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Abstract: Laccase is a multicopper oxidase that contains four Cu ions, one type 1 (T1), one type 2 (T2),
and a coupled binuclear type 3 Cu pair (T3). The T2 and T3 centers form a trinuclear Cu cluster that is the
active site for O, reduction to H,O. A combination of spectroscopic and DFT studies on a derivative where
the T1 Cu has been replaced by a spectroscopically innocent Hg?* ion has led to a detailed geometric and
electronic structure description of the resting trinuclear Cu cluster, complementing crystallographic results.
The nature of the T2 Cu ligation has been elucidated; this site is three-coordinate with two histidines and
a hydroxide over its functional pH range (stabilized by a large inductive effect, cluster charge, and a
hydrogen-bonding network). Both the T2 and T3 Cu centers have open coordination positions oriented
toward the center of the cluster. DFT calculations show that the negative protein pocket (four conserved
Asp/Glu residues within 12 A) and the dielectric of the protein play important roles in the electrostatic
stability and integrity of the highly charged, coordinatively unsaturated trinuclear cupric cluster. These tune
the ligand binding properties of the cluster, leading to its high affinity for fluoride and its coordination
unsaturation in aqueous media, which play a key role in its O, reactivity.

mercury atom, leaving the T2 and T3 sites intatttis derivative

is referred to as T1 mercury-substituted (T1Hg) laccase. Early
spectroscopic studies performed on the native ¥drofilaccase

and its T1Hg derivativeprovided the first evidence that the
T2 and T3 sites form a trinuclear Cu cluster. This model was
later supported by the crystal structure of ascorbate oxidase
(AO),5 and now all crystallographically characterized multi-
copper oxidases show similar trinuclear arrangemenahile

the main functional role of the T1 Cu site is to shuttle electrons

Introduction

The multicopper oxidases are a family of enzymes that couple
the four-electron reduction of Qo H,O with four one-electron
oxidations of substratdsThe active sites in these proteins
include at least four Cu atoms that are classified into three types
of sites according to their spectroscopic properties: type 1 (T1)
or blue Cu, type 2 (T2) or normal Cu, and type 3 (T3) or coupled
binuclear Cu sites. The absorption spectrum of the T1 Cu site
is characterized by an intense Cys-S to Cu(ll) charge-transfer

(CT) band at about 600 nm, while its electron paramagnetic
resonance (EPR) spectrum exhibits a narrow parallel hyperfine
splitting (A = (40—95) x 1074 cm™1). The T2 or normal Cu
site is characterized by the lack of strong absorption features
and its EPR spectrum exhibits a normal, large parallel hyperfine
splitting (Ay = (140-200) x 10* cmY). The T3 site is
composed of two Cu(ll) atoms antiferromagnetically coupled
through a hydroxide bridge. It is characterized by an intense
CT band at about 330 nm (originating from the bridging
hydroxide) and the lack of an EPR signal, due to the anti-
ferromagnetic coupling. IRhusverniciferalaccase, the T1 Cu
site may be selectively replaced by a spectroscopically silent

§ Stanford University.
* University of California, Davis.
T University of Oslo.
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from the substrate to the cluster, the trinuclear Cu cluster is the Copper content was determined spectrophotometrically using 2,2

site of oxygen reductidnin all multicopper oxidases.

biquinoline® or by atomic absorption spectroscopy. The concentration

Despite the extensive number of multicopper oxidases that of paramagnetic copper was determined from spin quantitation of EPR

have been structurally and spectroscopically characterized,
several functionally relevant questions regarding the chemical

spectra, using a 1.0 mM Cug®HO solution with 2 mM HCIl and 2
M NacClO;, standard”
Protein samples were buffer-exchanged into 100 mM potassium

nature of the trinuclear Cu cluster remain. One has to do with phosphate buffer (for pH 6:58.5), 100 mM MES buffer (for pH 47

the nature of the water-derived ligand at the T2 site, its

6.5), or 100 mM CAPS buffer (for pH 8-510). For CD and MCD

protonation state, and its relation to the pH dependence of theexperiments, samples were prepared in deuterated buffers (prepared

enzyme reactivity. Moreover, the origin of the coordination

with 99.99% DO). Glassed samples for MCD experiments were

unsaturation of the T2 and T3 sites is not understood (both haveprepared by adding 50% (v/v) buffer/glycem- Addition of glycerol
open positions directed inside the cluster), and some controversyhad no effect on the CD spectrum of the enzymes. Fluoride-bound
exists regarding the nature and identity of the paramagnetic Samples were prepared by incubating the protein witts quiv of

center of the cluste®®~16 The nature of the exogenous ligand
binding to the cluster is another point of controversy. Azide

and peroxide binding to the cluster have been studied in detall
by spectroscopic methods in solution, and it is clear that these

ligands bridge the clustért”18However, the crystal structures

sodium fluoride for 24 h at 4C.

X- and Q-band EPR spectra were obtained using a Bruker EMX
spectrometer. X-band spectra were obtained using an ER 041 XG
microwave bridge and an ER 4102ST cavity. The conditions used for
X-band spectra were 9.4 GHz microwave frequency, temperature 77
K, 10 mW microwave power, 20 G modulation amplitude, 100 kHz

of the azide- and peroxide-bound forms show an uncoupling of modulation frequency, 327 ms time constant, and 82 ms conversion

the T3 Cu (i.e., two C# centers at-5 A with no bridge)19.20
Azide and peroxide bind to the cluster with low affinity, while
one of the unique features of the trinuclear cluster is its
extremely high affinity for fluoride’:21 Finally, the crystal struc-

time; six scans were averaged. Q-band spectra were obtained using an
ER 051 QR microwave bridge, an ER 5106QT resonator, and an Oxford
continuous-flow CF935 cryostat. Conditions for Q-band spectra were
34 GHz microwave frequency, temperature 70 K, 0.37 mW microwave

tures of the resting trinuclear cluster show open coordination Power, 10 G modulation amplitude, 100 kHz modulation frequency,
pOSitionS at both the T2 and T3 centers, indicating that a water 327 ms time constant, and 163 ms conversion time; six scans were

or hydroxide ligand from the accessible solvent does not bin
within the cluster even though the T2 €is three-coordinate.

d averaged. High-frequency EPR measurements were performed using a

spectrometer built in the Grenoble High Magnetic Field Laboratoty
(GHMFL), with a Gunn diode (Radiometer Physics, Germany), its

In this study, we have used a combination of spectroscopic myfipliers (for 95-285 GHz), and a superconducting magnet (Cryo-
techniques (multifrequency and pulsed EPR, absorption, circular genics Consultant, UK) equipped with a bipolar power supply (Oxford

dichroism (CD), and magnetic circular dichroism (MCD)) that,
in correlation with DFT calculations, provide further insight into
the nature of the resting trinuclear cluster; in particular, the
assignment of the water-derived ligation of the T2 site, the origin
of its high affinity for fluoride, its coordination unsaturation,
and the contribution of this unsaturation to reactivity.

Experimental Section

All chemicals were reagent grade and used without further purifica-
tion. Water was purified to a resistivity of 387 MQ cm™?! using a
Barnstead Nanopure deionizing systéRiusverniciferalaccase was

Instruments, UK). The magnetic field homogeneity was about 50 ppm
within a 10 mm diameter sphere. The light transmitted through the
sample was detected with an InSb bolometer (QMC Instruments).
Samples were prepared in small cylindrical Teflon holders containing
250-300uL of 2 mM protein. Conditions for high-field spectra were
285 GHz microwave frequency, temperature 15 K, 1 mT modulation
amplitude, 10 kHz modulation frequency, and 300 ms time constant.
All EPR spectra were baseline-corrected and simulated using XSophe
(Bruker).

Pulsed EPR and electron nuclear double-resonance (ENDOR)
experiments were performed on a laboratory-built spectrometer de-
scribed previously® For three-pulsed electron spiecho envelope

isolated from acetone powder (Saito and Co., Osaka, Japan) accordingnodulation (ESEEM), the echo was monitored by incremenfirig

to published procedure$?® The T1Hg derivative of laccase was
prepared using a hollow fiber dialysis unit (Spectrum) as previously
described:?*?5Protein concentration was determined using the extinc-
tion coefficient of the absorption band at 280 nm (90 000! lgm™1).
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Press: Guilderland, NY, 1984; Vol. 1, pp 89 ff.
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the pulse sequence/2—t—n/2—T—n/2—7—echo. A cosine Fourier
backfill procedure as described by Mifisvas used to reconstruct
instrumental dead time in order to generate the frequency-domain
ESEEM spectra. In electron spiecho ENDOR (ESE-ENDOR)
experiments, two methods were us@d: Mims ENDOR was performed
following the pulse scheme/2—t—n/2—T—a/2—echo and Davies
ENDOR was performed to obtaitd and N ENDOR spectra using
the pulse-echo sequenae-T—n/2—7—a—1—echo®! In both pulsed
ENDOR techniquesT is the mixing period during which the radio
frequency pulse of variable frequency is applied to drive the nuclear
transition. All experiments were performed at an X-band frequency of
10.88 GHz and temperature of 10 K.

Room-temperature U¥Vvisible absorption spectra were recorded
using a Hewlett-Packard HP8452A or an Agilent 8453 diode array
spectrophotometer. Room-temperature CD and low-temperature (5 K)
MCD spectra in the UV-visible region were collected with a Jasco
J-810-150S spectropolarimeter operating with an S-20 photomultiplier

(26) Felsenfeld, GArch. Biochem. Biophy4.96Q 87, 247—251.
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tube and an Oxford SM4000-8T magnet. CD and MCD spectra in the Resting Fluoride bound
near-IR region were obtained with a Jasco J-200-D spectropolarimeter,
using a liquid-nitrogen-cooled InSb detector and an Oxford SM4000-
7T magnet. CD samples were run in a 0.5 cm quartz cuvette. MCD
samples were run in cells fitted with quartz diskslan3 mmrubber
spacer. All MCD spectra presented are the subtracted average of the
+7 T and—7 T scans (at least four scans each){41—7)]/2 T, to
eliminate glass-induced baseline shifts and to increase signal-to-noise i !
ratios. Gaussian fitting of the absorption, CD, and MCD spectra was 00— 5050 32005450 TR
performed using PeakFit 4.0 (Jandel).

Spin-unrestricted DFT calculations were performed on a PC cluster
using Gaussian 98,and the resulting molecular orbitals were visualized
using Molderi® and analyzed using AOMi¥:%Broken-symmetry wave
function$® were obtained to account for the multideterminantal
character in the antiferromagnetically coupled ground sfatesl
geometry optimizations were performed at the uB3lyp/Lanl2dz Evél. ¥
The geometry of the trinuclear €site was adapted from the crystal 00 Ti000 Tis00 12000 ios00 Titeo  Tiso0 12000

structure of AG in which the side chains to the protein backbone were
truncated and replaced by hydrogen atoms. The positions of these
hydrogens and those involved in hydrogen bonds were fixed in the

optimizations to reflect contributions from the protein environment. C
The resulting optimized structures were then used for single-point
calculations with spectroscopically calibrated B38HFP86 hybrid func-
tionals (38% HartreeFock exchange added to the BP86 functioffal) | 1

using the triple-quality all-electron contracted-Gaussian basis sets of -
Schder et al** with additional polarization functiod%on the coppers W
and the doublé: basis sets with polarization 6-31G(d) on all the other \ ) v ) A
elements (VTZ#6-31G*). Solution structures were calculated by 99000 99500 100000 99000 99500 100000
Tomasi’s reaction field method using the polarized continuum model Field (gauss)

(PCM) as implemented in Gaussian 98. The dielectric constant was Figure 1. Multifrequency EPR spectra. X-band (A), Q-band (B), and 285
set equal to 5.0 to simulate the dielectric medium of the protein interior. GHz (C) spectra of T1Hg laccase in the resting form. X-band (D), Q-band
Models with NH;, rather than the imidazolyl ligands, have been (E), and 285 GHz (F) spectra of T1Hg laccase with one fluoride bound.

] : . : The 285 GHz spectra show the perpendicular region only. Experimental
calculated to monitor the effects of the dielectric medium, as most of data are shown in solid lines, and the simulated spectra obtained with the

the models with the imidazolyl ligands and three coppers were too large parameters listed in Table 1 are shown in dotted lines. Spectra were taken
for PCM calculations. under the conditions specified in the Experimental Section.

EPR Intensity

Results and Analysis Table 1. EPR Parameters of the T2 Site in the Resting and
Fluoride-Bound Forms of T1Hg Laccase?

1. Electronic Structure of the Resting Trinuclear Cluster.

1.1. Spectroscopic Characterization of the Resting T2 Site. estng f';‘)’ﬂ:j esing ﬂ;‘gﬂ:{?
1.1.1. Multifrequency EPR. The EPR spectrum of the T2 site -
in T1Hg laccase has been collected at different microwave % g'ggi g'ggg QYN 12 1?1
frequencies. The X-band EPR spectrum of T1Hg laccase at 77 g, 2241 2263 Air 160
K (Figure 1A) shows the typical features of the T2 site as A« 22 25 Ay: 63

i i > > Ay 18 22 A/ 63
previously reported,with g, > go > 2.00 and a large parallel N 103 19 A(ENDOR)  14.6 13.8

hyperfine splitting, associated with gd2 ground state. In the AN 15 15
Q-band EPR spectrum at 34 GHz (Figure 1B), the parallel region
is clearly resolved and all four transitions derived from the Cu 2 The hyperfine coupling constants are reporteXin 104 cm-?, and
(I = 3,) hyperfine splitting can be directly observed. The [he error associated with themds2.

structure observed in the perpendicular region of both the X-
and Q-band spectra is due to nitrogen hyperfine splitting from
the histidine ligands. At 285 GHz (Figure 1C), the rhombicity

at the perpendicular region of the EPR spectrum is resolved
and the features associated with and g, were directly
measured. The simultaneous fit of these multifrequency EPR
(32) Frisch, M. J.; et alGaussian 98revision A.11.3; Gaussian, Inc.: Pittsburgh, ~ SPectra yields the pgrameters I.iSted.in Table 1, and the simulated
(33) Zﬁhgf?gr?éar G.: Noordik, J. H.Gomput. Aided Mol. De200Q 14, 123~ spectra are shown in dotted lines in Figure 1.

124. T e ‘ ' ’ From ligand field theory? the difference between tlievalues

(34) Gorelsky, S. IAOMix program revision 5.83; http://www.sg-chem.net.  gnd 2.00 are inversely proportional to the ligand field transition
(35) Gorelsky, S. I.; Lever, A. B. Rl. Organomet. Chen2001, 635 187— y prop 9

196. energies, and directly proportional to the Stevens orbital
(36) Noodleman, LJ. Chem. Physl981, 74, 5737-5743. i i i indi H
(37) Tuczek. F..'Solomon. E. 1 Am. Chem. Sod.994 116 6916-6924. reduction fgctor (which is an |nd|cgt|9n of the covglency at the
(38) Becke, A. D.J. Chem. Phys1993 98, 5648-5652. half-occupied HOMO). The rhombicity of the T2 sitgy (— g«
39) Dunning, T. H. J.; Hay, P. J. IModern Theoretical Chemistrpchaefer, — i H i
(39 D P,y Rew Yo Toves vl o o B 0.013) is very small (Figure 1C) and originates from the
(40) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270-283. energy splitting between theg.gdand d, — de-y2 ligand field
(a1) Hay, P. J. Wadt, W, RI. Chem. Phys1985 82, 299-310. transitions, as observed by MCD (section 1.1.5).

(42) Wadt, W. R.; Hay, P. J. Chem. Phys1985 82, 284—298.

(43) Szilagyi, R. K.; Metz, M.; Solomon, E. 0. Phys. Chem. 2002 106,
2994-3007. (45) McGarvey, B. R. IfTransition Metal ChemistryCarlin, B. L., Ed.; Marcel

(44) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Physl992 97, 2571-2577. Dekker: New York, 1966; Vol. 3, pp 89201.
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Nitrogen ENDOR Nitrogen ESEEM Deuterium ENDOR
oo™ £ A B C
| ¥

Resting

Fluoride |
bound

5 1‘0 1‘5 2‘0 25 I;O 1 2 3 4 5 6 7 15 2 25 3 35 4
Frequency (MHz)

Figure 2. Pulsed EPR spectra. Davies ENDOR of T1Hg laccase resting (A) and fluoride-bound (D), at microwave putsé8:ns andt/2 = 30 ns (),
andsr = 400 ns andt/2 = 200 ns (- - -); for bothg = 450 ns,T = 40 ms (time between first and second pulse), ang8@adio frequency pulse; proton
Mims ENDOR is shown for comparisorn-(- —). Nitrogen ESEEM spectra of T1Hg laccase resting (B) and fluoride-bound (E}at87 ns. Deuterium
Mims ENDOR on T1Hg laccase resting (C) and fluoride-bound {F};476 ns, microwave pulse/2 = 15 ns, and 4@s radio frequency pulse. All spectra
were collected at 10 K, microwave frequency 10.876 GHz, and field 3760 G.

An estimate for the % Cu character of the ground-state wave 0.72, indicating that the Cu character of the ground state is
function can be made from an analysis of the spin Hamiltonian ~70%.

parameters in Table 1. From ligand field theory, the metal 1 1 2. Nitrogen ENDOR.The Davies ENDOR spectrum of

hyperfine couplings are given by T1Hg laccase at pH 7.5 and 10 K (Figure 2A) shows resonances
from both protons and nitrogens that are strongly coupled with
20%(a® — b? 2 the paramagnetic T2 Cu center. As the length of the microwave
A =P+ 2L ) [ o%4abV3 | o 0003) paramag or 2 g
7 7 X pulse is decreased, the contribution of weakly coupled protons

Ne is suppressed and the contributions from ligands with suf-
(3a— 3b)(gy — 2-0023)_ b(g, — 2.0023 (1a) ficiently high hyperfine coupling constants are accentuated. With
14@+ @b) 7a the longzr = 400 ns andz/2 = 200 ns pulses (dotted line in
Figure 2A), the resonances from protons dominate the spectrum
2.2 42 2 at~16 MHz, the Larmor frequency fdtH. The Mims ENDOR
A, =Pyl -« + 2 (a7 b’) -« 4E;b\/§ + (gy —2.0023)— spectrum, where a strong signal from weakly coupled protons
(e.g., ambient waters) appears at the same frequency, is shown

for comparison in Figure 2A (dashed line). In contrast, with

(3a+ v/3b)(g, — 2.0023) b(g, — 2.0023
- (1b) the shortr = 60 ns andr/2 = 30 ns pulses (solid line in Figure

_ 7a
l4@ ‘/éb) 2A), the signals from the strongly coupled nitrogens are
enhanced. This signal originates from the coordinating nitrogens
_ 4a%(@® - b%)  (3a—v/3b)(g, — 2.0023) of the histidine ligands and yields @¥/2 of 21.9 MHz. The
A =Pyf—«— + + . : .
7 14@ + \/éb) signal is broad and its components could not be resolved by

scanning at different fields, indicating that the coordinating

(3a+ \/éb)(gx - 2-0023)+ (9, - 2‘0023] (1c) nitrogens are approximately equivalent and their anisotropy is

14(a — +/3b)

small. The equivalency of the histidine ligands is consistent with
the nitrogen ESEEM results (section 1.1.3). Also, the small
wherePqis 400 x 1074 cm~1 for Cu(ll), « is the Fermi contact  anisotropy observed is consistent with ENDOR studies or Cu
contribution due to spin polarization? is the percent metal  imidazole complexe8 and on blue copper proteif%>°which
character in the ground-state wave function (reduced from 1.0 have found that the nitrogen coupling constants from the
due to covalent electron delocalization onto the ligand orbitals), histidine ligands show at most 10% anisotropy. The experi-
anda andb are the g2 and @ contributions to the ground-  mentalAN = 43.8 MHz (14.6x 10~ cm™1) is obtained at the
state wave function, respectively. No significant amount_af d
mixing into the ground state is obtained by DFT calculations (47) Doan, P. E.; Fan, C.; Davoust, C. E.; Hoffman, B. MMagn. Reson.

; ; ; 1991, 95, 196-200.
(section 1.3). Using the experimeniglvalues, theA values oS00 ST 2e o R 1. Fee, JJAChem. Phys1981, 75, 2098-
can be best fit with a Fermi contaetof 0.30 (reduced from 2107.

(49) Roberts, J. E.; Cline, J. F.; Lum, V.; Freeman, H.; Gray, H. B.; Peisach, J.;

2
the copper atom value of 0.#63due to covalency) and? of Reinhammar. B.. Hoffman, B. M. Am. Chem. Sod984 106 5324

5330.
(46) Gewirth, A. A.; Cohen, S. L.; Schugar, H. J.; Solomon, Endrg. Chem. (50) Werst, M. M.; Davoust, C. E.; Hoffman, B. M. Am. Chem. Sod.991,
1987 26, 1133-1146. 113 1533-1538.
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perpendicular region of the EPR spectrum, which corresponds
to a distribution from

A1IN = ﬂz[nzAiso + (1 - nZ)Aaniscl to
ADN = ﬁz[nzAiso - l/2(1 - nz)AanisJ 2

where3? is the electron spin density at the coupled nitrogen,
n? is the s character of the nitrogen hybrid orbitaHIn? is 2p
character), anéso andAgnisofor N are 600x 1074 and 30x

104 cm™1, respectively152 Considering sphybridization for

the histidine nitrogen donor orbital (i.en? = 1/3), one can
estimate that the spin density at each of the coupled nitrogens
is 7—8%. Taking into account our nitrogen ESEEM results
(section 1.1.3), two histidine ligands would contribute a total
of ~15% of the spin density to the ground state of the T2 site.
It should be noted that this analysis estimates 5% anisotropy,
consistent with the above-mentioned studies on blue copper
proteins.

1.1.3. Nitrogen ESEEM.The frequency spectrum obtained
from the Fourier transform of the three-pulse ESEEM spectrum
of T1Hg laccase at 10 K is shown in Figure 2B. The spectrum
was taken at = 187 ns, suppressing proton contributions and
allowing the isolation of the signals from the remote nitrogens
of the coordinating histidine ligands. The directly coordinated
nitrogens do not contribute to the ESEEM spectRirThe \ )
intense nes observed below 2 MHz correspon (o the zero- () L5 75215 . Resoled component Gassin bands e shown
field nuclear quadrupole frequencies, while the broad feature heme impurity £) was present in the samples.
at 4 MHz corresponds to the double-quantum peak, which is
dependent on the nitrogen hyperfine couplings. A combination presence of strongly coupled deuteron(s). This is confirmed by
peak is observed at around 2.5 MHz, indicating the presencethe H two-pulse ESEEM spectrum (Figure S2, Supporting
of more than one coordinated imidazole in approximately Information), where a significant peak shift is observed from
equivalent position8* Simulations of the spectrum in Figure the negative sum combination peaki2 However, the number
2B were performed using the Hamiltonian operator: of strongly coupled protons and their hyperfine couplings could
not be accurately determinédThus, to elucidate the nature of
the water-derived ligand at the T2 site, pH studies on the
spectroscopic features of the T2 site were undertaken (section
1.1.6).
wheree?qQ/4 is the quadrupole coupling constant ani the The analysis of the multifrequency and pulsed EPR data has
asymmetry parameter. The parameters used in the simulationsjielded the composition of the ground-state wave function of
were Aiso = 1.75 MHz, Agip = 0.2 MHz, Qg = 1.55 MHz, the T2 site in resting T1Hg laccase, which serves as a reference
andzn = 0.85. The ESEEM data can be best fit with two histidine for DFT calculations (section 1.3). The oxygen character can
ligands (Figure S1, Supporting Information), consistent with pe estimated from previous EPR studies on fungal laccase in
previous pulsed EPR studies performed in T1Hg lacéagn 170 water’® which determined a superhyperfine coupling
the basis of an S-band EPR study on T1Hg laccase, it hasconstant of 12x 104 cm? at the parallel region of the T2
previously been proposed that the T2 site possesses thregignal (the perpendicular region was obscured by the T1 site
histidine ligands;® however, a comparison of simulations with  signal). Considering that this coupling represents a lower limit
two and three coordinated histidines with our data (Figure S1, in the range of orientation-dependent couplings, and assuming
Supporting Information) shows that the depth of the modulation an oxygen donor orbital with purely p character, a spin density
in the time domain spectrum is best fit with two histidine of at least 13% at the oxygen is estimated.
ligands. Therefore, our and previdtipulsed EPR studies argue 1.1.5. MCD. As previously reported’-*8only the paramag-
for the T2 site having two histidine ligands, consistent with netic T2 site contributes to the MCD spectrum of T1Hg laccase
crystallographic results done at 277 &d cryo temperaturés?? at 5 K (Figure 3A). The spectrum can be resolved into nine

1.1.4. Deuterium ENDOR.The width of the Mims deuterium Gaussian bandS' as listed in Table 2. Bandd hre assigned

ENDOR spectrum of T1Hg laccase in Figure 2C denotes the s |igand field transitions; the presence of negative band 2 is

Yat7T

~—

At (cm_1 M

20000 15000 10000

Energy (cm'1)

30000 25000 5000

Figure 3. MCD spectra of T1Hg laccase resting (A) and fluoride-bound

H=SAsl — gufyH:l + ez%Q[elf —2+502=191 (3)

(51) Goodman, B. A.; Raynor, J. B\dv. Inorg. Chem. Radiochem97Q 13,
135-362.

(52) Weil, J. A.; Bolton, J. R.; Wertz, J. [Electron Paramagnetic Resonance:
Elementary Theory and Practical Applicatign&iley-Interscience: New
York, 1994,

(53) Mims, W. B.; Peisach, J. Chem. Phys1978 69, 4921-4930.

(54) Lu, J.; Bender, C. J.; McCracken, J.; Peisach, J.; Severns, J. C.; McMillin,
D. R. Biochemistry1992 31, 6265-6272.
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justified by the comparison to the spectrum at low pH, which
clearly shows a negative band at this energy (section 1.1.6).
The assignment in Table 2 differs from the previous assign-

(55) To fully describe the number of protons and their hyperfine coupling
parameters, data acquisition@parallel with smallerr is required.
(56) Deinum, J. S.; Vanngard, FEBS Lett.1975 58, 62—65.
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Table 2. T2 Site MCD Transition Energies (cm~1) —
TiHg T1Hg B A

band assignment resting fluoride adduct

1xy (+) 9 700 ) 9300
22 (—) 10 700 ) 10 400
3xz (+) 11 800 @) 12 000
4yz (—) 14 000 ) 13 400
5 Hism; CT (-) 17 900 )19 100
6 OHx CT (-) 19 900 ¢) 21100
7 Hismy CT () 24 700 )27 800
8 His, CT (+) 27 700 @) 31 400
9 Hism, CT (+) 30 700 ND

30000 25000 20000 15000 10000
ment® in the relative position of the 4— d,_2 transition, Energy (cm™")

which is derived from TD-DFT calculations (Table S1, Sup-
porting Information).

Bands 5-9 are assigned as ligand-to-metal charge-transfer
(LMCT) bands. Studies of Ctimidazole complexes have 09 |
shown that each imidazole ligand generates tar; andsry)

— CW" transitions and one — Cu" CT transition®’-°8 the

latter is at high energy and cannot be accessed in the spectra of
Cu proteins. Ther; — CU" CT transitions originate from a 0.7 +
mostly carbon-based orbital and appear at lower energy

(27 000-30 000 cn1) than ther, — CL2* transitions (32 500 06 |
38 000 cnt1l), which originate from a mostly nitrogen-based . _ .
orbital. Considering that these studies pertain to four-coordinate 2 4 6 8
sites, and that CT transitions shift to lower energy (6§000 1 (us)

cm~1) with a decrease in coordination number (due to decreased
destabilization of the d-manifold}, low-energy N(His)z — C
Cuwt CT transitions can be expected for the three-coordinate

T2 site in T1Hg laccase. Crystallography and our ESEEM 0
studies indicate that the T2 site possesses two histidine ligands;
therefore, a total of four Hist — Cuw?* CT bands would be

observed in the MCD spectrum of T1Hg laccase. According to _'%
their energies, four of the five bands-9 can be reasonably 5-0.5
assigned to these transitions; the fifth should originate from the g
hydroxide ligand (vide infra).

A hydroxide ligand at the T2 Cu would yield a high-intensity
o (OH) — Cuw* CT transition, which would be at too high an -1
energy to acces®¥:51 A 7 (OH) — Cuw* CT transition is
expected at lower energy and with an intensity comparable to 15 2 25 3 35
that of the LF transitions, as predicted by TD-DFT calculations Frequency (MHz)
(Table S1, Supporting Information). Since band 6 is the only

T band th hows intensi han with pH variation ion Figure 4. (A) MCD spectra of T1Hg laccase resting at pD 7.5 (blue) and
CT band that shows intensity changes with pH variation (sectio pD 4.7 (red), at 5 K. Inset: pH dependence of the intensity at the 7700

1.1.6., .Figure 4A), we assign it to the (OH) — Cu2" CT ~ cm! peak (circles) and fit to the data (dotted lines), indicating<a @f
transition. In summary, the MCD spectrum of the T2 site in 5.5. A small amount of heme impurity was present in the samples.

T1Hg laccase exhibits very low-energy LMCT bands, compared Ratioed (pD/pH) ESEEM (B) and deuterium ENDOR (C) spectra of T1Hg
to four-coordinate Cu model complexes, consistent with its '26case resting at pD 7.5 (blue) and pD 4.7 (red), at 10 K.
three-coordinate structure.

08 -

Amplitude

1.1.6. pH Perturbation of the T2 Site.The spectroscopic

(57) Bernanducci, E. E.; Schwindinger, W. F.; Hughey, J. L; Krogh-Jespersen, features of the T2 site were investigated as a function of pH to

K.; Schugar, H. JJ. Am. Chem. S0d.981, 103 1686-1691. . . . .
(58) Fawcett, T. G.; Bernanducci, E. E.; Krogh-Jespersen, K.; SchugargH. 3. €lucidate the nature of its water-derived ligand. No changes were

o AGm. ClhemD. S;{O(:LFSQJSle(I)IZDZSVE\al&le604,.\/I - R P Mulder T. C observed in the MCD spectrum of T1Hg laccase in the range
amelin, D. R.; Randall, D. W.; Hay, M. T.; Houser, R. P.; er,T.C.; . . .

69 Canterls, G. W.; de Vries, S.; Toln¥an, W. B.; LIj_u, Y. Solor#on, El.I. from 96 t0 7.5; howevgr, significant changes of the I|gand_f|eld

Am. Chem. Sodl998 120, 5246-5263. transitions of the T2 site were observed at lower pH. Figure

(60) None of the CT bands observed in Figure 3A can be assigned as the K
(OH) CT transition; the T2 site does not contribute significant absorption 4A shows the comparison of the MCD spectra taken at pD 7.5

intensity in this region, as indicated by a spectral comparison of T1Hg iti
laccase with the T2-depleted (T2D) form of laccase (Figure S3, Supporting (blue) and pD 4.7 (red). At low pH, a positive band-a1800

Information). Thes (OH) — Cu* CT transition must be at higher energy €M1 grows in; a plot of the intensity of this band as a function

than the 300 nm protein cutoff. This is consistent with spectroscopic studies f pD is shown in Figure 4A (inset) showing erof 55+
of a mononuclear tris(pyrazolyl)borate hydroxocopper(ll) complex, where ! '

no OH— Cuw?* CT transition was observed in the 80680 000 cn? 0.8 associated with this chanffeGaussian analysis of the

region®? spectrum at low pH shows that the main effects on the ligand
(61) Chen, P.; Fujisawa, K.; Solomon, E.J. Am. Chem. So00Q 122 1 . o . X T

10177-10193. field transitions are the redistribution of intensities and a large
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shift of the dy — d,2—2 transition (band 1) to lower energy. No  hydrogen-bonded to the T2 hydroxide ligand. It should be noted
significant change is observed in the energies and intensities ofthat this hydrogen bond arrangement is conserved in the crystal
the CT bands, indicating that the coordinated residues are notstructure of several multicopper oxidagé8:*?Thus, the pro-
perturbed and that there is no change in the coordination numbertonation of Asp73 could perturb the orientation of the hydroxide
of the site. ligand at the T2 site. Since theinteraction of the OH ligand

A series of continuous-wave (cw) and pulsed EPR experi- With the d; and dy orbitals is dependent on the orientation of
ments were performed at high and low pH. The multifrequency the O-H bond (as indicated by the DFT-derived orbital
EPR spectra of T1Hg laccase do not change in the pH range ofd€scriptions in section 1.3), this would also perturb the MCD
4.7-75 (Figure S4, Supporting Information). Similarly, the LF features. To probe this model, more detailed pulsed EPR
Davies ENDOR and nitrogen ESEEM spectra show no change &XPeriments are underway.
in this pH range (Figure S5, Supporting Information), indicating !N summary, the spectroscopic characterization of the T2 site
that the coordinated histidines are not affected by the pH changen T1Hg laccase and its pH perturbation is consistent with having
One possibility is that the pH effect is related to a protonation @ three-coordinate site, with two histidines and one hydroxide
event at the ligand of the T2 site (i.e., a hydroxide/water ligand; a nearby Asp residue appears to have a hydrogen bond
equilibrium); however, the deuterium ENDOR spectra at pD conn'ect|V|j[y W|th the T2 hydroxide ligand which affects the
7.5 and 4.7 show no differences (Figure 4C), indicating that "elative orientation of the ©H bond.
the strongly coupled proton(s) are not altered in this pH range.  1.2. Spectroscopic Characterization of the Resting T3 Site.
Moreover, the modulation depth in the deuterium ESEEM The absorption and CD spectra of resting T1Hg laccase are
spectra of T1Hg laccasdecreasesat pD 4.7 (Figure 4B), ~ Shownin panels A and C of Figure 5, respectively. The T3 site
opposite to the behavior expected for the protonation of the IS the primary contributor to these spectra. As previously
hydroxide ligand at low pD (the modulation depth of deuterium "€ported, the absorption spectrum of T1HgLc shows an intense
ESEEM increases with the number of strongly couplet). (€ ~ 4.2 mM™* cm™) transition at~30 300 e, which has
Finally, DFT calculations predict large changes in the composi- Peen assigned as@@OH — Cu" CT transition"1® Simulta-
tion of the ground-state wave function of the T2 site upon N€OUS Gaussian analysis of the absorption and CD spectra
protonation of the hydroxide ligand (Table S2, Supporting '€duires the presence of nine bands with the energies I|sted'|n
Information), which would be evident as larger shifts in the  12Ple 3, and shown in Figure 5A,C (dotted lines). On the basis
values and hyperfine couplings in the cw EPR spectra. However, of their high Kuhn anisotropy factors (ratio of CD to absorption

the EPR spin Hamiltonian parameters do not change over thelNt€nsity, Ac/e, Table 3), bands 16 are assigned as LF

pH range studied (Figure S4, Supporting Information), indicating transitions. The fact that more than four ligand field transitions
that the pH effect isiot due to a water/hydroxide equilibrium exist indicates that the two T3 Cu ions are inequivalent. Bands
at the T2 center 7—9 have low Kuhn anisotropy factors and are assigned as

The pH range examined limits thépvalue for the T2 Cu- ligand-to-metal CT transitions. The CD data show that the 330

. . nm absorption band is actually composed of two bands (bands
bou+nd water/hydrox!de to be e|2tfer10.3 or=4. The [K, of 8 and 9), consistent with-OH CT transitions to the two T3
Ci? -bound_ water 'QGSCU(OL’?G i and other_ ce _model coppers. Considering that; — Cuw?* CT transitions occur in
complexes is about %65 Considering the}t the |nduct!ve 'effect the range of 27 00830 000 cn in four-coordinate tetragonal
would be much larger for a three-coordinate TZCsite ina  j14470le Cu model complexes, and would shift to lower energy
highly positively charged cluster, resulting in &p< 7, we

) ; . ) . as the geometry becomes pseudo-tetrah&@pP&f” band 7 is
assign the water-derived ligand at the T2 site as a hydroxide

hat d d . ithin the bH died assigned as a resolvable T3 His— Cuw?™ CT transition.
that does not undergo protonation within the pH range studied. 1.3. DFT Calculations on the Resting Trinuclear Cluster.

Multifrequency EPR, ENDOR, and ESEEM data indicate that The geometries of the T2 and T3 sites were optimized separately
the pH effect observed by MCD is not due to the T2 Cu-bound ysing the unrestricted B3LYP hybrid functional with LanL2Dz
ligands. To elucidate the origin of this pH effect, the spectro- pasjs set. These two sites were combined and re-optimized to
scopic features of the T3 site were also analyzed as a functiongptain the structure of the trinuclear cluster in the resting
of pH. Absorption and CD spectra of T1Hg laccase at pD 7.5 oxidized state (T2T3). The T2 and T3 geometries in the resulting
and pD 4.7 are identical (Figure S6), indicating that the T3 site T2T3 structure are very similar to those obtained in the separate
is not perturbed over this pH range. Therefore, the pH effect T2 and T3 optimizations (Table 4). ¥4B and T2T3+HB refer
observed by MCD must be due to a protonation event outside to models with two additional 0 molecules, mimicking the
the trinuclear cluster, possibly an amino acid residue in the hydrogen-bonding environment in the vicinity of the T2 site.
vicinity of the T2 site. Given thelf, associated with the effect  Overall, reasonable agreement with the crystallography is
(5.5+ 0.8), the species involved is likely a carboxylic residue. obtained for all models considered. In particular, the “T"-shape
From the crystal structure of ADAsp73 (Asp72 inRhus  of the T2 Cu and the distorted trigonal bipyramidal shape of
vernicifera laccase®f is the closest carboxylic residue and is the T3 Cu’s are retained in these optimizations. Any discrepancy
hydrogen-bonded to a water molecule, which in turn is from the crystal structure is due to the presence of the
uncompensated positive charges. For example, the distances
(62) It should be noted that this pH effect is independent of the buffer used; between the Cu’s and the angle of the T&-T3b bridge are

ME i hosph i hthal ff ield simil -
resjisp')otassmm phosphate, and potassium phthalate buffers yield similar greater than the experimental values (59.3 A and~14°,

(63) Sillen, L. G.; Martell, A. E.Stability Constants of Metal-lon Complexes respectively).
The Chemical Society: London, 1974.

(64) Groves, J. T.; Chambers, J. R.RAm. Chem. S0d984 106, 630-638.

(65) Groves, J. T.; Olson, J. Rorg. Chem.1985 24, 2715-2717. (67) Randall, D. W.; DeBeer-George, S.; Hedman, B.; Hodgson, K. O.; Fujisawa,

(66) Nitta, K.; Kataoka, K.; Sakural, T. Inorg. Biochem2002 91, 125-131. K.; Solomon, E. I.J. Am. Chem. So200Q 122 11620-11631.
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Figure 5. Room-temperature difference absorption spectra of resting (A) and fluoride-bound (B) T1Hg laccase at pD 7.5, and circular dichroism spectra of
resting (C) and fluoride-bound (D) T1Hg laccase. The absorption spectrum of reduced T1Hg laccase has been subtracted from the original sgrectra in ord
to subtract the intense contribution from the protein absorbance. Resolved component Gaussian bands are shown in dotted lines, and the@rparameters
listed in Table 3.

Table 3. T3 Site: Absorption and CD Transition Energies (cm™") the experiment (Table 5); however, the description of the Gu
band T1HgLc T1HgLc bond is too covalerf This discrepancy can be resolved by

assignment resting Acle fluoride adduct Acle including the protein dielectric media using a PCM model
1d—d (-) 8800 ND ) 8 200 ND (e = 5.0), and modeling the hydrogen bonding in the vicinity
2d-d (-)11400 ND €) 9900 ND of the OH ligand. Comparing T2, T2(PCM), ¥HB, and
igig EJ_F; ﬂ ggg —00'000(11217 8 ii 288 _8'80327 T2+HB(PCM) in Table 5, the dielectric media and hydrogen
5d—d (+)17400  0.0070  {)16900  0.00709 bonding increase the Cu character of the ground state by 3.4%
6 d—d (+)19600  0.0039 <) 19 100 0.00709 and 2.8%, respectively. The total Cu character for the-HiB-
; (H)ﬁf;;gcu (J_r) 3‘7‘ 288 _060000001336 € 3‘7‘ 388 _06000000413267 (PCM) model is in good agreement with the experimental data.
9 OH-T3 CE E_g 30 600 —0.600089 _(Eg 31200 _0_600207 The deSCI’iption of the T2 u-OH bond in the T2T3

calculation is more covalent than in the T2 model (Table 5).
This was investigated by calculating the effects on the T2 model
The ground-state descriptions of the T2 and T3 sites are givenof two point charges at the location of T3 Cu’s and with their
in Tables 5 and 6, respectively. Both the percent composition pulliken charges of~ +0.5. The T2 Cu character is reduced
in the respective unoccupied orbital and the spin density (in by ~79% (Table S3, Supporting Information), and therefore, the
parentheses) are presented (B38HFP86/V&31G* level). high Cu-O covalency appears to originate from the electrostatic
These values directly correlate to the bonding interactions repulsion associated with the unshielded charges.
between the metal and its ligands. In particular, the spin- The pinding energy obtained when the T2 and T3 sites were
unrestricted broken symmetry wave functions allow separate compined to form the T2T3 cluster was183 kcal/mol,
descriptions of the magnetic orbitals involved in exchange yeflecting the large repulsive energy between the positive charges
coupling. Figure 6 shows the contours of the unoccupied of the Cu centers. This repulsive energy is lowered by 129 kcal
molecular orbitals (MOs), describing the bonding interactions g (to +54 kcal/mol) when a PCMe(= 5) is introduced.
at the T2 and T3 sites. Consistent with early ligand fiéld  Moreover, the positive charges are neutralized by the surround-
calculations, the three-coordinate T2 site (Figure 6a) has&d  ing protein pocket. The crystal structures of several multicopper
ground state and a square-planar environment with an opengyidases show the presence of negatively charged residues in
coordination position oriented toward the center of the cluster. the vicinity of the cluster (at least four Asp/Glu residues within
The T3 Cu centers (Figure 6b,c) haveground states and are ~ 15 &) The Coulombic interactions between the cluster and these
best described as trigonal bipyramidal sites with open equatorial carhoxylic residues were modeled, and the electrostatic stabi-
positions also oriented toward the center of the cluster. Finally, jization energy is estimated to be80 kcal/mol ate = 5.089
the isotropic constarit's (H = —2J5-S;) are similar between  oyerall, the negative charges in the vicinity and the protein
isolated T3 and T2T3, as shown in Table 7. Therefore, the T2 gje|ectric strongly stabilize the highly charged trinuclear Cu
is electronically and magnetically isolated from the T3 site in gjie

T2T3.
The dominant contribution in the electronic structure of the (68) Experimental results are best matched by B38HFP86/\EZ31G*. Other
ite i - i i 2 methods, such as B3LYP, gave much more covalent descriptions of the
T2 site is theo-bond interaction between Cyedy2 and O g of Cum0 bond in T2, with Cu characters50%%.

OH-~ (Figure 6a). The interactions between Ca ¢ and the (69) Charges on the atoms in the T2T3 site were taken from either Mulliken

iotidi ; _ population analysis or natural population analysis (NPA) in the DFT
histidine I|gands are also of type, but weaker. The ground calculations, and the four Asp/Glu residues were treated as pdiet

state description for the T2 site is in reasonable agreement with charges { = 5).
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Table 4. Selected Geometry Parameters of the Optimized Structures of Trinuclear Cu Cluster and Its Fluoride-Bound Form (Distances are

Given in Angstroms and Angles in Degrees)?

r(CuCu)? (CuOry) (CuOy)° 6(CuO,Cu) rCu-F)? 6(CuFCu)®
exptl (laoz) 3.66/3.78/3.69 2.02 2.06/1.99 131.0
T2 1.90
T2+HBf 1.90
T3 —/-13.72 2.01/1.97 138.4
T2T3 4.07/4.19/3.84 1.89 2.03/2.00 144.5
T2T3+HB' 4.04/4.20/3.85 1.90 2.04/2.00 144.8
T2+F 1.92 1.92+/—
T3+F —/—/3.18 1.98/1.95 107.9 —/2.03/2.05 —/—/102.5
T2T3+F 3.80/3.80/3.33 1.89 2.00/1.95 114.9 2.07/2.12/2.19 130.2/126.4/101.1

aEach structure was optimized at the uB3LYP/LanL2Dz level of theory.

T2 and T3 refer to the isolated Cu sites of the trinuclear cluster, respectively.

T2T3 refers to the whole trinuclear cluster. F/2-, T3+F-, and T2T3+F" refer to the F-bound formsP T2—T3a, T2-T3b, and T3aT3b distances,
respectively T3a—O and T3b-O (O being the bridging O-ligand between the T3 Cu’s) distances, respectiVEdy-F, T3a—F, and T3b-F distances,
repectively.e T2—F—T3a, T2-F—T3b, and T3a-F—T3b angles, respectivelyT2+HB and T2T3+HB refer to structures with two ¥D molecules near the

T2 site, mimicking the ambient hydrogen bond network.

Table 5. Ground-State Descriptions of the T2 Cu Site from the
DFT Calculations on the Resting Oxidized Trinuclear Cu Cluster
(T2T3) and the Isolated T2 Site (T2) Models?@

Cu(T2) OH Hisb F-
exptl 70% >13% 15%
T2 63.1(0.58)  27.6(0.34) 9.3(0.08)
T2 (PCM) 66.5 (0.62) 24.2(0.30) 9.3(0.08)
T2+HB 65.9 (0.62) 23.9(0.30) 9.9 (0.08)
T2+HB (PCM) 69.3(0.65)  20.6(0.26) 10.0 (0.09)
T2T3 56.7 (0.53) 33.0(0.41) 7.9 (0.05)
T2T3+HB® 58.5 (0.55) 30.2(0.39) 8.1(0.07)
exptl 70% ND 14% 7%
T2+F 69.1 (0.68) 9.3(0.12) 15.9(0.12) 5.7(0.08)
T2+F~ (PCM)  61.1(0.68) 8.5(0.12) 26.3(0.13) 4.1(0.07)
T2T3+F ¢ 67.0(0.66)  15.2(0.20) 13.1(0.11) 2.03)

a Compositions (%) in th8LUMO and the spin densities (in parentheses)
are presented. See Table 4 for descriptions of the mdtEle spin densities
for the two histidine ligands have been addeBCM calculations on T2T3
models were not possible due to their large siZds. character in the T2-
basedoLUMO++1 orbital.

2. Electronic Structure of the Fluoride Adduct. 2.1.
Spectroscopic Characterization of the T2 Site in the Fluoride
Adduct.

2.1.1. Multifrequency EPR.The EPR spectra of the T2 site
in the fluoride adduct of T1Hg laccase have been collected at
different microwave frequencies. The X-band EPR spectrum
at 77 K (Figure 1D) shows well-resolved doublets in the parallel
region that originate from a single fluoridé € /) binding
equatorially with a superhyperfine coupling ef63 x 1074
cm™1, as previously reportet.In the Q-band EPR spectrum at
34 GHz (Figure 1E), the parallel region is clearly separated from
the perpendicular region, and the fluorine superhyperfine
splitting is resolved at each one of the fddig transitions derived
from the Cu (= 3/,) hyperfine splitting. The structure observed
in the perpendicular region of the X- and Q-band spectra is due
to both fluoride and nitrogen superhyperfine couplings. Finally,
in the 285 GHz EPR spectrum (Figure 1F), the rhombicity in
the perpendicular region is resolved and a large fluorine
superhyperfine splitting4160 x 1074 cm™1) occurs along the
smallestg value (g). The simultaneous fit of these multi-

(section 2.1.5 and Table 2). From ligand field thetithe
differences ofy, andg, from 2.00 are inversely proportional to
the d,— and d,— die- 2 LF transition energies, respectively.
Therefore, the decreased rhombicity reflects changes in the
energy splitting between these two transitions (i.e., 2200'cm

in resting to 1400 cmt in fluoride adduct, Table 2).

The Cu hyperfine coupling values did not change significantly
in the fluoride adduct. Following an analysis of the spin
Hamiltonian parameters given for the resting form (vide supra),
and using they andA values for the fluoride adduct (Table 1),
the ground state of the T2 in the fluoride adduct is also estimated
to have~70% Cu character.

The largest fluorine superhyperfine tensor component must
be aligned along the GuF bond; thereforeA from Figure
1F corresponds téyf" (in the ligand coordinate system). The
superhyperfine splitting along thgg direction is not large enough
to be resolved, but EPR simulations indicate that this has a value
similar toAF, which corresponds t85" (in the ligand coordinate
system). The superhyperfine couplings from fluoride are given

by

AF = BnA + (1 — M)A, (42)

ADF = ﬁz[nzAiso - 1/2(1 - nz)Aanist]
wheref? is the electron spin density at the fluoridg,is the s
character of the fluoride orbital, anls, and Aaniso for 1% are
17 630x 1074 and 1010x 104 cm™1, respectively’->2 From
the experimental\© = 160 x 104 cm ! andAf =63 x 107*
cmt, ~7% spin density is estimated for the fluoride. Fluorine
couplings in CuF(aq) have been measuredis,” = 333 x
104 cm ! andAanis§ = 273 x 1074 cm~1.79 From these values,
20% spin density is estimated for the equatorial fluoride ligand.
Therefore, the spin density at the fluoride in the T1Hg laccase
adduct is small in comparison, indicating that the T2-Cu
bond is significantly weaker than a normal'GtF bond. The
relatively weak T2 Cli—F bond is quite interesting, considering
that fluoride binds to the cluster with10° higher affinity than
to aqueous copper complex@gl!

(4b)

frequency EPR spectra yields the spin Hamiltonian parameters The fact that the largest superhyperfine tensor component is

listed in Table 1, and the simulated spectra are shown in Figure
1 (dotted lines).

Relative to the resting form, thg values increased in the
fluoride adduct (Table 1), and their rhombicity decreased slightly
(gy — 9« = 0.011). The increase ig values mostly reflects a
decrease in the LF transition energies, as observed by MCD
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along the smalleg value direction ¢) implies that the direction
of fluoride binding corresponds to a stronger ligand fieldy(if
< gy, thenAEy, > AE,, which means that thecgorbital is

(70) Eisenstadt, M.; Friedman, H. . Chem. Physl968 48, 4445-4458.
(71) Winkler, M. E.; Spira, D. J.; LuBien, C. D.; Thamann, T. J.; Solomon, E.
I. Biochem. Biophys. Res. Commua®82 107, 727—-734.
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Table 6. Broken-Symmetry Ground-State Descriptions of the T3 Cu’s on the Resting Oxidized Trinuclear Cu Cluster (T2T3) and the
Isolated T3 Site (T3) Models?

T3a T3b OH HiSay 132" HiSeq 134" HiSay 1a0” HiSeq 730” F-
T3 0.9/78.6 79.3/0.9 3.6/3.6 0.0/7.0 0.3/9.7 7.0/0.0 9.0/0.2
(0.77) (+0.78) (0.00) (0.07) (0.10) -0.07) +0.09)
T2T3 0.8/79.5 78.2/1.9 3.4/3.6 0.0/6.8 0.3/10.2 6.5/0.2 9.9/0.2
(0.77) =0.77) (0.00) (0.07) (0.10) =0.07) (+0.10)
T2T3+HB 0.9/79.4 78.3/2.0 3.5/3.4 0.0/6.2 0.3/10.3 6.5/0.2 9.8/0.2
(0.76) =0.77) (0.00) (0.08) (0.10) -0.07) (+0.10)
T3+F 79.6/0.6 0.6/79.2 4.9/4.7 5.4/0.1 5.0/0.4 0.2/5.6 0.3/5.1 3.4/3.6
(—0.78) (0.78) (0.00) €0.06) (0.04) (0.06) (0.04) (0.00)
T2T3+F 0.5/79.2 79.3/0.6 5.2/5.0 0.1/5.4 0.4/6.2 5.4/0.1 6.6/0.3 1%/1.6
(0.78) (+0.78) (0.00) (0.06) (0.06) —-0.06) (=0.06) (0.03)

a Compositions in thexLUMO and SLUMO are presented in order. Spin densities are presented in parentheses. See Table 4 for descriptions of the
models. PCM calculations on these models were not possible due to their largeSiitscript “ax” refers to the axial histidines along the lagakis and
“eq” refers to the equatorial histidines in the losaf plane of each Cu site. The “eq” values are the sum of the two equatorial histidine ligands at each Cu
site. ¢ F~ characters in the T3a/T3b-basedUMO/SLUMO orbitals.

(a) Type 2 Copper: (b) Type 3a Copper: (c) Type 3b Copper:
“d,2,2”; beta, unoccupied “d,2”; alpha, unoccupied “d2”; beta, unoccupied

Figure 6. Surface plots of unoccupied molecular orbitals obtained from unrestricted DFT calculations.

Table 7. Isotropic Exchange Constant J of the Models? cm~1) value, a total spin density of14% is calculated for the
J(em™) J(em™Y) nitrogens. Therefore, the binding of fluoride has slightly
exptl < 200 T3+F~ (/o OH)P —78.9 decreased the covalency of the T2-€histidine interactions.
T3 —244.6 T2T3+F (w/o OH)P -19.1 2.1.3. Nitrogen ESEEM.The three-pulse ESEEM spectrum
T213 —230.3 T2T3-{OH }© —265.4 of the T1Hg laccase fluoride adduct (Figure 2E) is very similar
EJ{;F, :géé:g T2T3-{H0} —1263 to that of the resting form (Figure 2B). The presence of a

combination peak at around 2.5 MHz denotes that the Cu center
. ahJ values were deterrfnin%%/ takilng %he Tegerg)é defeLenEe between the still has more than one coordinated histidine. Small intensity
e T DL o113 00 e broken SYImelgiferences are observed n the double-quantum peak at 4 MHz,
the bridging OH between T3 Cu’s¢ T2T3 models with OH/H0 at the reflecting small changes in the coupling of the remote nitrogens.
center of the cluster. 2.1.4. Deuterium ENDOR.The Mims ENDOR spectrum of
more destabilized than thg rbital due to a stronger ligand  the T1Hg laccase fluoride adduct (Figure 2F) is very similar to
field along thex direction). The relative ligand field strength  that of the resting form (Figure 2C), indicating that the strongly
affecting the ¢, and g, orbitals is determined by the strength coupled 2H are still present in the fluoride adduct. This is
of the hydroxide ligand relative to the two histidinedH( confirmed by the'H two-pulse ESEEM spectrum (Figure S2,
ENDOR results indicate that the hydroxide is still bound in the Supporting Information), which shows a peak shift from the
presence of fluoride, section 1.1.4). Although histidines are 2vy sum combination peak, similar to that observed in the
reasonable donor ligands, the charge donation from the anionicresting form. These results indicate that the hydroxide ligand
hydroxide is quite significant (section 1.3). Therefore, fluoride (vide supra) is still bound to the Cu center in the fluoride adduct.
binds to the T2 site along the open equatorial coordination In summary, cw EPR results indicate that one fluoride binds
position that is trans to the hydroxide ligand and alongxhe to the T2 Cu along its open equatorial coordination position,
direction. forming a relatively weak CuF bond, even though it binds
2.1.2. Nitrogen ENDOR.The Davies ENDOR spectrum of  with high affinity. Also, pulsed EPR results show that the two
the fluoride adduct of T1Hg laccase at pH 7.5 (Figure 2D) is histidines and the hydroxide ligand are still bound in the fluoride
very similar to that of the resting form (Figure 2A). The proton adduct; therefore, the site becomes four-coordinate. It is
resonances dominate thie= 400 ns andr/2 = 200 ns pulse interesting to note that although a fourth ligand has coordinated
spectrum (dotted line in Figure 2D), while the nitrogen to the Cu site, the Cu character of the site remains unchanged,
resonances are enhanced in the= 60 ns andz/2 = 30 ns while the nitrogen character shows only a modest decrease.
pulse spectrum (solid line in Figure 2D) and corresponét@ 2.1.5. MCD. The MCD spectrum of the T1Hg laccase
= 20.7 MHz. The nitrogen coupling has decreased with respect fluoride adduct (Figure 3B) can be resolved into eight Gaussian
to the resting site, and from th& = 41.4 MHz (13.8x 107* bands, as listed in Table 2. The CT transitions show decreased
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intensity and shift to higher energy, while the ligand field (T2T3) trinuclear cluster site have been performed to correlate
transitions (bands -24) show decreased intensity and their to spectra and gain further insight into the geometric and
energies decrease by moderate amounts<{800 cnt?l). The electronic structure of this complex. This also serves as an
decreased intensity has been associated with fluoride perturbingexperimentally calibrated reference for evaluating the energetics
the CT states, which is the dominant source of intensity mixing of exogenous ligand binding (section 3). The geometrical
for the d— d transitions'” EPR results indicate that the T2 Cu  parameters obtained from optimizations of the &dduct
site has become four-coordinate upon fluoride binding. An (T2T3+F) along with F-bound forms of the isolated T2 and
increase in coordination number destabilizes the d manifold; T3 sites are listed in Table 4. These calculations show that the
therefore, the CT transition energies increase. However, while anion preferably occupies the open coordination positions of
CT transition energies normally increase 98000 cnt® with the T2 and T3 sites in the center of the cluster. Comparison of
an increase in coordination numidthe CT transition energies  the Cu-F distances in T2F~, T3+F~, and T2T3+F shows

in the T1Hg fluoride adduct increase only byl500-3000 that the Cu-F bonds are longer in the T2¥3F structure by
cm ! (Table 2). Overall, the magnitudes of the spectroscopic ~0.1 A, suggesting that each €& bond in the T2T3-F-
changes observed are not as large as expected for a three taodel is weakened by the presence of the additionatEu
four coordination number change, indicating that the fluoride interactions. MO descriptions and spin densities also indicate
ligand—T2 Cu bond is weak. weaker Cu-F bonds in the T2T3 cluster as the Eharacter is

2.1.6. pH Effects on the T2 SiteThe spectroscopic features reduced in the trinuclear environment (f2~ (5.7%) vs
of the T2 site in the T1Hg laccase fluoride adduct were T2T3t+F~ (2.0%) or T3tF~ (3.5%) vs T2T3-F (1.6%);
investigated at pD 4.7 and pD 7.5. The LF region of the MCD Tables 5and 6). This is consistent with the spectroscopic results.
spectrum of the fluoride adduct shows a pH effect similar to ~ The isotropic exchange constahtfor the fluoride adduct
that observed in the resting form (i.e., a positive bans¢z800 ~ (Table 7) demonstrates that lprovides a poor superexchange
cm~1grows in at low pH, Figure S7A, Supporting Information), Pathway. TheJ's are not significantly changed after Binding
while the multifrequency EPR spectra show no changes with to the T2T3 cluster{230 vs—258 cn1?, respectively). The
pH (Figure S7, Supporting Information). Similarly, the CD contribution of the F bridge toJ was tested by removing the
spectra of the fluoride adducts show no changes, indicating thatOH™ bridge between T3 Cu’s. The resultahts small (-19
the T3 site is not perturbed with change in pH (Figure S8, cm '), demonstrating that the T2 and T3 Cu'’s are still electronic
Supporting Information). The deuterium ESEEM spectra (Figure and magnetically isolated in the T2F&~ model. Therefore,
S7E) show a pH effect similar to that observed in the resting the interaction between the trinuclear cluster and théoR is
form (i.e., deeper modulation at high pH), yet smaller in dominantly electrostatic in nature, with only a limited covalent
magnitude. These results indicate that the pH effect observedcontribution.
in the resting T2 Cu site is preserved in the fluoride adduct, 3. DFT Calculations on the Energetics ofus-Ligand
consistent with the observations that the hydroxide ligand has Binding to the Trinuclear Cluster. The energy profiles of the
not been displaced by fluoride (vide supra) and that fluoride binding of exogenous ligands FH;O, and OH at the center
binds at the inner T2 position of the cluster (vide infra). of the trinuclear cluster have been evaluated using DFT

2.2. Spectroscopic Characterization of the T3 Site in the ~ Calculations as presented in Figure 7. For each process, the
Fluoride Adduct. The absorption and CD spectra of the T1Hg following sequence is considered: (1) desolvation of the
laccase fluoride adduct are shown in panels B and D of Figure €x0genous ligand from aqueous solutier< 80), (2) desol-
5, respectively. Simultaneous Gaussian fitting of the absorption Vation of the trinuclear site (T2T3) from the protein dielectric
and CD spectra requires the presence of nine bands with theMedia € = 5.0), (3) binding of the ligand to the T2T3 cluster
parameters listed in Table 3. All ligand field transitions (bands N @ vacuum, and (4) re-solvation of the ligand-bound T2T3
1-6) shift to lower energy upon fluoride binding, indicating cluster’ In addition, the energies of the resting T2T84g)
that the ligand is interacting witboth T3 Cu centers. Since ~ &nd ligand-bound forms3e) were adjusted by the electrostatic
EPR and MCD studies have shown that fluoride also binds to Stabilization of the positively charged cluster by the four nearest
the T2 site, this ligand must bridge and likely binds within the Carboxylic residues (“Asp/Glu effect” in Figure 7).
trinuclear cluster at the open coordination positions of the three A dominant contribution to the high stability of the fbound

Cu centers. This is consistent with the geometry optimizations 1273 complex (Figure 7A) is the binding energy of Fo the
obtained by DFT (section 2.3). T2/T3 cluster in a vacuum~375 kcal/mol). The nature of this

The CT transitions (bands-RB) show a modest shift to higher blqdlng Is largely eIectrqstatlc, as the Coulomb!c energy (.u5|.ng
point charges from Mulliken or natural population analysis) is

energy (Table 3) and a redistribution of intensity. In particular, ™ . . .
the intensity of band 8 decreases, while that of band 9 increases 300 keal/mol. Opposing this is the net solvation energy of

; . ; : +306 kcal/mol (desolvation of F(+112 kcal/mol), desolvation
Figure 5D); the changes are most evident in the overall shape ) 2
E)f ?he broa)ld absorpti%n band &30 300 cm! (Figure 5B). P of T2T3 (+455 kcal/mol), and re-solvation of T2#3F~ (—261

Bands 8 and 9 correspond to theDH — C2*+ CT transitions; kcal/mol)), which destabilizes the binding. With inclusion of

: .. the protein pocket stabilization effects (Asp/Glu effect), an
h h h hat fl . . e
thus, the observed changes demonstrate that fluoride blndlngoverall energy of—42 kcal/mol is obtained. The Faffinity

to the T3 site perturbs the nature of the hydroxide bridge.
Overall, the Changes observed upon fluoride bmdmg are quite (72) The solvation energies were obtained with PCM calculations on models

moderate for four to five coordination changes, suggesting that __designed with NH substituted for the histidine ligands.

. . . . (73) This electrostatic stabilization by the protein pocket is dependent on the
each T3 Cu-fluoride interaction is also weak. total charge of the active site. With a dielectric constant 6 5.0, a

; ; stabilization energy of~80 kcal/mol was obtained when the total charge
2.3. DFT Calculations on the Fluoride Adduct. The DFT of the active site ist+4 (T2T3 or T2T3-H,0), and~53 kcalimol was
calculations on the fluoride (f adduct of the resting oxidized obtained when the total charge+4=3 (T2T3+F~ or T2T3+OH").
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2H20(vac) + Cua(vac) vas7
4
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E
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g |

7a ] (Asp/Glu effect

2H,0(aq) + Cu_(prot) =——pp- H:O'(aq) + {Cu OH}{(prot)

OH Binding Energy = +6 kcal/mol

Figure 7. Energy profile of the binding process of FA), H,O (B), and
OH~ (C) into the CU; center (in kcal/mol). (aq) and (prot) refer to the
aqueous d = 80) and the proteine(= 5) dielectric media, respectively,
(vac) refers to the non-dielectric environment, and “Asp/Glu effect” refers

involved F~ substitution of a HO bound to a Cli complex
with two NHjs ligands and one OHligand (i.e., resembling
the T2 site) in an aqueous environmeat 80). The overall
energy for this process30 kcal/mol, Figure S9) was found
to be 12 kcal/mol less favorable than for Binding to the T2T3
site (Figure 7A). If more complexsolvent interactions are
considered, this difference would be larger as the overall binding
energy would be less favorable due to a larget'-Gd,0
dissociation energy term. Thus, the lower stabilization from F
binding to an aqueous monomeric 'Caomplex is not as
efficient in overcoming the desolvation energies involved,
resulting in the relatively lower Faffinity.

In contrast to the high affinity calculated for binding to
the T2T3 cluster, binding of #D is nearly isoenergetic (less
than +1 kcal/mol; Figure 7B). The dominant terms in this
process are mainly the desolvation of the T2T3 site and re-
solvation of the HO-bound T2T3 cluster, although these are
nearly equal in magnitude. The desolvation energy of th@ H
molecule ¢6 kcal/mol) and the binding of ¥ with the T2T3
site (—6 kcal/mol) result in only a negligible contribution to
this process. In contrast to Fwhere binding to T2T3 is very
exothermic, the binding energy of the® to the T2T3 cluster
is essentially zero, as the stabilization of theOHT2 Cu'
binding is counteracted by the steric destabilization of having
a relatively bulky HO molecule inside the cluster (geometry
optimization parameters are given in Table S4, Supporting
Information). The total charge of the cluster does not change
upon KO binding; thus, the electrostatic stabilization by the
nearby carboxylic residues is the same for both the T2T3 and
T2T3+H,0 sites.

However, HO can deprotonate and produce OkFigure
7C), which can have an equally strong electrostatic attraction
to the T2T3 cluster site as FThe optimized structure of an
OH™-bound T2T3 cluster site has the anion in the center (Table
S4, Supporting Information), similar to the optimized structure
of T2T3+F (Table 4), and the OHbinding energy in vaccum
is —374 kcal/mol, essentially the same as thebihding energy
in vacuum. However, the Fand OH" binding processes are
different in that the former involves desolvation of F+112
kcal/mol), whereas the latter involves a combination of desol-
vation of HO (+12 kcal/mol), deprotonation of # (+255
kcal/mol), and re-solvation of 0" (—107 kcal/mol), which
amounts tot-160 kcal/mol. Therefore, the Otbinding process
is 48 kcal/mol less favorable tharm Binding, resulting in an
overall energy oft-6 kcal/mol. It is important to note that, since
the resting trinuclear site has a charge-te4 and the OH-
bound form has a charge &f3, their relative stabilization by
the negatively charged carboxyl residues in the vicinity of the
cluster favors the unbound form by 27 kcal/mol, resulting in
an endothermic process.

Discussion

A combination of spectroscopic and DFT studies has led to

to the electrostatic stabilization by the four nearest carboxylic residues in significant insight into the geometric and electronic structures

the surrounding protein environmeft.

of the resting trinuclear Cu cluster active site in laccase, which

(K¢) of the trinuclear cluster has been experimentally determined is prototypical of the known multicopper oxidases. In particular,

to be at least 10that of a monomeric Cuicomplex in aqueous
solutions (i.e.,>7 kcal/mol more favorable). To evaluate this

spectroscopic studies have clarified the nature of the T2 Cu
ligation; this site is three-coordinate with two histidine ligands

point, a set of DFT calculations were performed on the binding and a hydroxide at all pH’s. This is consistent with crystal-

of F~ to a monomeric aqueous unodel complex. This

lographic results on several multicopper oxida&sés,which
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Asp73
, His60
wateﬁl7
Figure 9. Geometry-optimized structure of the #bound trinuclear Cu
cluster. Structural parameters are given in Table 4.
Gly63 . . . .

site and a terminal OHligand at the T2 site, the total charge

backbone of the cluster ist-4. This positive charge is neutralized and the

His448

Figure 8. Hydrogen-bonding network around the T2 Cu water-derived
ligand. Figure generated from the crystal structure of AO (PDB accession
number 1AOZ) Hydrogens were added in DS Viewer Pro 5.0 (Accelrys).

show a three-coordinate T2 site at different temperatures{100
277 K). The water-derived ligand at the T2 site is stabilized in
the hydroxide form by the large inductive effect associated with
the low coordination of the T2 Clwsite, the high positive charge
of the cluster, and the hydrogen-bonding network to the
coordinated hydroxide. The crystal structures ofédDdd the
other multicopper oxidasés'? show that the backbone amide
of Gly63 (Gly62 in Rhuswvernicifera laccase¥f is hydrogen-
bonded to the hydroxide ligand at the T2 center-(Ddistance

= 3.1 A), as shown in Figure 8. A second hydrogen bond
connectivity of the T2 OH ligand appears to involve an Asp
residue (Asp73 in AO, Asp72 iRhusvernicifera laccase}®

repulsive energy is stabilized by the protein matrix in the vicinity
of the site. DFT calculations (with PCM and Coulombic models)
have shown that the negative protein pocket (four conserved
Asp/Glu residues within 12 A) and the dielectric of the protein
play important roles in the electrostatic stability and integrity
of the highly charged trinuclear ®cluster.

A characteristic property of the resting trinuclear cluster of
the multicopper oxidases is its high affinity for fluoride, which
is at least 1B larger than that of aqueous C.e., >7 kcal/
mol more favorable). DFT calculations indicate thatbinding
to a monomeric Clicomplex is less favorable thar Binding
to the trinuclear cluster by 12 kcal/mol. However, spectroscopy
and DFT calculations indicate that the resulting-Fubonds
in the F adduct of the cluster are-3 times weaker than a
mononuclear CtF covalent interaction (as assessed by EPR).
A simple electrostatic model predicts a Binding energy to
the trinuclear cluster that is comparable in magnitude to the
DFT-derived value, indicating that the nature of this binding is

as suggested by the pH dependence of the T2 Cu MCD Spedrun]argely electrostatic. Thus, the high affinity of the trinuclear

(pKq = 5.5 &+ 0.8)7475 The carboxylic moiety of Asp73 is

hydrogen-bonded to a water molecule, which in turn is
hydrogen-bonded to the T2 OH ligand (Figure 8). The fact that
this hydrogen bond network around the T2 hydroxide ligand is

cluster for fluoride comes dominantly from the electrostatic
interaction of the negative charge at the center of the positive
cluster and the decrease in electrostatic repulsion among the
Cu' ions. This electrostatic stabilization overcomes the large

highly conserved among all multicopper oxidases suggests thatdesolvation energy required to bind the f the center of the

this arrangement may be implicated in the stability and reactivity
of the site.

The geometric and electronic structure descriptions obtained

from DFT calculations correlate well with the spectroscopy and
crystallography. The T2 Cu is a three-coordinate site with a
planar geometry, a2 ground state, and an open coordination
position oriented toward the center of the cluster. The T3 Cu
centers are four-coordinate but witk? ground states and an

cluster (Figure 9).

Given that the electrostatic repulsion between the three Cu
centers provides the large driving force for anion binding, it is
important to consider why water does not deprotonate and bind
as hydroxide to the center of the resting trinuclear cluster. DFT
results indicate that the energy loss from deprotonating a water
molecule to generate hydroxide can be compensated by the
stabilization energy from OH binding in aus fashion to the

energy level splitting indicating a trigonal bipyramidal geometry cener of the cluster, similar to the fluoride (Figure 9); however,
with each T3 Cu having an open equatorial position also oriented ¢ glectrostatic stabilization by the carboxylic residues in the
into the penter of the cluster. It is |mporta_nt to emphgsm_a that vicinity (“Asp/Glu effect” in Figure 7) is larger for the resting
the resting trlnucle_ar cluster is. thus h_|gh_ly coorqutlvely site (total charge of-4) than for the hydroxide-bound cluster
unsaturated, yet with unusual ligand binding properties. A (+3) by 27 kcal/mol, rendering this process unfavorable and

second important property of the resting oxidized trinuclear Cu
cluster is that the positive charge of three''Gienters is not
compensated by the Cu ligands. With an Obfidge at the T3

(74) It should be noted that mutations at this conserved aspartate in the

resulting in open coordination positions on the T2 and T3
coppers inside the cluster. Thus, the differential electrostatic
stabilization provided by the protein matrix contributes to the
coordination unsaturation of the trinuclear Cu cluster in aqueous

multicopper oxidase Fet3p have demonstrated that this residue is responsibIeSO|Uti0n.

for the pH effect observed by MCD.
(75) Quintanar, L.; Stoj, C.; Wang, T.-P.; Kosman, D. J.; Solomon, E. I.
Biochemistry2005 44, 6081-6091.
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The coordination unsaturation of the trinuclear cluster is likely
of functional significance. Having open coordination positions
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facilitates Q binding within the cluster, while its reduction to  European Commission (“Transnational AcceSpecific Sup-
negatively charged oxo/hydroxo species (as in the native port Action” Program, Contract no. RITA-CT-2003-505474 and
intermediate’f results in bridged structures with total charges INTAS project 03-51-3945), and by the Grenoble High Mag-
of <+4. The electrostatic environment of the protein pocket netic Field Laboratory, CNRS, France. The authors thank Dr.
destabilizes these bridged structures, facilitating water releaseaAnne-Laure Barra (Grenoble) for assistance in running the HF-
and keeping the site from product inhibition. It also prevents EpR facility and collecting HF EPR spectra.
solvent water coordination as hydroxide to the resting cluster,
which would stabilize the charged cluster, lower the redox  Supporting Information Available: Simulations of the ni-
potential, and thus tune the site out of the effective range for trogen ESEEM spectra of resting T1Hg laccase; absorption
reduction of Q to HO. spectra of T1Hg and T2-depleted laccase; multifrequency EPR,
In summary, spectroscopic and electronic structure studies Davies ENDOR, nitrogen ESEEM, absorption, and CD spectra
have elucidated the nature of the T2 Cu ligation and provided of resting T1Hg laccase at pH 7.5 and 4.7; MCD, multifrequency
a detailed geometric and electronic structure description of the EpR, deuterium ESEEM, and CD spectra of the T1Hg laccase
trinuclear Cu cluster of the multicopper oxidases, complement- fj,oride adducts at pH 7.5 and 4.7; table of ligand field and
ing crystallographic results. This description emphasizes the charge-transfer transitions at the T2 Cu, as predicted by TD-
coordination unsaturated nature of the trinuclear Cu site. An gt calculations; comparison of ground-state descriptions of
important conclusion from this study is that the anionic charge o 12 ¢y with OH and HO: energy profile for the binding

in the vicinity of the cluster appears to stabilize its high positive process of F to a monomeric Clicomplex in aqueous solution;

gharge aqd tgne Its coordma’u_op unsaturgtlon and redox PrOPEaple of spin densities of the T2 Cu as a function of point charges
ties, contributing to the @reactivity of the trinuclear Cu cluster.

at the T3 Cu sites, from DFT calculations; geometry optimiza-
Acknowledgment. This research was supported by NIH tion parameters of OHand HO bound to the trinuclear cluster

Grants DK31450 (to E.I.S.) and GM48242 (to R.D.B.), by the at the us-positions; and complete ref 32. This material is

available free of charge via the Internet at http://pubs.acs.org.
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