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A variety of spectroscopic techniques, combined with density functional calculations, are used to describe the
electronic structure of the Leu513His variant of the type 1 Cu site in Myceliophthora thermophila laccase. This
mutation changes the type 1 Cu from a blue to a green site. Electron paramagnetic resonance (EPR), optical
absorption, circular dichroism, and magnetic circular dichroism (MCD) spectroscopies reveal that, relative to the
trigonal planar blue type 1 Cu site in wild-type fungal laccase, the covalency and the ligand field strength at the
Leu513His green type 1 Cu center decrease. Additionally, there is a significant reorientation of the dy—2 singly
occupied MO, such that the overlap with the Cys sulfur valence orbital changes from 7z to ¢. A density functional
study in which internal coordinates are systematically altered reveals that these changes are due to the increased
strength of the axial ligand (none to His), leading to a tetragonal distortion and elongation of the equatorial Cu-
ligand bonds. These calculations provide insight into the experimental differences in the EPR parameters, charge-
transfer absorption spectrum, and ligand-field MCD spectrum between the axial-His variant and blue Cu centers
(plastocyanin and the type 1 site in fungal laccase). There are also significant differences between the green site
in the Leu513His variant and other naturally occurring, green type 1 Cu sites such as in nitrite reductase, which
have short axial Cu—=S(Met) bonds. The large difference in EPR parameters between these green type 1 sites
derives from a change in ligand field excitation energies observed by MCD, which reflects a decrease in ligand
field strength. This is associated with different steric interactions of a His vs an axial Met ligand in a tetragonally
distorted type 1 site. Changes in the electronic structure of the Cu site correlate with the difference in reactivity of
the green His variant relative to blue wild-type fungal laccase.

Introduction characterized by an intenses£ 5000 M~ cm™1) absorption
feature around 600 nm and smak100 x 10* cm™?)
parallel hyperfine coupling in electron paramagnetic reso-
nance (EPR). These unusual spectroscopic features are due
to a highly covalentr bond between the S(Cys) and the’?Cu

The type 2 (T2), or normal, Cu site displays parallel
hyperfine coupling ¥ 160 x 104 cm™?) typical of normal
tetragonal Cu and does not exhibit intense features in the
visible absorption or circular dichroism (CD) spectrum.
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Laccaset-diphenol: dioxygen oxidoreductase, EC 1.10.3.2)
belongs to the family of multicopper oxidases, which utilize
four copper ions to couple four one-electron substrate
oxidations with the four-electron reduction of dioxygen to
waterl? The different Cu sites are classified into three types
based on the spectroscopic properties they exhibit in the
oxidized (Cd") state. The type 1 (T1), or blue, Cu site is

* Novozymes Biotech. coupled through a bridging hydroxiderThe resulting dia-
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Axial Ligand Effects on Type 1 Blue Cu Site

magnetic Goa = 0) T3 Cu site lacks an EPR signal, but
displays an absorption feature around 330 (5000

the T1 Cu site upon mutation of the axial-Met to 1%ig:13
In particular, the Cys—~ Cu charge-transfer transition at 600

M~1cm™). In fungal laccase, the T2 and T3 sites are within nm shifts to higher energy and tléCu—S(Cys)) envelope
4 A of each other and together form a trinuclear Cu cluster, in resonance Raman moves to a lower Raman shift, indicat-

which is the site of @reduction. The T1 Cu site shuttles

ing a weaker Cu-S(Cys) bond. However, a detailed descrip-

electrons from substrate, typically diphenols, aryl diamines, tion of the electronic structure of this variant and its relation

or amino phenols, to the T2/T3 trinuclear Cu cluster.

to other green Cu sites has not been conducted. One

The T1 Cu site of fungal laccase is an unusual blue Cu complication of M121H A.d. azurin is that it undergoes a
site because it lacks an axial ligand, rendering the site trigonalSignificant change upon lowering the pH. Spectroscopic and

planar. Previous spectroscopic studies the T1 Cu site
from three different wild-type fungal laccaseBolyporus
pinsitis (PpL), Rhizoctonia solanjRsL), andMyceliophthora
thermophila(MtL)) revealed that this T1 Cu site is charac-

X-ray crystallographic studies reveal that the &f axial-

His121 protonates at low pH and dissociates from the
oxidized Cu, resulting in a T1 blue Cu site. The authors
implicate a trans-axial Gly45 and hydrogen bonding between

terized by increased covalency of the €8(Cys)x bond ~ His121 and Ser9 as potentially playing a role in this pH
and increased strength of the ligand field as compared todependence. An additional difficulty of the M121H A.d.
the classic T1 site in plastocyanin, which has an axial Met 82urin variantis that even at high pH (pH0.5), a fraction
ligand# Both of these changes were found to be derived from ©f the protein {-25%) exhibits characteristics of a blue T1
the lack of the axial ligand. Additionally, investigations on CU site and therefore all protein samples contain a mixture
a variant of PpL, in which the “axial” noncoordinating ©f species.

Leu463 was changed to a weakly coordinating Met (L463M  This study presents the spectroscopic characterization of
PpL) confirmed that the T1 Cu axial ligand environment @ variant ofMyceliophthora thermophildaccase in which

Extensive studies on other blue Cu proteins have focused?" M indicating a significant _pertur_bation of the T1 site. 'F‘
on the T1 Cu ligand environment and how it impacts the contrast to the M121H azurin variant, the spectroscopic

electronic properties of the Cu site. A number of proteins properties of this new fungal laccase variant are not affected

with “perturbed” T1 sites are actually green rather than blue by(;)l-:hln a:(ddmc;g, the leputglte e>;|stsbas at§|ngltec:|sgpe0|e(sj,
in color. These sites exist naturally in proteins such as nitrite an erefore the combination of absorption, ; an
reductase (NiRF and cucumber basic protein (CB), magnetic circular dichroism (MCD) spectroscopy allows a

which have a short, axial CtS(Met) bond and have been det?'letdfdetsﬁ”%t.'o? tpf thi\gg?.nd f|||eld of t:us aX|e'1I-I—I|I|s
engineered into classic blue Cu sites such as the Met121 to anant for the nirst time. onaty, spectroscopically

His variant of azurin fronAlcaligenes denitrificarfM121H adjusted density functional (DFT) calculations were carried

A.d. azurin). The electronic structure of the green T1 sites out to gain further insight into the electronic structure of the
in. NiR and .CBP differs significantly from that of classic ground state. The combination of experimental data and DFT

. . 4 ..__calculations allows a comparison of the electronic structure
blue Cu sites. Relative to plastocyanin, the green T1 Cu sites . . . . I .
o - . . ' of the axial-His variant with traditional blue Cu sites and
in NiR and CBP exhibit an increased ligand field and a other areen Cu sites
rotation of the singly occupied Cued,z HOMO, which 9 '
increases the pseudoand decreases the interaction of
the S(Cys) with the C#! These electronic structure
changes have been correlated with a shorter-8Met)

Materials and Methods

Preparation of MtL Variants. The protocols for molecular

bond, which results in an increased Jafiieller distorting biology experimeqts (including restrictior? digests, DNA ligations,
gel electrophoresis, and DNA preparations) were adapted from

force and leads to a more flattened, tetragonal geometry. either the instructions of the manufacturer or standard procedures.

In M121H A.d. azurin, absorption, EPR, resonance Raman, oligonucleotides were synthesized using an Applied Biosystems
and X-ray crystal structural studies reveal perturbation of 294 DNA/RNA synthesizer. Nucleotide sequences were determined
by an Applied Biosystems 373A-1.2.0 DNA sequencer. The plasmid
construction, transformation, and fermentation were similar to those
described previousBf:15Briefly, a plasmid pAJ032 was constructed
from pRaMB17. A fragment encoding the T1 Cu-ligating peptide

(4) Palmer, A. E.; Randall, D. W.; Xu, F.; Solomon, EJl.Am. Chem.
Soc.1999 121, 7138-7149.
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(6) Liu, M.-Y.; Liu, M.-C.; Payne, W. J.; LeGall, Jl. Bacteriol. 1986
166, 604—-608.
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(9) Kroes, S. J.; Hoitink, C. W. G.; Andrew, C. R.; Ai, J.; Sanders-Loehr,
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1996 240, 342-351.

(10) LaCroix, L. B.; Shadle, S. E.; Wang, Y.; Averill, B. A.; Hedman, B.;
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S0c.200Q 122 2322-2328.
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R.; Brown, S. H.; Palmer, A. E.; Solomon, E.Biochem. J.1998
334, 63-70.
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segment of MtL was subcloned into pUC118, from which single- visible absorption spectra were obtained using either a Hewlett-
stranded DNA was prepared and used as a template for site-directedPackard HP8452A diode array or a Shimadzu UV160LI spectro-

mutagenesis with the primer’BCATCGCCTGGCACGTCTCGG-
GTGGACATGGCGTC GTCTACCTCG3for Leu513His variant),
5dACATCGCCTGGCTCGTCTCGGGTGGAC ATGGCGTCGTC-
TACCTC G3 (for His508Leu and Leu513His variantsd&TG-
GCTGTTC CACTCCCACATCGCCTJfor Cys503Ser variants),
and BdCTGGCTGTTCCACCACCAT CGCCTGGCTGCGTC-
TCGGGCGGCCTGGGIfor Cys503His and His508Cys variants).

photometer. Room-temperature CD and low-temperature (5 K)
MCD spectra in the 306800 nm region were collected with a Jasco

J-500-C spectropolarimeter operating with an S-20 photomultiplier
tube and an Oxford SM4-7T magnet. CD and MCD spectra in the
700—2000 nm region were recorded with a Jasco J-200-D spec-
tropolarimeter, a liquid nitrogen cooled InSh detector, and an Oxford
SM4000-7T magnet. CD samples were run in a 1.0 cm quartz

The variants were identified by hybridization with the corresponding cuvette. MCD samples were run in MCD cells fitted with quartz
radio-labeled oligonucleotide primer and verified by DNA sequence disks and a 0.3 cm rubber gasket spacer. Simultaneous Gaussian
analysis. The DNA segments encoding MtL variants were subcloned fitting of the absorption, CD, and MCD spectra was performed using

into a vector containingspergillus nigeNA2-tpi promoter, AMG
terminator, andamdSgene. The subcloned variants were trans-
formed intoA. oryzaeas previously described,except that 1 cth

of SPTC (0.8 M sorbitol, 40% poly(ethylene glycol) 4000 [BDH],
50 mM Tris-HCI, pH 8.0, 50 mM CaG) was used instead of the
PEG solution. Plated on Cove medium containing 5 mM ABTS,

the PeakFit program (Jandét).

Electronic Structure Calculations. Gradient-corrected density
functional calculations (GGA-DFT) were carried out using
ADF20022-25 on a 40-cpu heterogeneous cluster of SGI Origin,
IBM RISC, and IBM PC compatible computers. The Becke88
exchang® and Perdew88 correlation nonlocal functionals were

active transformants were selected, spore-purified, and fermentedused with Woske-Vilk —Nussair local functionat§ as implemented

in 125 cn? shake flasks for 5 days at 3€. Only the Leu513His

in the software package (BP86). The trigletuality, Slater-type

variant showed significant expression in shake flask and was all-electron basis set (BSP) was employed with a single

fermented in a 10-L fermentor for purification and characterization.

The purification was similar to that previously descriBégith a
recovery yield of 40%.

Enzyme Characterization. The enzyme concentration was
determined using the absorption band at 280 ey & 146 mMt
cm™1). The molar absorptivityd) at 280 nm was determined by

polarization function. This basis set has previously been shown to
be theoretically converged for Cu-containing systéfnand ad-
ditional polarization functions (BSV) do not improve the electronic
structure description. Because the standard GGA-DFT calculations
give too much ligand character in the ground-state wave function
compared to the experiment, the nuclear charge of the Cu was

amino acid analysis. Laccase-catalyzed oxidation of syringaldazinereduced by 0.45e, giving a reasonable bonding description as

(SGZ), methyl syringate (MS), or 2;2zinobis-(3-ethylbenzothia-

zoline-6-sulfonic acid) (ABTS) and kinetic analysis were performed

as previously reportet. Copper concentrations were determined
spectrophotometrically using 2;Biquinoliné’ or by atomic ab-

discussed for other cupric systefas.

The active-site models were constructed from imidazole, methyl
thiolate, and dimethyl thioether molecules. The atomic coordinates
of the blue Cu-based geometries were taken from the 1.33 A

sorption spectroscopy. The amount of reduced Cu was determinedresolution X-ray structure of the Poplar plastocyanin (Fic).

using the modified 2,2biquinoline assay® The concentration of

Because there is no structural data for the L513H laccase variant,

paramagnetic Cu was determined from spin quantitation of EPR the atomic coordinates of the axial-His variant models were taken

spectra (vide infra). Spectra were normalized té'Qwoncentration.

from the 1.89 A resolution, room temperature (RT models) and

Experiments on the pH dependence of the activity profile used from the 1.91 A resolution, liquid nitrogen temperature X-ray

Britton and Robinson (B&R) buffer (pH 2-711, made by mixing
0.1 M boric acid, 0.1 M acetic acid, and 0.1 M phosphoric acid
with 0.5 M NaOH to desired pH). All spectroscopic experiments
were performed in 100 mM potassium phosphate buffer=pH
(pD = 6.0 for MCD experiments). The reduction potential of the
T1 Cu in L513H MtL in 10 mM phosphate buffer, pH 7.0, was

structures (LT models) of the M121H A.d. azurin at pH 6.5 (referred
to high pH forms in ref 12). Each crystal structure contains two,
crystallographically independent active sites, which are virtually
identical within the resolution of 1.9 A. Instead of using a
hypothetical, averaged geometry, the experimental structures of the
four active sites were employed to take into account possible

obtained by the poised potential method. To 0.2 mM of degassed variations in the calculated ground- and excited-state properties due

protein, were anaerobically added aliquots afA€(CN)] (0.0—
33.3 mM) to a final concentration of 50 mM, and the absorption

spectrum was monitored until equilibrium was achieved for each

to structural differencég(vide infra). Single-point energy calcula-
tions were performed without symmetry constraints.

titration point. Chemicals used as buffers were reagent grade and(21) PeakFitversion 4.06; SPSS, Inc., AISN Software, Inc., 1995.

were used without further purification. Water was purified to a
resistivity of 15-18 MQ using a Barnstead Nanopure deionizing
system.

Spectroscopic StudiesEPR spectra were obtained using a

Bruker ER 220D-SRC spectrometer. All samples were run at 77 K (26)

(22) Baerends, E. J. E.; Ellis, D. E.; Ros, P.Chem. Phys1973 2, 41—
51

(23) Versluis, L. Z.; Ziegler, TJ. Chem. Phys1988 88, 322-328.

(24) teVelde, G.; Baerends, E.J.Comput. Phys1992 99, 84—98.
(25) Guerra, C. F.; Snijders, J. G.; teVelde, G.; Baerends,Hebr. Chem.
Acc. 1998 99, 391-403.

Becke, A. D.Phys. Re. A: At., Mol., Opt. Phys1988 38.

in a liquid nitrogen finger Dewar. EPR spectra were spin-quantitated (27) Perdew, J. FPhys. Re. B: Condens. Matter Mater. Phy$986 33.

using a Cu standard, Cu(CJi3,'° of known concentration run in

the same tube as the sample. Simulations of EPR spectra werd?9)

performed using the program SIM25Room-temperature UV

(16) Xu, F.Biochemistryl996 35, 7608-7614.

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

(18) Hanna, P. M.; Tamilarasan, R.; McMillin, D. Biochem. J.1988
256, 1001-1004.

(19) Carithers, R. P.; Palmer, G. Biol. Chem.1981, 256, 7967-7976.

(20) Lozos, G. P.; Hoffman, B. M.; Franz, C. CPE Bull.: QCPE
program number QCMP15%974 11
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Amsterdam Density Functionalst ed.; Scientific Computing and

Modelling NV: Amsterdam, The Netherlands, 2000.

(30) Ryde, U.; Olsson, M. H. M.; Pierloot, K. IRrocesses and Properties
of Biological Systemdriksson, L., Ed.; Elsevier: Amsterdam, 2001,
Vol. 9, pp 1-55.

(31) Szilagyi, R. K.; Metz, M.; Solomon, E. . Phys. Chem. R002
106, 2994-3007.

(32) Guss, J. M.; Bartunik, H. D.; Freeman, H.Axta Crystallogr.1992
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(33) The equatorial CdN, Cu—S and axial Cu-N distances vary from
2.01t02.20 A, 2.162.28 A, and 2.06:2.25 A, respectively.



Axial Ligand Effects on Type 1 Blue Cu Site

Scheme 1

In a systematic analysis of individual internal coordinates defining the three original peaks, indicating the absence of any heme-
a distortion coordinate, a series of structures were manually |like contaminant in the variant MtL preparation.
constructed (Scheme 1, vide infra). StructuresV are used to Metal incorporation was accomplished by in vivo biosyn-
investigate the ligand field strengths of the axial-Met and His ligands thesis, and as a result the purified protein was not completely
in a trigonally distorted tetrahedral environment. Struciutacks loaded with Cu. On average, samples contained 28505
the axial ligand, whereas structurs-IV have an axial-Met at Culprotein (Ciw) distributed among the three Cu sites (vide

long (2.8 A as in plastocyanin) and short (2.6 A as in nitrite . . . -
reductase) distances and an axial-His at 2.3 A (as in M121H A.d. infra). Incomplete metal incorporation was also observed in
previous studies of an axial-His variant of bilirubin oxidase,

azurin), respectively. Structukéwas derived fromV by applying
the tetragonal distortion observed in the room-temperature X-ray & close analogue of lacca¥don-exchange chromatography

structure of the M121H A.d. azurin, active site A. The-€u  during protein purification appeared to be sufficient for
equatorial ligand bond lengths were fixed to thoselinlll . removing adventitious C, as confirmed by EPR charac-
StructureV| corresponds to the experimental geometry of the active terization. One complication of the partially loaded L513H
site of the RT structure with a longer axial €M(His) bond. MtL protein is that~60% of the Cu is in the reduced (&)
Variation in the axial Ce-N(His) distance by 0.04 A, as found i form (1.43+ 0.04 CU*/2.4 Cugrm). Spin quantitation of the
the M121H A.d. azu_rin, affects the_ orbital energies by less .than EPR spectrum revealed that 14% of the Cu is paramagnetic
400 cnt?; therefore, in the_systematlc_DFT stud_y only one variant (0.33 spins/2.4 Cutw). Using EPR simulations, we system-
structure (RT structure with long axial €N(His) bond, HP1- atically varied the ratio of T1:T2 to determine the distribution
SUA in ref 12) is presented. . ) .
of paramagnetic Cu. The best fit to the experimental spectrum

was obtained by 1:0.8 ratio of the T1:T2 Cu sites. This ratio
could be varied by up to 10% while still obtaining a

Characterization of the Axial-His Variant in Laccase. reasonable fit. Therefore, the T1 Cu site contains Gt18
Mutation of Leu513 in the axial position of MtL to His 0.02 spins and the T2 Cu site 0.£50.02 spins.
resulted in an enzyme that was green rather than blue in The L513H MtL protein could be reduced by standard
color. The purified variant had a molecular weight of 76 000 fungal laccase substrates such as ABTS and hydroquinone
on the SDS-PAGE and a UWisible spectrum with three  and then oxidized upon exposure tg, @dicating that the
maxima at 278, 400, and 580 nm. Addition of pyridine, — : — _ : : ,
NaOH, and Na-dithionite led to the appearance of two &% ﬁ?lggﬁdrﬁ{i’,’ ?as\?'a‘%;gumo”sJs'lmgﬂﬁ';aJrABlffr:gE‘T(Tflg,'f)‘;ra'
maxima at 556 and 615 nm without the disappearance of 1999 125

Results and Analysis

Inorganic Chemistry, Vol. 42, No. 13, 2003 4009
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Table 1. Substrate Specificity of the Leu513His Variant (Measured in 10 mM MES, pH 5.5)

SGz MS ABTS
K, uM Keat, Min~t K, uM Keay mint K, uM Keas min—t
WT? 1.4+0.2 4500+ 200 2.5+ 0.7 3200+ 400 110+ 20 3800+ 300
L513H 24+ 3 70+ 10 3600+ 400 18+ 2 1100+ 100 160+ 20
388+ 55 100+ 11P 889+ 111

aThe data for wild-type MtL are from ref 16.Corrected for the 18% loaded and redox active protein in the L513H variant.

T T T T T T

protein was capable of turning over (vide infra). Reduction
and reoxidation were monitored by absorption spectroscopy.
In all turnover experiments, the protein returned to the same
oxidation level (~18% fully oxidized) after turnover, sug-
gesting that a consistent fraction of the protein was fully
loaded and redox active (i.e., intact oxidized T1 and T2 and
antiferromagnetically coupled T3 sites), whereas the remain-
der of the protein molecules were incompletely loaded and
contained a distribution of reduced Cu among the three sites.
A number of experiments were further conducted in an
attempt to oxidize the reduced Cu. Ferricyanide was added
sequentially (up to a 1b excess) to a sample of 1 mM
L513H MtL, and the absorption was monitored over 1.5 h.
No change in the 578 nm absorption band was observed,
indicating that no T1 Cu was further oxidized under these

05 [T A

L513HMtL

MtL

-0.5

normalized intensity

|

1.5 [

| | | | | |

conditions. Likewise, sequential addition of® (2—10- 26 25 24 23 22 29 2 19
fold excess) to the protein did not result in an increase in g value
the amount of oxidized T1 Cu (578 nm band) or T3 Cu (330 03 B L513H ,\[,,t,_g[|= 2.240, p“l: 102 1
nm band), as observed by absorption spectroscopy. These Zo2 -
experiments suggested that the reduced Cu is likely distrib- 8 T2Cu Ly T
uted among protein molecules, which lack appropriate 5 01 S’ ,J 7
electron-transfer pathways because of partial Cu loading. (;% 0 brreem N\ v
Because the reduced Cu does not contribute to the spectro- £ I—I—rl—l
scopic properties of the protein and, likewise, because the S 01 F MIL: g, =2.201, A =87 i
protein molecules containing absent or reduced Cu do not i
contribute to protein turnover, spectroscopic and reactivity 0.2 [ [ [ ' [

. . : o 26 25 24 23 22 21 2
studies were normalized to allow comparison with wild-type g value

MtL. The L513H MtL data were all normalized by a factor
of 1/0.18 to afully loaded, oxidized'1 Cu.

Table 1 summarizes the SGZ, MS, and ABTS-oxidase
activities of both L513H and wild-type MtL. Although the
L513H variant showed the same optimal pH (pHas the
wild type (7 for SGZ and MS, 3 for ABTS), it&, was 106-
1400x higher andk.s Was 4-32x lower than those of the
wild type. At 20°C, the inhibitor NaF showed agglof 0.2
and 6 mM at pH 5.5 and 7.5, respectively, for the variant
(with ABTS as the substrate), slightly smaller than those for
wild-type MtL (0.3 and 20 mM).

The redox potential of the T1 Cu site in L513H, an
important factor for determining catalytic activity, was
measured by the poised potential method using the ferri

ferrocyanide redox couple to poise the solution potential. region of the T1 Cugo
dfor MtL and 2.053 for L513H MtL), wherea& (15 x 104

d cmt for both) is unchanged by the mutation. It should be

Under these conditions, the redox potential was determine
to be 420+ 20 mV, slightly lower than the value observe
for the T1 Cu site in wild-type MtL (450 mV3®

EPR Comparison of Wild Type and L513H MtL. The
EPR spectra of wild type and L513H MtL as well as the

(35) Xu, F.; Shin, W.; Brown, S. H.; Wabhleithner, J. A.; Sundaram, U.
M.; Solomon, E. |.Biochim. Biophys. Actd996 1292 303-311.
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Figure 1. (A) EPR spectra of L513H MtL (solid line, top) and wild type
(solid line, bottom) with the respective simulations (dotted line). (B)
Expanded scale of the EPR spectra in the parallel region (A values are
given in x 1074 cm~1). The instrument parameters were as follows: 9.505
and 9.514 GHz microwave frequency (wild type and variant, respectively),
10.1 mW microwave power, 100 kHz modulation frequency, 20 G
modulation amplitude, 500 ms time constant, 500 s sweep time.

corresponding simulations are presented in Figure 1A. The
simulations allow the ground-state spin Hamiltonian param-
eters for each of the two paramagnetic sites to be extracted.
For the T1 Cu,g, increases from 2.201 to 2.240 and the
hyperfine coupling constant in the electroaidirection, A,
increases in magnitude from 8710 4to 102x 10 “*cm!

/going from wild type to variant MtL. In the perpendicular

appears to increase slightly (2.045

noted that small changes in tlgg region are difficult to
detect because of the overlapping T2 Cu EPR signal. For
the T2 Cu,g, is 2.247 for both wild type and variant MtL
and A, decreases slightly from 18% 1074 to 180 x 104
cmL. In summary, the T1 Cu site is perturbed by the Leu
to His mutation, whereas the T2 Cu is relatively unchanged.
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Given the ligand field expressions for tlgevalues, the 8000 . . . .
increase ing, observed in L513H MtL could result from 7000
either a decrease in the ligand field strength or a decrease in ~ 6000
covalency. To assess the ligand field contribution, the & 5000
following simplified expression can be us&d: % ;ggg N
Ag,(L MtL) = AE, (ML) Ag,(MtL 1 ?ggg i
9i(Ls1aH ML) AE, (Ly;H MIL) gMtL) (1) L
where Ag; is the deviation of they, value from the spin- 2(5) ' ' ' '
only value (2.002) and\E,y is the experimental energy of ~15
thexy — x2 — y? ligand field transition. As can be seen from P‘g 10
analysis of the optical spectra (vide infr&)E,, of L513H s 5
MtL is lower than wild-type MtL (12 700 vs 13 160 cr, g0
and on the basis of eq 1, this would causeghef L513H 5
MtL to increase slightly (from 2.201 to 2.208). To fully -10
account for the experimentally observed increagg {2.201 -15 : : : :
— 2.240), the covalency of L513H MtL must also decrease 50 ]
(i.e., the metal character of the singly occupied MO (SOMO) 0 c

must increase).

The competing factors that influence hyperfine coupling
constant are related by the following generalized
expressiorss

A= AFerml contact+ Aspln d|po|ar+ Aorb|ta| dipolar (2) | | | |

25000 20000 15000 10000 5000
Energy (cm™)

The experimental increase gy in L513H MtL alters the
orbital dipolar i i 1
A contribution to the hyperflne and causes the Figure 2. (A) Room-temperature absorption spectrum, (B) Low-temper-

hyperfine coupling to decrease in magnitude. Howe®er,  ature (5 K) CD spectrum, and (C) Low-temperature (5 K) MCD spectrum

in L513H MtL is larger in magnitude than in MtL, and of L513H MtL. The O T baseline was subtracted frometd T MCD

therefore theAFermi contactynd/or AsPin dicolar contribution must spectrum. The dotted lines in A and C represent the individual Gaussian

. bands.
also change upon mutation to overcompensate. For the Fermi

contact term to account for the experimental increasi,in  Table 2. Summary of Gaussian Bands for L513H MtL
there would need to be decreasein 4s mixing into the band energy (cm) e(M~tcml2  CoDo assignments
ground state, and yet the amount of 4s mixing in the ground

e a 6550 c c 2
state of fungal laccases was already found to be negligible. p 10 150 c c yz
Therefore AsPin dipolaris the primary factor that contributesto ¢ 12700 912 —0.0327  xy
; COA ; ; d 13 900 1081 —0.1044 xz
the increase M, in L513H MtL, where an increase in e 17 400 2825 00693 Cyst
Aspindipolarsignifies an increase in the metal character of the ¢ 23000 5300 0.0076  Cys pseudo-
SOMO in L513H MtL. The magnitude of this increase can ¢ 25000 3840 —0.0053  His
h 27 200 4175 —0.0046  His

be estimated using the experimengavalues in the ligand
field expressions for the hyperfine coupling and is found to 2 The error in the reported values is at least 18%he energy of this

be ~10%37 In summary the increase Ig and A values transition comes from the low-temperature MCD spectrum, whereas the
indicates that 2! f the bl c ite in MtL t energies of the remaining bands come from the room-temperature absorption
Indicates that upon going from the blue Cu site in 0 spectrum® Not determined because the band was below the detection limit

the green Cu site in L513H MtL, the covalency of the SOMO of the absorption spectrometer.

decreases by 10%. _ are quite different from those of the green Cu sites that have
The EPR parameters of the T1 Cu in L513H MtL can be et in the axial position. They of NiR is 2.195, whereas
compared to t_hose of other green T1 Cu sites. At pH 7, the the A, is 73 x 104 cmi %, which indicates thahe electronic
green T1 Cu in M121H A.d. azurin hap = 2.247 andA, structure of the T1 green Cu site of the axial-kiaiants is
= 102 x 10* cm*? These are quite similar to the gifferent from that of the axial-Met green Cu proteins
parameters for L513H MtLg, = 2.240 andAy = 102 x Electronic structure calculations provide insight into the
10"* cm™) and indicate that the ground states of the axial- origin of these differences (vide infra).
His variant of azurin and fungal laccase are similar.  Apsorption, CD, and Low-Temperature MCD Spectra
Alternatively, the EPR parameters of the axial-His variants f  513H MtL Relative to Those of MtL. The absorption,
(36) McGarvey, B. R. InTransition Metal ChemistryCarlin, B. L., Ed CD, and MCD spectra of L513H ML are shown in Figure
1966; Vol. 3, pp 89-201. ’ o 2. Simultaneous Gaussian fitting of all three spectra requires
(37) If the experimentaly and A values are input into the following  eight bands (dashed lines shown in parts A and C of Figure
equation: Ay = Pd(-x — 4oC/7 + 3Ag/7 + Agiandiis assumedto oyiq fit the region between 5000 and 30 000 émTable 2

be the same in MtL and L513H MLtL, the difference in metal character . ) S L
(025134 i — 0we) Was calculated to be 9.6%. lists the energies, experimental extinction coefficients, and
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Figure 3. Comparison of the absorption, CD, and MCD of wild-type MtL (left), L463M PpL (middle), and L513H MtL (right). The spectra for wild-type
MtL and variant PpL are reproduced with permission from ref 4.
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Table 3. Comparison of the Charge-Transfer and Ligand Field Transitions

] 200
20000 15000 10000 5000
Energy (cm)
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transition MtL2 L513H MtL L463M PplL2 M121H A.d. azurifl NiRb Plcs
a 2 6500 6550 6500 5000 5000
b Xy 13160 10 150y2) 12370 11 900 10 800
c yz 14 290 12 700%y) 13700 13 500 12 800kt + y2)
d Xz 15 470 13 900 14 880 14 900 13 95 y2)
e Cysm 16 610 17 400 16 630 16 860 17 550 16 700
f Cys pseudas 18 650 23000 18 540 22 800 21 900 18 700

aTaken from ref 4 Taken from ref 10¢ Taken from ref 419 Taken from ref 8.

Co/Dg ratios of the individual bands. ThegDy ratio is a

however, correlation with other T1 Cu proteins reveals that

measure of the MCD C-term intensity of a particular this is the Cysaz — Cu CT transition. Bands -ad are

transition as compared to its intensity in absorptiogDg
ratios were calculated using the equatiofiDg = (KTAe)/
(usBe), wherek is Boltzmann’s constant is the tempera-
ture, ug is the Bohr magneton, ari8lis the magnetic field,
and the extinction coefficients are reported imm~1.38

In general, the @Dy helps determine whether a transition

is a ligand field or a charge transfer (CT), as ligand field

transitions tend to have higher/O, ratios®

proteins reveals that g and h are likely Hi§ (— T1 Cu CT

attributed to T1 Cu ligand field transitions. These bands can
be assigned as excitations from the d,, d,,, and d, (in
order of increasing energy) to theedz ground state based
on their signs and relative intensities (in absorption and
MCD).4
Figure 3 presents a comparison of the absorption, CD, and
MCD spectra of wild-type MtL, L463M PpL, and L513H

MtL where both the wild type and L463M PpL variant are
The three highest-energy transitions (bands f, g, and h) blue sites and the L513H MtL is a green site. The energies

have very low @Dy ratios and are therefore assigned as CT of the individual transitions are summarized in Table 3.

transitions. Comparison with other blue and green Cu Overall, the spectrum of L513H MtL is dramatically different

from that of wild-type MtL, suggesting a strong geometric

transitions, whereas band f is assigned as the Cys pseudo- perturbation of the T1 Cu site upon mutation of the Leu to

— Cu CT transitiorf® Band e has an ambiguoug/Dq ratio;

(38) Piepho, S. B.; Schatz, P. K&roup Theory in SpectroscopyVith
Applications to Magnetic Circular DichroispWiley & Sons: New

York, 1983.

His. As can be seen from Table 3, the ligand field decreases
in the axial-His variant. The energy of the transition is

(39) Solomon, E. I.; Hanson, M. A. limorganic Electronic Structure and

SpectroscopgySolomon, E. I., Lever, A. P. B., Eds.; Wiley & Sons:
New York, 1999; Vol. 2, pp +130.
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(40) It should be noted that attempts were made to obtain resonance Raman

on MtLH (excitation1 = 413 and 468 nm). However, the total
absorption was too low, and no peaks were observed above the noise.

38109.

(41) Gewirth, A. A.; Solomon, E. 3. Am. Chem. S0d.988 110, 3811~
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about the same in MtL and L513H MtL, but all the other Cud% S p%
ligand field transitions decrease in energy, withahd d, LUMO 81
showing the largest energy change3000 and-1600 cn?, 0 Xy P 50(1) 35(1)

respectively). The ligand field of the axial-Met PpL is 1
between that of the wild type and axial-His variant. AE_’ ]

The Cysn and pseuder — Cu CT transitions in L513H cm-
MtL shift to higher energy than that in MtL (by 790 and ] 2 BHOMO 1 80 45(3) 39(4)
4350 cm?, respectively), and the splitting between the 5000
transitions increasea\(= 2040 cntt in wild type and 5600
cm! in this variant). Additionally, there is a significant
intensity redistribution of the pseudoandsz — Cu CT |
transitions épseudas/€~ is 0.35 in wild type and 1.87 in the xy - 9 82(4) 4(3)
variant). The increase in intensity of the Cys pseudo- Xz+yz T 8 79(4) 9(5)
reflects increased overlap between the Gu,dand the ~10000 .
S(Cys) pseudae-orbital. Likewise, the decrease in intensity
of the Cyst — Cu CT transition reflects a decrease in T 77
overlap of the Cu @2 and S(Cys)z orbitals. These changes L Xz 77(2) 14Q2)
guantitate the transformation from a blue to a green T1 site h
and indicate that the His serves as a strong field ligand to  -15000 - T
the T1 Cu. ] 76

The energies and intensities of the Cys pseadmd Cysn 64(6) 2605
— Cu CT transitions in L513H MtL can be compared to
those of M121H A.d. azurin. The absorption spectrum of
M121H A.d. azurin at pH 7.0 exhibits two bands, a more
intense band at 22 800 ch(439 nm) and a weaker band at -
16 860 cm* (593 nm)? Resonance Raman profiles revealed 75
that this high pH spectrum was comprised of two species: © Cyso 44(4) 342)
(1) the green T1 site (labeled T1.5 by the authors), which ] T 74
exhibited two Cys— Cu CT absorption transitions at 439 His © 73 1M 1)
and~570 nm, and (2) a classic blue Cu site (present as a  -25000 -  His = = 0(0)  0(0)
25% impurity) that was the primary contributor to the -
absorption band at 593 nm. This mixture was attributed to
changes at the T1 Cu site as a result of hydrogen bonding ] - 72
between His121 and Ser9 (in two different conformations). . Hism 0(0)  0(0)
Decreasing the pH from 7.0 to 3.5 resulted in a significant 35900 | 1
intensity redistribution of the absorption bands; the 439 NM Figure 4. Ground-state orbital energy levels for the axial-His active-site
band decreased in intensity whereas the 593 nm bandmodel with Cu 3d and S(Cys) 3p contributions (average deviations
increased and shifted to slightly lower energy. These Char.|ge§orresponding to the variation in the active-site strucfueze given in

. . . . . parentheses).

were attributed to protonation of His121 and dissociation

from the T1 Cu. In the L513H ML variant, the absorption  gnerqy of the ligand field transitions of the axial-His fungal

spectrum does not change from pH 7.0 to 3.5, and only a|,00a5e variant are significantly lower (10 825 vs 11 325
single species contributes to the absorption, CD, and MCD cm)

spectra. The fact that only a single species contributes to . . .
the absorption spectrum at pH 7.0 may result from the I_Elect_ronlc Structure Calculatlons_. Description of_the
apparent lack of a Ser residue in the immediate vicinity of AXial-His Ground-State Wave Function and Comparison
the T1 Cu and in fungal lacca€eand therefore the lack of to the Classic Blue Cu SiteTo model the axial-His active
possible hydrogen-bonding interaction with H513. In sum- site, density functional calculations were performed using
mary, while the absorption spectra of L513H MtL and the crystal coordinates of four active-site models (two
M121H A.d. azurin are comparable, the MtL spectrum is independent active sites per protein, at two different tem-
not complicated by additional features from a second speciesPeratures) from M121H A.d. azurin (Supporting Information,
The spectral properties of the axial-His variant can also S2-S5). The total atomic spin densities for the Cu, S(Cys),
be compared to the well-characterized axial-Met green Cu axial N(His), and equatorial N(His) atoms were calculated
protein, NiR (Table 3). Although the Cys pseudand by Mulliken Population Analysis to be 54%, 38%, 1%, and
— Cu CT transitions of both green Cu proteins are at similar 6%, respectively. The spin density is mostly localized on
energies and have a similar intensity pattern, the averagethe Cu 3¢-2 and S(Cys) 3p orbitals with 11% and 27%
@2) There| : —— o | 7 character ¢/ ratio of 0.41), respectively. From Figure 4,
42) There is no crystal structure available for MtL, but the crystal structure ;
of Coprinus cinereusaccase does not show any Ser residues in the the ﬁ_LUMO' Wh_ICh reflects the uncompensated electron
immediate vicinity of the T1 Cu. density, has similar Cu 3d (50%) and S 3p (35%) characters.

-20000 -
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With this range in the active-site structufehe total atomic azurin structure to correlate with the data on the L513H MtL
spin densities and orbital covalencies vary by only 1%. variant. Third, absorption, CD, and MCD (Figure 3 and Table
The calculated ground-state orbital energy levels and their 3) reveal that the LF transition energies decrease by an
Cu 3d and S 3p contributions for the axial-His variant are average of 1500 cnt in the L513H MtL as compared to
presented in Figure 4. The vertical bars represent thethe wild type and axial-Met blue Cu sites, which are also
computed shift in the orbital energy on the range of active- reproduced by the computations.
site structural variations of the M121H A.d. azurin (Scheme  In summary, a number of differences are observed between
1, structureVl). The largest deviations are found for thg,d  the experimental electronic structures of the axial-His and
Cysm, and Cyso levels; however, a change in the order of blue Cu active sites, which are reproduced by model
the levels occurs only in one ca&dt is worth noting that calculations. However, as can be seen from the structures
the agreement between the experimental excitation energiesised in the calculationdl(and VI in Scheme 1), several
(Table 3, column 6) and the calculated orbital energy internal coordinates change upon going from a classic blue
differences (Figure 4) is within 500 and 900 chfor the to an axial-His green Cu site. To gain further insight into
Cysx and pseudar transitions, respectively. the geometric origin of the electronic structure changes, a
In the blue Cu active-site model (Scheme 1, structuye ~ systematic DFT study was performed. Only one structural
based on the crystal coordinates of plastocyanin), the totalparameter was altered at each step and the effects of these
atomic Cu and S spin densities are 49% and 42% and theindividual perturbations on the electronic structure were
correspondingBLUMO characters are 48% and 38%, re- Systematically determined in going from a tricoordinate blue
spectively. This corresponds to approximately 5% more Cu () site to a tetragonal, green Cul() site with an axial-
covalent bonding il than in the axial-His green Cu site His ligand.
(VI). The spin density of structullé is largely localized on Systematic Alteration of Internal Coordinates. Scheme
the Cu g—2 and S(Cys)x orbital, with less than 1% 1 depicts the six structures that comprise this DFT study.
contribution from the S(Cysy orbital (contourll, top of These includel (no axial ligand, wild-type fungal laccase-
Figure 5). Thus, the CuS(Cys) bond has changed from like), Il (long Met, Plc-like) lll (short Met, NiR-like without
mixedo andsx in VI (o/m ratio of 0.41) to purer in Il (ol tetragonal distortion)V (axial-His with trigonal pyramidal
ratio of 0.03). These results are consistent with a rotation of coordination),V (axial-His with tetragonal distortion), and
the de_2 orbital in the axial-His active site() relative to VI (M121H A.d. azurin active site, RT structure, long axial
the blue Cu sitel(), such that the lobe of this metal d orbital Cu—N(His) bond with approximately 0.1 A longer equatorial
is oriented more along the G8(Cys) bond. This rotation  Cu—ligand bonds than irV). Figure 5 shows the orbital
derives from the tetragonal distortion of the active-site energy changes in going from a trigonal, blue Cu dijeq
geometry because of a strong axial interaction (vide infra). a tetragonally distorted, green Cu sitél ] with an axial-
Comparison of the orbital energies in the axial-His (Figures His ligand. In all cases, the five highest energy orbitals have

4 and 5, structur&/l) and blue Cu (Figure 5, structutk) mostly d character. In general, the change in the dnergies
models reveals that both the LF and CT transitions decreasegoing froml (no axial ligand, trigonal geometry) ¥l (His-
in energy in the axial-His active site. axial ligand, tetragonal geometry) reproduces the experi-

The differences in the electronic structure of the classic mental trend of wild type to the His variant of fungal laccase
blue Cu and axial-His green active sites (Figure 5, structures(vide supra).
Il andVI) can be correlated with the experimental differ-  The strength of the axial ligand and its effect on the
ences between the wild type or axial-Met blue Cu sites and electronic structure can be quantitated by the comparison of
the axial-His green Cu variant of fungal laccase (Figure 3 structured —IV. In these model complexes, the Cul3¢
and Table 3). First, the decreased covalency upon going fromorbital-baseg@BLUMO has approximately 37% S(Cys) char-
a blue (I, 48% Cu/39% S) to an axial-His green Cu site acter, which is purer. The energy of th¢HOMO, which
(VI, 50% Cu/36% S) is consistent with the analysis of the has mainly 3¢ character, is an indicator of the axial ligand
experimentalg and A values obtained from EPR data for field strength. It is most stabilized in where the axial ligand
the wild type and axial-Met variant of fungal laccase as is absent. The presence of an axial-Met at 2.82 Agnd at
compared to the green axial-His variant. Second, the intensity2.59 A (') destabilizes th8HOMO by approximately 3000
redistribution of ther andsr CT transitions in the absorption ~and 4000 cm?, respectively. InlV, the destabilization is
spectrum (Figure 3) of L513H MtL as compared to the wild- about 3700 cm, indicating a decreasing order of axial
type spectrumd/z ratios of 1.87 vs 0.35, respectively) is ligand strength of S(Met) at 2.59 Al() > N(His) at 2.28
qualitatively reproduced by the altered overlap between the A (IV) > Met at 2.82 A (I). It is worth noting that the
Cu de_y and S(Cys)r and ¢ orbitals (Figure 5, SOMO  variation of the Cu-axial ligand distance has only a small
contours ofll with 7 overlap vsVI with someo overlap, effect on the energy of the other Cu 3d orbitals and no effect
olm ratios of 0.41 vs 0.03, respectively). Quantitative on the orbitals related to CtS5(Cys) and CtN(His)
differences likely relate in part to the use of the M121H A.d. bonding.
Increased axial ligand strength v relative toll or | is
(43) The active-site structure labeled as HP2-SUB in ref 12 has the His  accompanied by additional structural changes (due to an

(MO74) at higher energy than that of the CySMOTS), whereas - aased JahrTeller force leading to a coupled distortion,

this order is reversed in the other three structures (HP1-SUA, HP1- " ™ *~° . - .
SUB, HP2-SUA) in ref 12, as shown in Figure 4. vide infra), which are taken into account by going frdvh
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Figure 5. Effect of systematic alteration of internal coordinates on the molecular orbital energy levels (numbers in parentheses are the Cu 3d/S(Cys)
3p/axial S(Met) 3p or N(His) 2p percentages of orbital character).

to V. Upon the tetragonal distortion M, the SLUMO gains distortion. The Cysr orbital is stabilized by approximately
about 11%o character (vide supra). This qualitatively the same amount. The distortion has only a slight effect on
reproduces the experimental observation of an altered orbitalthe Cys pseudo-orbital and a small effect on the equatorial
overlap (decreasedand increased) between the Cu 3d.2 His orbitals as expected from the identical -Grquatorial

and S(Cys) 3p orbitals in the axial-His variant. In addition, ligand distances betwedW andV.

the tetragonal distortion strongly affects the d-manifold  The increase in the LF transition energies upon going from
splitting and the S(Cys)r orbital position. The energy IV (orll) toV is opposite to the behavior observed for the
difference between th@LUMO and d,,y, orbital increased  axial-His green Cu site relative to that for the classic blue
by more than 1000 cnt as the result of the tetragonal Cu site. However, as the equatorial distances are allowed to
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Figure 6. Blue Cu (A) and M121H A.d. azurin, RT, long axial Eil(His) bond (B) active-site geometries with €aC(backbone) distances.

relax into their experimental positions (in the caseVof The EPR parameters of L513H MtL compare well with
elongation by ca. 0.1 A relative t&), the covalency M121H A.d. azurin but show significant differences when
decreases by 5% and the orbital levels shift to higher compared to the parameters of the green Cu sites of NiR
energies, resulting in lower-ed splitting energies (12 300  and CBP. IncreaseglandA values (L513H MtLg, = 2.240,
cmtin VI compared to 14 500 cri in V) in agreement |Al = 102 x 10*4cmtvs NiR g, = 2.195,|A = 73 x
with experiment. 10 % cm™Y) can now be understood as directly reflecting the
decrease of LF transition energies in the green variant of
L513H MtL compared to NiR. This leads to increased spin
This Study presents an experimentaj ana|ysis of the orbit coupling into the ground state for the His variant, thus
electronic structure of an axial-His green Cu variant in fungal leading to largeg, values. The largey, value would increase
laccase. Changing the noncoordinating, axial-Leu to His the orbital dipolar contributionA°™" deei2) to hyperfine
causes significant changes in the electronic structure of thecoupling constant, which opposes the spin dipole contribution
T1 Cu site. Overall, the ground-statez gp-based SOMO  (A*P" @) and will lowerA, (vide supra in eq 2). However,
becomes less covalent (i.e., has more metal character), théhe covalency of the ground state of the L513H MtL site is
ligand field decreases, and the interaction between the Cualso decreased, contributing to the net-increase8everal
and S(Cys) is altered such that the overlap gf @ with factors explain the differences between the nature of the

Cys 7 orbital decreases while its overlap with the Cys axial-Met and axial-His green Cu sites. The strength of the
pseudos increases. axial ligands in botill andVI are greater than ih which

To gain |ns|ght into the geometric Origin of the electronic induces a tetra90ﬂa| distortion and shifts the LF transitions

structural changes, spectroscopically adjusted DFT calcula-to higher energy. In the His variant sitélf, the axial ligand
tions were performed on the crystallographically character- donates less charge than the short axial-Mit) (of NiR
ized axial-His variant of azurin (M121H A.d. azurin) to because of the difference in overlap of the Cu 3d with the N
model the electronic structures of the axial-His green Cu vs 2p relative to the S 3p-orbitals. Thus, the tetragonal distortion
blue Cu site. These calculations reproduced the experimentalS less in the His green site relative to the NiR (vide infra).
trends observed upon going from wild-type MtL to L513H Furthermore, the equatorial bond lengths of the axial-His
MtL, including the decreased covalency of the His variant, Variant are more elongated (by 0-:68.11 A) than the axial-
rotation of the g2 orbital relative to the C&+S(Cys) bond Met counterparts, which decreases the LF strength and shifts
giving increasedo character, and the shift of the—d the d— d transitions to lower energy.

transitions to lower energy. The associated DFT study of a The elongation of the equatorial Cu-ligand bonds could
systematic perturbation of internal coordinates provides be due to increased ligandigand steric repulsion for the
insight into the structural origin of these electronic changes. bulkier axial-His as compared to that of the more flexible
We have found thathe tetragonal distortion in going from  Met. This trend is reflected in the shorter axial -€u

IV to V is the dominant effedh going from the wild-type ~ oC(His) distance of 5.41 A in M121H A.d. azurin relative
MtL to the L513H MtL variant. This leads to a overlap to those of Plc (6.09 A), whereas the equatorial-Cu
between the Cu and S(Cys) orbitals and to the green color.aC(Cys) and Cu-oC(His) distances (4.51, 3.77, and 4.88
In addition, this distortion decreases the covalency of the A versus 4.47, 3.70, and 4.67 A, respectively, Figure 6)
site. However, this increases the energy of the LF transitions,remain relatively unchanged.

which is opposite to what is observed in the MCD experi- A coupled distortion coordinate (shorter axial ligand,
ment. These energies are decreased by the elongation of théonger Cu-S(Cys) and tetragonal distortion) connects the

Discussion

equatorial Cu-N(His) bonds, which lowers the ligand field
strength of the axial-His green site.
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blue Cu in Plc and the green Cu in NiR. The overall structure
of the axial-His green Cu site is between that of the Plc and
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NiR sites, closer to NiR. The strength of the axial ligand
reflected by the orbital energy of thBHOMO (i.e., Il >

IV > 1l in Figure 5) is also consistent with this trend. The
characteristic anglex) between the N(His}yCu—N(His) and
S(Cys)-Cu—S(Met)/N(His) planes, which depicts the extent
of tetragonal distortion, is 82in Plc, 6 in NiR, and
averages to 66in the M121H A.d. azurin active site. The
out-of-plane distanced] of the Cu atom from the plane of
equatorial N and S atoms is 0.36 A in Plc, 0.63 A in NiR,
and 0.58 A in M121H A.d. azurin. The calculated S(Cys)
character also shows a similar trend as theharacter
increases from less than 1% in blue Cu to 11% in M121H
A.d. azurin and 32% in NiR*

The change of electronic structure of the axial-His green
Cu variant correlates with the change in reactivity (Table
1). The rate-limiting step in the turnover of multicopper
oxidases is the reduction of the T1 site. According to Marcus
theory?® this is dependent on a number of factors including
redox potentialsK;). Replacement of an open axial coor-
dination site in the wild-type fungal laccase with a His donor

an axial-His green Cu site. Relative to the classic blue Cu
site in plastocyanin, there is a change frento o bonding

with the Cys ligand resulting in the color change, a decrease
in the covalency of the SOMO, and a decrease in the ligand
field transition energies. Although theto o bonding change

is also present in green sites such as NiR, the latter sites
exhibit LF transitions that shift to higher energy (as compared
to blue Cu). This difference can be understood in terms of
the competing factors that influence the ligand field around
the green Cu site. In NiR, the tetragonal distortion dominates,
shifting the d-d bands to higher energy, whereas in the
L513H MtL variant, elongation of the equatorial ligands
reduces the ligand field around the Cu center and shifts the
d—d bands to lower energy. The increased charge donation
of the axial-His ligand (and associated tetragonal distortion)
in green Cu compared to the axial-Met ligand in blue Cu
contributes to the lower redox potential and, hence, to the
difference in reactivity of these sites.
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decreases by 30 mV as compared to the wild-type MtL This
decrease, which is smaller than in azurin where the Met
His substitution lowers the potential by approximately 100
mV,° can, however, account for an approximately 10-4®ld
decrease ok in Table 1.

In summary, spectroscopic studies on the L513H MtL
provide a detailed description of the electronic structure of

Fellow.
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coordinates of computational models used in Figure 4 and Scheme
1 (PDF). This material is available free of charge via the Internet
at http://pubs.acs.org.
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