be assigned a~SCu de-y CT
transition but as shown previousl§®4it is characterized by a
pseudos bonding interaction. There has been some disagree-
ment as to whether a band is in fact present in the 18 800 cm
energy regior?®5 however, our data, particularly the CD
spectrum, show that it is indeed required to be present on the
basis of experiment. Although these tweys— Cu de-y2 CT
transitions are at similar energies in the fungal laccases, in the
P.p. laccase F463M mutant, and in plastocyanin, the oscillator
strength of the charge-transfer transitions varies significantly.
The total oscillator strength at room temperature in the fungal
laccases ranges from 0.1046 to 0.1096, which is about 30%
higher than in plastocyanin (0.0824). The oscillator strength
observed in P.p. laccase F463M (0.1032) is about 5% lower
than in the wild type but higher than for plastocyanin. The
oscillator strength of a ligand-to-metal charge-transfer transition
can be correlated with the donor strength of the ligahd.
higher oscillator strength in fungal laccase thus indicates that
the Cu-Scys bond is stronger and more covalent in the fungal
laccases. The decrease in oscillator strength in the F463M

(51) Piepho, S. B.; Schatz, P. N. fBroup Theory in Spectroscopy
With Applications to Magnetic Circular DichroisnPiepho, S. B., Schatz,
P. N., Eds.; John Wiley and Sons: New York, 1983.

(52) Gerstman, B. S.; Brill, A. SI. Chem. Phys1985 82, 1212-1230.
(53) MCD intensity of C&" at low temperature arises fro@-terms.
C-term intensity requires polarization in two perpendicular directions.
However, the low symmetry of the blue copper site removes all orbital
degeneracy; therefore, transitions are polarized in only one direction. For

low-symmetry sites, the only mechanism @iterm intensity involves spin
orbit coupling between states that mix their orthogonal polarizations.

(54) Lu, Y.; Lacroix, L. B.; Lowery, M. D.; Solomon, E. I.; Bender, C.
J.; Peisach, J.; Roe, J. A,; Gralla, E. B.; Valentine, J.8m. Chem. Soc.
1993 115 5907-5918.

(55) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Roos, B. O.Am.
Chem. Soc1997, 119 218-226.

(56) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos,
B. O.J. Am. Chem. S0d.998 120, 13156-13166.

(57) Baldwin, M. D.; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitajima,
N.; Solomon, E. 1.J. Am. Chem. S0d.992 114, 10421-10431.

measurement$ of the g-methylene'H hyperfine couplings
(HFCs) for the Cys residue ligated to the Cu center. In this
comparative study of T1 sites, different blue Cu centers gave
similar ps values with the exception of a fungal laccase where
the spin density (and therefore covalency) w&3% larger?®
Sulfur K-edge (S 1s—~ S 3p) X-ray absorption spectroscopy
can provide a direct, quantitative measure of the S covalency
of the HOMO, and these studies are currently being pursued.

The four lower energy transitions observed in the optical
spectra of wild type and F463M P.p. laccase (band8)5are
assigned to ligand field transitions. On the basis of MCD sign
and intensity, band 5 is attributed to thg-d de-y2 transition;
this transition is typically the most intense negative feature in
the blue copper MCD spectruti?1-22Band 6 is not resolved
in the P.p. laccase MCD spectrum; however, its presence is
required by the simultaneous fit of the absorption, CD, and MCD
spectra. Presumably, band 6 is not resolved in the MCD
spectrum because it overlaps the negative bands resulting from
the d, — di-2 and 4y — d,2- transitions, since these bands
are very close in energy in fungal laccase. However, band 6 is
clearly resolved in the P.p. laccase F463M MCD spectrum, and
because of its positive sign, it is attributed to the-e de-y2
transition. On the basis of analysis of the MCD sign and
comparison to other blue copper proteins (vide infra), band 7
is assigned asygd— d-2 and band 8 is attributed tozd—
Oe—y2.

Overall, there are several important spectral differences
among the fungal laccases, the F463M mutant, and plastocyanin,
which serves as a reference point for describing blue copper
centers (Figure 4, Table 2). In the fungal laccases, the d
bands shift to a higher transition energy than in plastocyanin.
This is most clearly manifested in the absorption spectrum in
which the d— d bands appear as a shoulder at 13 700'cin
plastocyanin these bands exhibit a well-resolved envelope at
~12 500 cntl. The electronic spectra of the F463M mutant,
where the nonligating Phe was replaced with a potentially
ligating Met, reveal that the &> d bands are lower in energy
than in the wild type but higher than in plastocyanin. Further,
the d., dy, and dy transitions are grouped closer in energy in
the fungal laccases; thus, thg ¢ d—2 transition is not clearly
resolved in the MCD spectrum. In the F463M mutant, these
bands are more spread out in energy (Figure 4B), allowing the
positive MCD band 6, theyg— d,2y2 transition, to be observed.

In plastocyanin, these bands are still further separated in energy.

In the wild-type fungal laccases, the lowest energy transition
(dz — de-y?) is negative, whereas in the F463M mutant and
other axially ligated blue copper proteins it is positiél23
The origin of this sign change can be understood by examining
the different mechanisms of the MCD-term intensity. As
mentioned earlier, for a transition to ha@eterm intensity it
must be polarized in two perpendicular directions. In the low-
symmetry blue copper site this is accomplished by spirbit

(58) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Soc.
1991 113 1533-1538.

(59) We note that by using the appropriate McConnell relation @e.,
~ psQ3CH cog 0) with the Cu-S'—CP—HF dihedral angles derived from
the crystal structuré and a value ofQSCH (83 MHz) appropriate for a
S-centered radicdf,and the orientation of the orbital containing the unpaired
spin known from single-crystal EPR,the spin density at the thiolate S
can be estimated for plastocyanin to giwe= 0.36 (in good agreement
with the Xo-SW and S K-edge XAS value 0f38%'7).
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coupling, which mixes transitions of orthogonal polarization.
Both excited state and ground-state spambit (s—0) coupling

can contribute to the overdll-term intensity. The former leads uanmnll A”

to the MCD sum rule that th€-term intensity summed over | | T T2 AII
all excited states must equal zero, while the latter leads to _A,A/\/\/‘//\
deviations from the sum rule. The contributions of both these MA//\
mechanisms are summarized in the following equaffon:

_ 1

{Afl ImEy)o'ZNg(rN)TN,W|iji|?u|w0DEDj|_|:u|wi|:|_}_
Ay IOy EF ) T Dol Tl Jyel (1)

where the first term in braces represents the ground-state s
coupling and the second term denotes the excited-state s
coupling. In this equation, o denotes the acceptor orbital (i.e., C
the ground state), denotes the donor orbital (i.e., the excited
state), angl denotes an intermediate orbital (i.e., an intermediate P.p.
excited state§!

Using this equation and the procedure described in ref 60,
we can analyze the individual contributions to tleterm
intensity of the ¢¢ — d,2- transition for fungal laccase and
for plastocyanin. In this case, the donor orbital (excited state)
is dz, the acceptor orbital (ground state) ig-gp, and the D
intermediate orbital is eitherg ok, dy, Scys, O Sys pseudo-
0.82 For plastocyanin, the A— dg_2 transition is calculated P.p. F463M
to be positive. The main contribution to this positive intensity
is excited-state spinorbit coupling with ¢, which involves
the Ly operator couplingm, and m, polarized transitions. In
fungal laccasem, decreases significantly to the point where it
is negligible. This derives from the lack of an axial ligand that bt e e b aa ba s
drops the Cu atom into the,S plane, eliminating the transition 2600 2800 3000 3200 3400 3600
density in thez direction, which is perpendicular to the plane. Field (Gauss)

EPR Spectra and Parameters.Figure 5 shows the EPR  Figyre 5. EPR spectra oMyceliophthora thermophildaccase (A),
spectra and simulations for the three fungal laccases and thernizoctonia solaniaccase (B),Polyporus pinsitislaccase (C), and
P.p. laccase F463M mutant. Table 3 presents the spin Hamil-Polyporus pinsitis F463M (D). Experimental conditions are the
tonian parameters obtained from EPR spectral simulations. Thefollowing: microwave frequency, 9.505 GHz; microwave power, 20
observedg values § > go > 2.0023) are consistent with a ~mW; modulation amplitude, 20 G; modulation frequency, 100 kHz;
dy_y? half-occupied highest molecular orbital (HOMO). In all  time constant, 0.5 s.
three fungal laccasesy, is significantly smaller than in . - .

. L Table 3. Spin Hamiltonian Parameters Obtained from EPR
plastocyanin (2.2082.194 vs 2.226). There are no significant Simulationsp
differences in the spin Hamiltonian parameters of the three

(0] € u Z/WgW

fungal laccases. In the F463M mutant, thevalue (2.213) is Ticu T2Cu
between that of the wild-type enzyme and plastocyanin. i A Oo A g Al
Similarly, thegn value of the three fungal laccases and the P.p. M.t. 2201 87 2.045 7 2247 185
laccase F463M mutant is smaller than that observed in plasto- Rs. 2208 82 2043 10 2.265 160
P.p. 2.194 90 2.046 8 2.248 182
(60) Neese, F.; Solomon, E.lhorg. Chem.1999 38, 1847-1865. P.p. F463M 2.213 78 2.047 9 2.248 183
(61) The ground-state- coupling contribution to the€-term MCD plastocyanif 2.226 63 2.053 17

contains three components: (A) %, the transition energy of the intermedi-
ate excited state, (2) the cross product of the polarization of the ground 2 Published previously in ref 35.
state— excited-state transition with the polarization of the excited state

intermediate excited-state transition, and (3) the-spitbit coupling of the ; ; ; ; .
intermediate excited state and the ground state. Likewise, the excited-stateoy 2NN Theg value expressions obtained from ligand field

s—o coupling contains three components: £4)~L, the transition energy theory are directly proportional to the amount of metal character
of the intermediate excited state minus the transition energy of the excited in the half-occupied HOMO (i.e., covalency) and inversely

state, (2) the cross product of the polarization of the ground state  nroportional to the ligand field transition energfésAnalyses
intermediate excited-state transition with the polarization of the ground state fd— d bands in the ab . cD d MCD |
— excited-state transition, and (3) the sporbit coupling of the intermedi- 0 ands in the absorption, , an spectra revea

ate excited state and the excited state. _ that the ligand field transitions have shifted higher in energy in
(62) The transition polarizations were obtained from the product of the the fungal laccases relative to plastocyanin. Assuming a similar

wave function coefficients of the ligand components of the appropriate : P
molecular orbitals (obtained fromoxSW calculations, vide infra) oriented covalency for plastocyanin and the T1 site in fungal laccase,

along the ligand Cartesian coordinates and summed over all ligands. the following expressions can be used to estimategthialue

was determined from the experimental transition energies andeke dependence on the ligand field transition energies.
calculated for the appropriate d-orbtials. This is given by the covalency
(obtained from %) x the Cu s-o coupling contant (830 cnd) x the (63) McGarvey, B. R. InTransition Metal ChemistryCarlin, B. L., Ed.;

angular momentum matrix element. 1966; Chapter 3, pp 89201.
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| E,(PLC)
Ag,(laccase)= E)(),(Tcwses&g”(PLC) 2
EXZYZ(P LC)
AgD(Iaccase)= %Tm?gm(lo LC) (3)

In these equationg\gyn is the deviation of thag value from
the spin-only value (2.0023) arttlis the experimental transition
energy in cm!. Using these expressions, the experimental
energies of the § — de_y2 transitions Ey), and g, of
plastocyanin (see Table 2 for valuesj, for the T1 site is
predicted to be 2.186 for M.t., 2.187 for R.s., 2.184 for P.p.,

and 2.197 for the P.p. F463M mutant. These calculated values

are in close agreement with, but are all lower than, the

experimental values. However, it should also be noted that these

calculated values will increase slightly when the experimentally
derived covalency (vide supra) is taken into consideration. When
Exzyz is used,gn of the laccases is predicted to be 2.046 for
M.t., 2.045 for R.s., 2.045 for P.p., and 2.047 for the P.p. F463M
mutant. The calculated values for the T1 Cu in all three fungal
laccases and the F463M mutant are quite similar to the
experimental ones, indicating that the increased ligand field
transition energies account for the smaliewvalues in these
enzymes.

Relative to plastocyanin, th&, value is higher in the fungal
laccases |63 x 1074 cm™? for plastocyanin vs|82—90|) x
1074 cm1), while that of the P.p. laccase F463M axial mutant
(178 x 104 cm™1) is between that of the wild-type P.p. laccase
and that of plastocyanin. Th&; values are too small to be
obtained reliably. The hyperfine coupling constant depends on
several competing factors, including (a) Fermi contact, which
results from unpaired spin density at the Cu nucleus, (b) direct
spin dipolar coupling, which arises from the interaction of the
electron spin § with the nuclear spinlf of the metal, and (c)
indirect (orbital) dipolar coupling, which occurs as a result of
coupling between the electron orbital magnetic momepatd
the nuclear spinl} of the metal. The following ligand field

J. Am. Chem. Soc., Vol. 121, No. 30, 18&9%
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Figure 6. Resonance Raman spectra obtained upon excitation at 647.1

300

expressions are used to describe these contributions to the'™ for Myceliophthora thermophildaccase (A)Rhizoctonia solani

hyperfine coupling?®
4

3
A= Pd(—/c -0 + 7AgD + Ag”) 4)
2 11
A= Pd(—lc + ?(12 + ﬂAgD) (5)

wherePy is 396 x 1074 cm™1, « is the Fermi contact term, and
o2 is the percent metal character in the ¢ orbital. If we make
the reasonable assumptions thadnd a? are the same in the

laccase (B),Polyporus pinsitislaccase (C), andPolyporus pinsitis
F463M (D).

between plastocyanin and fungal laccase. Another possible
contribution to the difference in hyperfine couplings could be
a change in 4s mixing into the HOMO. The contribution of 4s
to the Fermi contact term is large and positive. Therefore, even
a small decrease in 4s mixing would cause the hyperfine
coupling to become more negative. Density functional calcula-
tions (vide infra) on fungal laccase indicate that the amount of
4s mixing does indeed decrease from 1% in plastocyamin

fungal laccases and plastocyanin and that the hyperfine coupling0% in fungal laccase because of the planar geometry of fungal

is negative’* experimentalg values can be used to calculate
the hyperfine coupling. The lower values Afy; and Agg in

laccase. This decrease would result in the hyperfine coupling
becoming more negative by about 168104 cm™! in the

the fungal laccases relative to plastocyanin will decrease thefungal laccases. When combined with the change in ligand field,

indirect orbital dipolar contribution to the hyperfine. Because
the indirect dipolar contribution is positive, a decrease in this
term will result in the hyperfine becoming more negative (i.e.,
larger in magnitude). When the experimergaalues are used,
the value offy changes from-63 x 1074 cm for plastocyanin

to =74 x 104 cm™? for M.t. laccase—71 x 104 cm™1 for
R.s. laccase;-76 x 1074 cm™! for P.p. laccase, and-69 x
104 cm! for P.p. F463M. Thus, the decrease dnvalues
accounts for about 50% of the difference in hyperfine coupling

(64) The sign of the hyperfine parameter cannot be determined from a
typical EPR experiment, but single-crystal stuéfiesmd calculations indicate
that it is negative.

these contributions predict a parallel hyperfine coupling of
—91 x 104 cm1for M.t.L, —87 x 104 cm ! for R.s.L, and
—93 x 104 cm! for P.p.L, in reasonable agreement with the
experimentally observed values. The value-6B x 104 cm™1
predicted for F463M P.p. laccase follows the anticipated trend
based on ligand field transition energies; however, it is lower
than the experimentally observed value|#8 x 1074 cm™1.
The predictedd, value cannot be corrected for the change in
4s mixing because no structure is available for electronic
structure calculations.

Resonance Ramankigure 6 presents the resonance Raman
spectra of the three fungal laccases and the PpL F463M mutant
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Table 4. SCF-Xo-SW Description of the T1 Cu Site in Fungal Laccase

% Cu

energy | breakdown dn breakdown % Cys % Im B % Im A
level label (eV) Cu s p d xX*—-y> xz b3 yz Xy & Cys NB HisB NA HisA
38a X —y? —4.186 54 00 05 529 5229 0.12 0.02 0.02 047 37 4 2 0 2 0
37a xy —4848 81 49 6.5 689 0.02 0.28 6.79 3.28 5848 13 1 1 1 1 1
36a 272 —5435 91 27 0.0 874 0.09 1569 6191 166 801 1 0 1 0 2 5
35a xz —5474 85 0.0 0.0 84.2 0.36 61.20 1992 234 033 3 1 0 0 2 9
34a yz —5563 93 0.0 0.0 93.0 0.07 183 120 83.00 6.90 1 1 1 3 0 0
33a ImAm —5936 21 00 15 189 264 1457 0.07 0214 147 7 0 0 (O 6 63
32a Sy —6.117 46 00 4.6 39.1 38.19 0.15 0.06 0.02 0.67 38 4 1 02 8
3la ImBm —-6.352 4 00 03 34 0.04 0.09 000 322 005 O 0 6 89 0 0
30a $Syspseudos —7.464 28 1.7 3.6 21.0 0.06 384 235 316 1160 61 11 0 0 0 0
29a ImAm; —8.47 4 02 07 25 0.12 1.20 008 000 111 O 0 0 0 52 43
28a ImBm, —9.629 6 00 09 36 0.10 0.07 000 270 072 O 0 53 42 0 0
27a Syso —10.705 26 1.8 109 101 0.45 0.10 097 014 849 44 23 0 0 5 0
obtained with excitation at 647.1 nm into the,S— Cu charge- A B
transfer band. As for other blue copper proteéih®the spectra o N His
are characterized by a complex envelope of rR bands centered o
around 400 cm?, all of which are associated with & Spr

vibrations. In all of the fungal laccases, the envelope of bands ¢y 2.2

occurs at higher frequency than plastocyafifhe most intense .

peak in the resonance Raman spectrum varies as follows: 428 @ y
N

cm~! (M.t. laccase), 435 cnd (R.s. laccase), 428 cmh (P.p. ‘ 25b

laccase), and 426 crh (F463M mutant) compared to 425 cfn { N His

for plastocyanif? and 408 cm? for P. aeruginosaazurin® The P e e ,CHa-Cys
intensity-weighted averagic,s[) of the peaks in the 400 crh u-!s_/H‘.s,'\, +—3S-Cys His - N?'—S

envelope has been shown to be an indicator of the-$eys

bond strength as described in ref 33. For the fungal laccases' '9uré 7- Contours of the half-filled HOMO (level 372) of fungal
9 9 laccase plotted parallel (A) and perpendicular (B) to th& Idlane.

the following values of¥c,-swere obtained: 419.7 crh (M.t Contours are at-0.64,%0.32,-:0.16,:0.08,%0.04,%0.02, anc=0.01
laccase), 435.7 cm (R.s. laccase), 413 crh (P.p. laccase), (e/bohry?.

and 407.6 cm! (P.p. laccase F463M). These results indicate

that the wild-type fungal laccases have a stronger &gy bond character in the HOMO is characterized byrdype Sys—Cu

than plastocyaninfc,-sl= 403 cn!)® or P. aeruginosa interaction between the Cuyedy2 orbital and the S p orbital,

azurin (Icy-sT= 405 cn1t).33 The increase in the strength of  a situation very similar to that observed for plastocyafi:5568

the Cu-Scys interaction from the Raman data is in agreement The calculated §scharacter in the HOMO of the T1 in fungal

with the increased oscillator strength observed in the fungal Jaccase (37%) corresponds to a 2% increase from the amount

laccases (vide supra) and the ENDOR dét&he [ic,-sof of S character in the HOMO of plastocyanin (35%%° The

P.p.L decreases upon mutation of the axial F to M, and the small increase in §scharacter in the HOMO of fungal laccase,

observedic,-slis much closer to thérc,-sCfound in blue relative to plastocyanin, is consistent with the higher oscillator

Cu proteins with a (higjcys)(met) coordination sphere. strength (vide supra), the increasegls3pin density implied
Electronic Structure Calculations. Xo-SW electronic struc-  from theg-methylene'H proton hyperfine couplings observed

ture calculations were performed to gain further insight into With ENDOR (vide supraj?and the increasedic,-sobtained

the origin of the differences between the electronic structure of from resonance Raman data. While the increase in thiolate

the T1 center in fungal laccase and plastocyanin. The ground-character predicted by the calculations is smaller than the

state energies and one-electron wave functions are summarize@xperimentally observed increase, the calculations clearly show

in Table 4. Plots of the contours of the HOMO both perpen- that the increase derives from the loss of the axial Met ligand

dicular and parallel to the 46 plane are displayed in Figure 7. in fungal laccase (vide infra). Finally, the calculation reveals

: : that relative to plastocyanin, there is a decrease in 4s mixing
The electronic structural properties of the HOMO are . ! ’ o o i .
important, since this orbital is associated with the electron into the HOMO in fungal laccase (1% vs 0%), which contributes

transfer reactivity of this site. Table 4 and Figure 7 suggest that to the largerd, value observed for fungal laccase (vide supra).
the HOMO of the T1 center in fungal laccase is highly covalent,  (68) Larsson, S.; Broo, A.; Sa, L. J. Phys. Chem1995 99, 4860~

ini 0 iori 4865.
containing only 54% Cu characttf. The majority of the (69) The value of 38% for the S character in plastocyanin originated

remaining orbital character comes fromyS(37%). The S from the calculations of ref 19, which usedCa-idealized Cu site with a
Cu—S(Cys) distance of 2.13 A. These calculations were experimentally
(65) Han, J.; Adman, E. T.; Beppu, T.; Codd, R.; Freeman, H. C.; Huq, calibrated to the EPR-values by varying the sphere radii. For accurate
L.; Loehr, T. M.; Sanders-Loehr, Biochemistry1991 30, 10904-10913. comparison with theC; fungal laccase site, we use the plastocyanin

(66) Andrew, C. R.; Yeom, H.; Valentine, J. S.; Karlsson, B. G.; calculations of LaCroix et & These calculations employ the same sphere
Bonander, N.; van Pouderoyen, G.; Canters, G. W.; Loehr, T. M.; Sanders- radii as Gewirth and Solomon (and the present study),-a${QGys) distance
Loehr, J.J. Am. Chem. S0d.994 116, 11489-11498. of 2.067 A, and &C; representation of the plastocyanin active site. These

(67) This is in contrast to the 42% Cu character in plastocyanin more recent plastocyaninaSW calculations give a value of 35% for the
determined experimentally from Cu L-edge spectroscopy. The difference S character in the HOMO of plastocyanin. The quantitative difference (3%)
between the calculated and experimental Cu character most likely relatesin S character between these two plastocyanin calculations is due to
to the effects of charge partitioning in the intersphere region and sphere differences in charge partitioning in the intersphere regions and differences
overlap in the calculations. in sphere overlap.
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1PLC A B Laccase Table 4) is within the precision of the fungal laccase crystal
" structure at 1.9 A resolution.
1) Ne= " Sr
. Sy,\;‘gf\sy ool j“ o %}jﬁg Discussion
Na 136 % The major differences between the T1 Cu centers in the
%Cu 54 53 53 54 crystal structures of plastocyadfrand fungal laccadeare the
%S 35 37 37 37 presence of the axial ligand and the position of the Cu atom
f%ocoys) 0 76.2 74.2 73.8 with respect to the Ns—Nuis—Scys plane. This study focuses
o dR¥ Ry ey 2y L on the (_effect that such geometric_ changes vyill have on the
i | electronic structure of the T1 Cu site. Absorption, CD, MCD,
i A T EPR, and resonance Raman data demonstrate that the high-
1 o potential T1 Cu site in fungal laccase exhibits a number of
& 5 19— s [ 2 significant electronic structure differences compared to the
= ] Y= XY — W= [ classic blue copper site in plastocyanin. The-dl bands move
e i s _2.;, to higher energy, reflecting an increase in the strength of the
2 1 2 , - ligand field. This shift in the Iigar_1d field causes the@alues to
g 10 ] - o= 2 2 '_l decrease. The decreaspualues in fungal laccase account for
& | 22— Xz x2== xe— [ about 50% of the observed increase in the hyperfine coupling,
] = v 5 with the remaining change coming from a decrease in 4s mixing.
. HisA 7, — - The increased oscillator strength and the previously published
1 His 1y — HISAT| p  HisAm == T T ENDOR result®® suggest a 30% increase in S covalency in the
-15 ‘_Sa/s"— Seys = Sgpem— S mem [ fungal laccases. Similarly, resonance Raman data provide direct
IMetbi—  hisBr—  LisBx _ [ © evidence that the CuS bond is stronger in the fungal laccases.
His 10) 0o 1= HisB ;== !

These experimental results are supported loySYW calcula-

Figure 8. Density functional correlation of the one-electron energies tions, which predict an increase in the ligand field and an
for plastocyanin, fungal laccase, and intermediate structure models. Theincrease in covalency of the EiBcys bond upon going from
geometries are described in the text. Top two numbers represent Cuiha plastocyanin site to the fungal laccase T1 site.

and S character in the HOMQq(Cys) denotes the change {000) Origin of the Changes in Electronic Structure. The origin

on all atoms of the Cys residue relative to plastocyanin, as calculated - . .
by ADF. The energy level diagrams have been aligned withxthe of the experimentally ob.ser.ved change§ in the electronic
y2 orbital at zero energy. structure between the T1 site in plastocyanin and fungal laccase
can be determined by using density functional calculations to
evaluate hypothetical intermediate geometries. The main geo-

energy (Figure 8); immediately below the HOMO in energy is metrical differencgs betwetlen.pla.stocyanin arjd thg T1 Cu site
the d, orbital, followed by the g orbital, and finally the g, in fungal laccase |n\(olve elimination of the axialepligand at
pair. Overall, in fungal laccase the splitting of the d manifold 2-82 A, a 0.36 A shift of the Cu atom into the;8I plane, and
appears to increase relative to plastocyanin. In addition, the Small differences in the-SCu—N angles. Figure 8 summarizes
separation between,g d,,, and ¢, decreases, causing these the elegtronlc structure changes associated with a series of
transitions to be grouped close in energy. These observationsy€ometric perturbations that transform the plastocyanin structure
are consistent with the experimentally observed trends in the into the fungal laccase structure. For all structures considered,
transition energies of fungal laccase relative to plastocyanin. the HOMO was similar in appearance to that in plastocyanin:
The next four orbitals are formally charge transfer in nature, highly covalent with a strongr-type antibonding interaction

involving Scys  and pseudaer interactions, as well ag; type _b(itweer(;_tr;e Ct:u X@:‘Vz Of't"a! and .tTeMsf pf nlor?ltal. In
orbitals on each of the imidazole (Im) rings. Although they are Intermediate structure A, the axial Viet ol plastocyanin 1S
in the experimentally observable energy regimhe Im removed while maintaining the remaining structure. This
! . . o 1

orbitals are not expected to have significant CT intensity, since perturbatlo_n causss the covalenc_y o increase from 35% in
they have little overlap with the HOMO; the electron density plastocyanl_n 10 37%, as observe_d n the fun_gal laccase calcula-
in the 77y orbitals is predominantly on nonligating atoms of the tion. A SEeres of APF calculations in which the Ctye
Im rings, which do not contribute to the HOMO. Below the Im dlstange IS progres_swely lengthened and then removed suggest
1 orbitals in energy are the la, CT orbitals, whichdo have that this increase in &s donor character results from charge
a significant contribution from the ligatingHis). These are compensation for the lost axialg ligand _re3|due. Figure 8
followed by the $ys o interaction that mainly involves the’S (top) |nclludes the results .Of these calculaﬂons&m@(;ys) (the .
and & of the thiolyate change in charge donation from the Cys). For intermediate

| . t. that calculati ing the 2.19 A.C structure A, the fully occupied levels of the d manifold shift to
S n fFr)gr?qSIngé \évresr;gl estruitsse;ili/g I.;l)ncs()\l;;llgr?t HeOM O with u deeper energy relative to plastocyanin by an amount_that i_s about
onTs 500t thiolat)é haracter. This HOMO is similar in general half the ;h|ft observed in the fungal Igccase calculation. Flnal!y,
apgearance o that in Fiéure 7 However the dgcreased|ntermed|ate A reproduces the experimentally observed grouping

. . . X of the dy, dy,, and g transitions.
covalency, relative to plastocyanin, for the calculation using the . . -
crystallographic 2.19 A CuS distance is inconsistent with the . Intﬁrmed|at|e struc;]t_tljre B_|s c_re_atelql bngl_ftlng the _(Cj:u a_torr
experimentally observed increase in covalency and the strength'moht € l\be ? ane while maén.talnlng (;gan |stancez |Hent|cah
of the Cu-S bond indicated by the resonance Raman spectra.tOt ose of plastocyanin and intermediate structure A. Here, the

. A . percent covalency (from &) and the amount of Cys charge
The 2.067 A bond length used in the calculations (Figure 8 and donation estimated by ADF calculations are roughly the same

as in A. However, moving the Cu atom into theS\plane shifts
the d manifold to even deeper energy relative to thgabrbital,

The four remaining fully occupied d orbitals are next in

(70) Dong, S. L.; Spiro, T. GJ. Am. Chem. S0d.998 120, 10434~
10440.
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consistent with the experimentally observed increase in LF the naturally occurring axial Met was mutated to a variety of
transition energies in fungal laccase. This geometric perturbationother amino acids including those with noncoordinating groups
also reproduces the experimentally observed grouping of thesuch as Leuk® increased 102 mV) and Il increased 128
dyy, dyz and d, transitions. mvV).”
Finally, making small adjustments to the angular positions Ligand Field Trends with Axial Interaction. Given the
of the Cu ligating atoms (as in the fungal laccase structure) hasexperimental assignment of the ligand field transitions (see
little effect on either the covalency of the site or the relative Appendix), correlations can be made between the energy of the
energies of the d orbitafd. This series of calculations reveals Z? transition and the strength of the interaction in #tebrection
that the key feature in the formation of the fungal laccase site (i.e., approximately along the Cwaxial ligand bond). Examina-
is the removal of the axial ligand and concomitant increase in tion of Alcalagenes denitrificanazurin (A.d. Az) and its M121Q
the Sysdonor strength. Note that these distortions are coupled, mutant reveals that th# transition (band 8) decreases in energy
since the absence of an axial ligand will result in a shift of the when the stronger QGIn) ligand fcy—0 = 2.26 A) replaces
Cu atom into the (Nis)2Scys plane. the weak S(Met)rcy—s = 3.11 A) in the axial positior® Thus,
Origin of the High Redox Potential. Numerous proposals  the energy of the? transition decreases as the strength of the
have suggested that the high reduction potential typically axial ligand increases, as would be expected consideinig d
observed in the fungal laccases results from the lack of the axialantibonding with respect to the axial ligand. In P.p. laccase the
methionine ligand®7273Such a geometry would stabilize the ~energy of thez (band 8) transition is remarkably high-a6900
reduced site at the expense of the oxidized site because of th&m™*, consistent with the complete absence of an axial ligand.
loss of a ligand donor interaction, albeit a weak one. This would In the P.p. laccase F463M mutant, the energy of band 8
cause the reduction potential to increase. No significant differ- decreases to 6500 crf indicating a stronger axial interaction
ences in the electronic structure of the T1 site in M.t. laccase, than in laccase.
R.s. laccase, and P.p. laccase could be discerned even though We also note that the splitting between tkfe— y? and xy
the reduction potential of the T1 Cu in these enzymes differs orbitals is related to the presence of a Jafieller force that
by 300 mV (Table 1). This large range in potential suggests could occur in the oxidized blue copper site; the smaller the
that, as is generally recognized, other factors such as solventsplitting, the more the site will be subject to distortion along
accessibility, the orientation of dipoles, and hydrogen bonding the tetragonal coordinate described in ref 23 and also in refs 55

play an important role in tuning thg°® of this site’* However, and 56. The geometry of the blue copper site in fungal laccase
this does not preclude the importance of the ligand environment splits these orbitals sufficiently in energy such that structural
in significantly contributing to the reduction potential. TEe reorganization upon oxidation is expected to be minimized,

values of the T1 site in all three fungal laccases studied are therefore allowing efficient electron transfer. It should also be
substantially higher than typically observed for blue copper recognized that the high covalency of the €3ys bond
proteins. To evaluate the contribution of the ligand environment, provides an efficient superexchange pathway for electron
it is instructive to systematically examine the impact of each transfer from the T1 Cu to the T2/T3 Cu cluster.

ligand by site-directed mutagenesis within a fixed protein

environment. Summary

The F463M mutant of the high-potential P.p. laccase enables
the role of the axial methionine to be evaluated while keeping
the remaining protein environment constant. The absorption,
CD, MCD, EPR, and resonance Raman data for the axial mutant
all reveal a systematic perturbation to the T1 Cu electronic
structure, consistent with the mutant site becoming more like
the site in plastocyanin. From the electronic spectra and EPR
parameters, the ligand field of the F463M mutant is between
that of the wild-type enzyme and plastocyanin. The increase in
the [Icy-s[value obtained from resonance Raman spectroscopy
indicates that the strength of the €8cys bond decreases in
F463M. Further, the covalency of the €8¢ysbond decreases,
as reflected by the oscillator strength of the absorption spectrum.
These results suggest that the methionine contribution to the
electronic structure of the T1 site is beyond a simple change in
the local dielectric caused by the PheMet mutation and is
consistent with a weak bonding interaction. Importantly, upon
changing the axial Phe to Met, tli8 decreases 100 mV, from
780 to 680 m\A° The extent of the change is consistent with
reciprocal studies oRseudomonas aeruginoaaurin in which

We have provided a detailed description of the electronic
structure of the nonaxially ligated T1 Cu site in fungal laccase.
The primary differences between this site and that of the classic
blue copper site in plastocyanin are the increased covalency of
the Cu—Scys bond and the increased strength of the ligand field.
Both of these changes derive from removal of the axial ligand.
Experimental studies on the F463M mutant of fungal laccase
indicate that replacing the nonligating axial Phe with a weakly
ligating axial Met significantly perturbs the structure of the T1
Cu, decreasing the covalancy of the-€3tys bond, the ligand
field strength, and the reduction potential (by 100 mV). In
addition to the direct ligand environment, the protein matrix is
also found to play a critical role in determining the reduction
potential of the T1 Cu site. Our experimental results are
supported by electronic structure calculations that show that
removal of the axial ligand causes the-€3ysto compensate
for the reduced donor interaction. This study clearly establishes
that the presence of the axial ligand impacts the electronic
structure of the blue copper site.

(71) Relative to intermediate structure B, the small shift in the energy ~ ACknowledgment. We gratefully acknowledge Anders Ped-
of the xy orbital for the final fungal laccase model likely results from the  ersen and Gideon Davies for providing us with the crystal
small increase in the NCu—N angle, which places the €N bonds slightly structure coordinates f(ﬁoprinus cinereudaccase and Dr.

closer to thexy orbital, thereby increasing the antibonding interaction. - : .
(72) Gray. H. B.; Malmstim, B. G.Comments Inorg. Chem983 2, Frank Neese for extremely valuable discussions regarding MCD

203-2009. theory. This research was supported by NIH Grant DK31450
(73) Wittung-Stafshede, P.; Hill, M. G.; Gomez, E.; Di Bilio, A. J,;

Karlsson, B. G.; Leckner, J.; Winkler, J. R.; Gray, H. B.; Malmstrd. (75) Pascher, T.; Karlsson, B. G.; Nordling, M.; MalnistroB. G.;

G. J. Biol. Inorg. Chem1998 3, 367—370. Vvanngard, T.Eur. J. Biochem1993 212 289-296.
(74) Stephens, P. J.; Jollie, D. R.; Warshel, Ghem. Re. 1996 96, (76) Romero, A.; Hoitink, C. W. G.; Nar, H.; Huber, R.; Messerschmidt,

2491-2513. A.; Canters, G. WJ. Mol. Biol. 1993 229 1007-1021.
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Appendix: Assignment of the Ligand Field Transitions band NiRP STC PLC® CBP AdAz® M121@ laccase

There continues to be a discrepancy between the ordering of 8 7 5600 5500 5000 5800 5800 5500 6900
two ligand field transitions predicted by electronic structure 7 ;32’ iéggg ﬂggo gggg igggg igggg ﬂgg 0 1133;%%
calculatlon§5v5‘f'§8v77and the experimental spectral assignment ¢ {7 74900 10800 13950 14100 13950 12800 15850
of these transition¥21.2335These differences may be due to
poor descriptions for the Cu and S wave functions in such highly _% 219 2.287 2226 2207 2255 2287 2194
covalent centers. The two highest energy ligand field bands are  2Band positions are given in crh ® From ref 23.c From ref 21.

shown by both experiment and calculations to be associatednjir (5600 cnr?) and Rv Stc (5500 cn), but the differences
with thexzandyztransitions, which typically exhibit a pseudo-  are small. The large difference in tigg values of Rv Stc and
A-term MCD feature’® However, calculations of blue copper  ac NiR is therefore difficult to rationalize if band 8 is attributed
sites predict that the lowest energy band (8) should be thetq dy,. Alternatively, band 7 in PLC (10 800 cr¥) is at an
xy — x* — y* transition and the next highest energy band (7) energy between that of Rv Stc (8750 cinand Ac NiR (11 900
should be the” — x* — y? transition}>%87"whereas experi-  ¢m1)” and therefore, when band 7 is assigned as fhed
mental results indicate the opposite assignmeéfibe original g, > transition, the trend iy, is a straightforward reflection
assignment of the experimental ligand field bands in ref 19 of the different ligand fields associated with the different sites.
attributed the low-energy transition (band 8)o— x* — y? Similarly, in cucumber basic protein (CBE, = 2.207), band
and the next transition (band 7) xg— x* — y? on the basis of g s slightly higher in energy (5800 cr#) than in Ac NiR (5600
analysis of MCD signs. Similarly, the method of calculating cm1), yet theg, value of the former is larger. Conversely, band
C-term MCD signs outlined in ref 60, which includes spin 7 in CBP (10 800 cm?) is at lower energy than in Ac NiR
orbit coupling with both the ground and excited state as well (11 900 cnTY), and therefore, the changegiis again consistent

as the transition polarizations, reinforces this early assignment; with assigning this transition toed To minimize the influence

for plastocyanin, the” — x* — y? transition is calculated to be  of differences in protein structure on the transition energies and
positive and is thus assigned to band 8 whilexjie> x2 — y2 g values, the wild typeAlcalagenes denitrificanazurin (A.d.

is calculated to be negative and is assigned to band 7. FurtherAz) can be compared with a point mutant, M121Q, where the
insight into this assignment can be obtained by examining the axjal Met ligand has been replaced with a GIn. Both bands 7
experimental transition energies of bands 7 and 8 over a seriesgng 8 decrease in energy (Table 5) upon mutation; the larger
of blue Cu proteins (Table 5) along with tlgg value, which magnitude £2000 cnr?) of the decrease in band 7 compared
provides an independent estimate of tyenergy (g, [ 1/Eyy; to band 8 €300 cnT?) is again consistent with the radical
see eq 2). This feature of the ligand field assignment is change ing, from 2.255 in A.d. Az to 2.29 in M121Q. On the
important, since the? — x* — y? transition energy can provide  pasis of these considerations, it seems clear that band 7 can be
an experimental probe of the strength of the axial ligand field. experimentally assigned to thg, e d,_y transition, while band

The blue Cu site inAchromobacter cycloclastenitrite 8 can be assigned to the ¢~ di_y transition.
reductase (Ac NiR) has gy value of 2.19, the classic blue Cu
site in plastocyanin (PLC) has@ value of 2.226, andRhus Supporting Information Available: Absorption and CD

verniciferastellacyanin (Rv Stc) hasga value of 2.287. Relative  spectra of the Fderivative of P.p. laccase before and after the

to PLC (5000 cm?), band 8 is at higher energy in both Ac  addition of ascorbate, Abs, CD, and MCD spectra of M.t. and
(77) Neese, F. Personal communication. R.s. Iacca;e, tables of thr—; Carteslar} coorgllnates used in SCF-
(78) As discussed above, this feature is distorted in the fungal laccases X @ calculations (PDF). This material is available free of charge

because of spectral overlap of the tightly grouped ligand field bands. via the Internet at http://pubs.acs.org.
(79) Gordy, W. InTheory and Applications of Electron Spin Resonance
Gordy, W., Ed.; John Wiley and Sons: New York, 1980. JA991087V




