JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Spectroscopic Investigation of Stellacyanin Mutants:
Axial Ligand Interactions at the Blue Copper Site

Serena DeBeer George, Lipika Basumallick, Robert K. Szilagyi, David W. Randall, Michael G. Hill,
Aram M. Nersissian, Joan S. Valentine, Britt Hedman, Keith O. Hodgson, and Edward I. Solomon

J. Am. Chem. Soc., 2003, 125 (37), 11314-11328+ DOI: 10.1021/ja035802j * Publication Date (Web): 19 August 2003
Downloaded from http://pubs.acs.org on March 29, 2009

-axial L = Le S K-edges

Met

L (axial)

(His)N Cu «—S(Cys)

(His)N

Renorm. Abs.

|
Energy (eV)

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 8 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja035802j

JIAICIS

ARTICLES

Published on Web 08/19/2003

Spectroscopic Investigation of Stellacyanin Mutants: Axial
Ligand Interactions at the Blue Copper Site

Serena DeBeer George,™* Lipika Basumallick,” Robert K. Szilagyi,T
David W. Randall,” Michael G. Hill,8 Aram M. Nersissian,' Joan S. Valentine,!
Britt Hedman,*™* Keith O. Hodgson,*"* and Edward |. Solomon**

Contribution from the Department of Chemistry, Stanford dérsity,
Stanford, California 94305, Stanford Synchrotron Radiation Laboratory,
SLAC, Stanford Unkrsity, Stanford, California 94309, Department of Chemistry,
Occidental College, Los Angeles, California 90041, and Department of Chemistry and
Biochemistry, Uniersity of California, Los Angeles, California 91125

Received April 25, 2003; E-mail: edward.solomon@stanford.edu

Abstract: Detailed electronic and geometric structural descriptions of the blue copper sites in wild-type
(WT) stellacyanin and its Q99M and Q99L axial mutants have been obtained using a combination of XAS,
resonance Raman, MCD, EPR, and DFT calculations. The results show that the origin of the short Cu—
S(Cys) bond in blue copper proteins is the weakened axial interaction, which leads to a shorter (based on
EXAFS results) and more covalent (based on S K-edge XAS) Cu—S bond. XAS pre-edge energies show
that the effective nuclear charge on the copper increases going from O(GIn) to S(Met) to no axial (Leu)
ligand, indicating that the weakened axial ligand is not fully compensated for by the increased donation
from the thiolate. This is further supported by EPR results. MCD data show that the decreased axial
interaction leads to an increase in the equatorial ligand field, indicating that the site acquires a more trigonally
distorted tetrahedral structure. These geometric and electronic structural changes, which result from
weakening the bonding interaction of the axial ligand, allow the site to maintain efficient electron transfer
(high Hpa and low reorganization energy), while modulating the redox potential of the site to the biologically
relevant range. These spectroscopic studies are complemented by DFT calculations to obtain insight into
the factors that allow stellacyanin to maintain a trigonally distorted tetrahedral structure with a relatively

strong axial Cu(ll)—oxygen bond.

I. Introduction
Blue copper proteins are characterized by high-redox poten-

which indicate that there is 38% S(Cys)character in the Cu
de-y2 orbital!! This covalency can provide strong electronic

tials, rapid electron-transfer rates, and unique spectral feature<COUPIiNg into protein pathways to facilitate rapid long-range

as compared to “normal” tetragonal copper compléxédhe

electron transfet2 hence an understanding of the factors which

unique spectral features include an intense absorption band af@" modulate the covalency of the €8(thiolate) bond is of

~600 nm and a smaly, value in the EPR spectruff, which
derive from the highly covalent GuS(Cys)xr bond1° A direct
experimental measure of the €8(Cys) covalency has been
obtained through S K-edge measurements on plastocyanin,
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significant interest.

It has been proposed that the highly covalent-G(Cys)
bond derives from the geometric structure of blue copper ltes.
The classic blue copper sites, such as azurin and plastocyanin,
have a single Cu ion in a trigonally distorted tetrahedral
environmeng The trigonal plane contains a Cu ion with a very
short Cu-S(Cys) and two typical CaN(His) distances. The
axial ligand is usually a S(Met) having a long €8 bond
length, which decreases its donor interaction with the Cu and
could be compensated for by the short highly covalent-Cu
S(Cys) thiolate bond?

Within the family of blue copper proteins, there are also a
number of “perturbed” sites, which exhibit substantially different
spectral features than those of the classic blue coppersites.
The perturbed sites can be divided into two groups based on
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Chem. Soc1993 115 3012-3013.
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structural motifs. The first group includes sites with the same and electronic structure of blue copper sites and its relation to
ligand set as plastocyanin (e.g., nitrite reductaaad cucumber  reactivity (i.e.,E° andker) are discussed.
basic proteiff); however, the changes in the UV/vis absorption  Finally, it is of interest to note that the blue copper sites in
spectrum indicate that the €(Cys) interaction in the HOMO nitrite reductase and cucumber basic protein, which have shorter,
is rotating from a purer to a mores bonding interaction with stronger axial CaS(Met) bonds than does plastocyanin or
the thiolate ligand, and MCD spectra indicate a tetragonal azurin, undergo a tetragonal distortion. However, stellacyanin,
distortion of the ligand field relative to that of plastocyafin.  with a strong axial (O)GIn, remains tetrahedral. Previous studies
The second group includes sites where the chemical nature ofhave suggested that in stellacyanin the protein structure limits
the axial ligand is varied; however, the sites remain tetrahedral. the Jahr-Teller tetragonal distortion and the site remains
This group includes proteins such as stellacyanin, where thedistorted tetrahedraf. To evaluate the protein contribution to
axial S(Met) ligand at the Cu of plastocyanin and azurin is preservation of the tetrahedral structure of stellacyanin, DFT
replaced by a stronger field O(GI#),and sites in which the  calculations have been performed on the stellacyanin active site
S(Met) is replaced with a Leu, Val, or Phe (as in the fungal with a series of systematically varied constraints.
and plant laccases as well as in tomato plantacydifh¥? and
hence no axial ligand is provided by the protein. II. Experimental Section

Understan_ding how these perturbatio_ns affect the electronic (A) Sample Preparation and Characterization.WT C.s. stella-
and geometric structure of blue copper sites has been the subjectyanin2s its Q99M mutang® and Pseudomonas aeruginoseurir?’

of numerous experimental and theoretical stuéffé$2*24 In were prepared according to published procedures. The purification
particular, much attention has focused on the role of the axial procedure of the Q99L mutant was similar to that described previously
ligand and how it affects the covalency of the copptiiolate for WT C.s.stellacyanin. Protein concentrations were determined using

bond1314.21.223pectroscopic evidence indirectly shows that the the extinct_ion coefficient at 280 nnao = 14 000 M cm™ for Cs
strength of the axial ligand inversely affects the strength of the Stellacyanin, Q99M, and Q99k;so = 8440 M"* cm™ for P.a.azurin).
Cu—S(thiolate) bond#21.22However, a direct measurement of All solutions of WT stellacyanin and the Q99M and Q99L mutants
the change in CtS(Cys) covalency upon substitution of the \évaer;e Iztspv':;esi 'ng_f?nng/' ;&dgmmagﬁhaf ;Cftf:‘g%jf?:r”n':or
axial ligand within the same protein scaffold has not yet been P PEF ©. :

d f . di £ wild all S K-edge experiments, the concentrations were-6.9 mM in
made. Here, we focus on spectroscopic studies of wild-type protein. Cu K-edge samples were 580 mM in protein and contained

(WT) Cucumis satius stellacyanin and its Q99M and Q99L 40509 glycerol as a glassing agent. All reduced Cu K-edge samples
mutants. This series thus spans the range of classic blue coppeyere prepared by addition of a 10-fold excess of dithionite.

sites and the second group of pel’turbed sites in which the axial (B) X-ray Absorption Spectroscopy Measurements and Data
ligand is varied from a stronger field O(GIn) to no axial ligand. Analysis. All data were measured at the Stanford Synchrotron Radiation
The covalency of the CuS(thiolate) bond is directly probed Laboratory under ring conditions of 3.0 GeV and-6M0 mA.

using S K-edge X-ray absorption spectroscopy (XAS). These S K-edgesS K-edge data were measured using the 54-pole wiggler
data are further supported by Cu K-edge and EXAFS data onbeam line 6-2 in high magnetic field mode of 10 kG with a Ni-coated
the oxidized and reduced forms of the proteins, as well as harmonic rejection mirror and fully tuned Si(111) double crystal
resonance Raman, absorption, magnetic circular dichroism monpchromator. Details pf the opti_mization of this setup for low-energy
(MCD), and electron paramagnetic resonance (EPR) spectra.St“d'eS haveobeen des_crlbed previoddly.K-edge mgasurements were
This study provides the unique opportunity to measure the made at~4 °C. Protein samples were pre-equilibrated in a water-

change in the C4S(Cvs) covalenc on mutation of the axial saturated He atmosphere fo0.5—1 h to minimize bubble formation
gel #S(Cys) cov y up utatl ! in the sample cell. Protein solutions were loaded via syringe into a

"ga”‘?' W'_th'n the same protel_n env'ronm?m' Wh'Ch MINIMIZES  pt_coated Al block sample holder with a 6.88-thick polypropylene
contributions from changes in the protein environment (such indow. The data were measured as fluorescence excitation spectra
as dielectric, H-bonding interactions and changes in dipoles). utilizing an ionization chamber as a fluorescence det@@SrAll
The results are compared to those of the classic blue copperprotein samples were monitored for potential effects of photoreduction
site in azurin. The influence of the axial ligand on the geometric throughout the course of data collection. WT stellacyanin, the Q99M

, . ‘ _ _ ‘ ~ mutant, andP.a. azurin were all oxidized with a 5-fold excess 0§-K
(13) ﬁggg;z(ﬁ’Lk?"o?hégfr’nghF,‘E’_Wu‘f’")a?rhYbﬂé’rﬁvgggggaﬁl%eg?ggg B [Fe(CN)], which allowed 10-, 10-, and 8-scan averages, respectively,

7768. to be obtained with no indication of photoreduction. For Q99L

(14) LaCroix, L. B.; Randall, D. W.; Nersissian, A. M.; Hoitink, C. W. G.; i _ i
Canters. G. W.: Valentine. 3. S.: Solomon. EJJAm. Chem. Sod998 stellacyanin, a 10-fold excess of NlaCl¢] was added, which allowed

120, 9621-9631. a 6-scan average to be obtairfédhe energy was calibrated from S

(15) ZA%rr;in, E. T.; Godden, J. W.; Turley, 5 Biol. Chem1995 270, 27458~ K-edge spectra of N&,0Os°5H,0, run at intervals between sample scans.

(16) Guss, J. M.; Merritt, E. A.; Phizackerley, R. P.; Freeman, HJ.QViol.

Biol. 1996 259, 686-705. (25) Nersissian, A. M.; Mehrabian, Z. B.; Nalbandyan, R. M.; Hart, P. J,;

(17) Hart, P. J.; Nersissian, A. M.; Herrmann, R. G.; Nalbandyan, R. M.; Fraczkiewicz, G.; Czernuszewicz, R. S.; Bender, C. J.; Peisach, J.;
Valentine, J. S.; Eisenberg, Protein Sci.1996 5, 2175-2183. Herrmann, R. G.; Valentine, J. 8rotein Sci.1996 5, 2184-2192.

(18) Xu, F.; Shin, W.; Brown, S. H.; Wahleithner, J.; Sundaram, U. M.; Solomon, (26) Nersissian, A. M.; Immoos, C.; Hill, M. G.; Hart, P. J.; Williams, G.;

E. I. Biochim. Biophys. Actd996 1292 303-311. Herrmann, R. G.; Valentine, J. 8rotein Sci.1998 7, 1915-1929.

(19) Messerschmidt, A. IMulticopper OxidasedVlesserschmidt, A., Ed.; World (27) Karlsson, B. G.; Pascher, T.; Nordling, M.; Arvidsson, R. H. A.; Lundberg,
Scientific: Singapore, 1997; pp 280. L. G. FEBS Lett.1989 246, 211-217.

(20) Germann, U. A.; Mler, G.; Hunziker, P. E.; Lerch, KJ. Biol. Chem. (28) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.; Hodgson,
1988 263 885-896. K. O. J. Am. Chem. S0d.988 110, 3798-3805.

(21) DeBeer, S.; Randall, D. W.; Nersissian, A. M.; Valentine, J. S.; Hedman, (29) Lytle, F. W.; Greegor, R. B.; Sandstrom, D. R.; Marques, E. C.; Wong, J.;
B.; Hodgson, K. O.; Solomon, E. J. Phys. Chem. B00Q 104, 10814~ Spiro, C. L.; Huffman, G. P.; Huggins, F. Bucl. Instrum. Method$984
108109. 226, 542-548.

(22) Palmer, A. E.; Randall, D. W.; Xu, F.; Solomon, EJI.Am. Chem. Soc. (30) Stern, E. A,; Heald, S. MRev. Sci. Instrum.1979 50, 1579-1582.

1999 121, 7138-7149. (31) It should be noted that all samples were run both before and after the

(23) Pierloot, K.; DeKerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos, B. O. addition of excess oxidant. For all samples, the S K-edge data remained
J. Am. Chem. S0d.998 120, 13156-13166. very similar, except for an increase in the pre-edge intensity of Q99L

(24) Ryde, U.; Olsson, M. H. Mint. J. Quantum Chen2001, 81, 335-347. stellacyanin, consistent with the presence of some reduced copper. Similarly,
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The maximum of the first pre-edge feature in the spectrum was fixed  Theoretical EXAFS signalg(k) were calculated using FEFF (version
at 2472.02 eV. A step size of 0.08 eV was used over the edge region.6.0¥>36 and fit to the data using EXAFSPAK. The experimental
Data were averaged, and a smooth background was removed from allenergy thresholdg, (the point at whichk = 0), was chosen as 8990
spectra by fitting a polynomial to the pre-edge region and subtracting eV. The structural parameters that varied during the refinements were
this polynomial from the entire spectrum. Normalization of the data the bond distanceR) and the bond varianceq). Theo? is related to
was accomplished by fitting a flattened polynomial or straight line to the Debye-Waller factor, which is a measure of thermal vibration and
the post-edge region and normalizing the edge jump to 1.0 at 2490 static disorder of the absorbers/scatterers. Coordination numbers were
eV. Fits to the edges were performed using the program EDG32FIT. systematically varied in the course of the analysis, but they were not
Second derivative spectra were used as guides to determine the numbeallowed to vary within a given fit. Single scattering paths and the
and position of peaks. Pre-edge and rising edge features were modeledorresponding multiple scattering paths were linked during the course
by pseudo-Voigt line shapes. For the pre-edge feature, a fixed 1:1 ratioof refinements.
of Lorentzian to Gaussian contributions was used. Fits were performed  (C) Resonance RamanResonance Raman spectra were collected
over several energy ranges. The reported intensity values and standargyith a Princeton Instruments ST-135 back-illuminated CCD detector
deviations are based on the average of all good fits. Normalization on a Spex 1877 CP triple monochromator with 1200, 1800, and 2400
procedures can introduee3% error in the total pre-edge peak areas, grooves/mm holographic spectrograph gratings. Continuous wave
in addition to the error resulting from the fitting procedure. The reported coherent Kr ion (Innova90C-K) and an Ar ion (Sabre-25/7) visible and
covalencies are based on using plastocyanin as a reference, for whichuy laser lines were used as variable excitation sources. A polarization
1.02 intensity units corresponds to 38% S 3p character in the Cu  scrambler was used between the sample and the spectrometer. The
S(Cys) bond. Raman energy was calibrated with 48&,. Frequencies are accurate
Cu K-edges and EXAFS.Cu K-edge data were measured on to within <2 cmt. Samples were loaded in 4 mm NMR tubes and
unfocused 8-pole wiggler beam line 7-3 using a Si(220) monochromator stored in liquid nitrogen.
for energy selection. The monochromator was detuned 50% to minimize (D) Absorption and MCD. Room-temperature UV/visible absorp-
higher harmonic components in the X-ray beam. Samples were loadedtion spectra were obtained using a Hewlett-Packard HP8452A diode
into 1-mm Lucite XAS cells with 63.5em Mylar windows and then array spectrophotometer in either 1.0, 0.2, or 0.1 cm quartz cuvettes.
frozen immediately by immersion in liquid nitrogen prior to data Low-temperature magnetic circular dichroism spectra were obtained
collection. The samples were maintained at 10 K during the data using two Jasco spectropolarimeters. Each is equipped with a modified
collection using an Oxford Instruments CF1208 continuous flow liquid sample compartment to accommodate focusing optics and an Oxford
helium cryostat. Data were measured in fluorescence mode using eithefinstruments SM4000-7T superconducting magnet/cryostat. This ar-
a Canberra Ge 18-element array detector (for concentratichenM) rangement allows data collection at temperatures from 1.6 to 290 K
or an Ar-filled ionization chambét3°detector equipped with a Ni filter and field up to 7 T8 A Jasco J810 spectropolarimeter operating with
and Soller slits (for concentratiors5 mM). XAS data were measured  a S-20 photo multiplier tube was used to access the visible and
to k= 13.4 A1 (the zinc K-edge), as all samples were found to contain ultraviolet spectral region. A Jasco J200 spectropolarimeter operating
a small amount of zinc. Data for three separate preparations of oxidizedwith a liquid nitrogen cooled InSb detector was used for the near-
and two preparations of reduced Q99L stellacyanin were obtained; infrared region. Depolarization of the light by the MCD samples was
however, in all cases the data have been truncated beyentil A1 monitored by the effect the sample had on the circular dichroism of
due to contributions from ice diffraction at highresulting from a nickel (+)-tartarate placed before and after the sanipla.all cases,
poor glass. Internal energy calibration was performed by simultaneous the depolarization was less than 5%. MCD samples were run in cells
measurement of the absorption of a Cu foil placed between a secondfitted with quartz disks and a 0.3 cm rubber gasket spacer. Simultaneous
and third ionization chamber. The first inflection point of the Cu foil ~Gaussian fitting of the absorption and MCD spectra was performed
was assigned to 8980.3 eV. All oxidized samples were monitored for using the Peak-Fit program (Jandel).
photoreduction throughout the course of data collection. For the Q99M (E) EPR and Copper Quantitation. EPR spectra were obtained
and Q99L mutants, a-35-fold excess of K[Fe(CN;)] and NafIrCle], using a Bruker ERO83CS spectrometer. Sample temperatures were
respectively, was added to help minimize the effect of photoreduction. maintained at 77 K using a liquidMinger dewar. For WT stellacyanin,
Only those scans which showed no evidence of photoreduction were Q99M stellacyanin, and azurin S K-edge samples, the concentration
used for edge comparisons. For the EXAFS analysis, only scans whichof paramagnetic copper was determined from spin quantitation of EPR

showed less than 5% photoreduction (14 scan<Cfar stellacyanin, spectra wih a 1 mMagqueous copper standard run in the same tube as

12 scans for Q99M stellacyanin, and 14 scans for Q99L stellacyanin) e samplé? For these samples, a total spin of (0-9700) & 0.05

were averaged. was obtained. The blue copper site in the Q99L mutant appeared to be
The averaged data were processed as described preWidysfiting unstable, which was manifested by the presence of a variable amount

a second-order polynomial to the postedge region and subtracting thisof tightly bound copper with Type 2 features in addition to the Type
background from the entire spectrum. A three-region cubic spline was 1 Cu site. Although it complicated copper quantitation, the Q99L
used to model the smooth background above the edge. Normalizationsamples used for Cu K-edge XAS experiments were estimated to
of the data was achieved by subtracting the spline and normalizing the contain an~1:1 ratio of Type 2 to Type 1 Cu(ll), based on EPR
edge jump to 1.0 at 9000 eV. The resultant EXAFS Waweighted simulations. However, Q99L samples used for S K-edge XAS quan-
to enhance the impact of highdata. The edges of Cu(l) stellacyanin titation showed only a T1 copper EPR signal. These samples were used
and its mutants were analyzed as described previdtisly. for the EPR data and simulations presented in this paper. Simulation

the overall Cu K-edge shape remained very similar after addition of oxidant, (35) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R.. @m. Chem.

except for the decreased intensity of a feature~8983 eV in Q99L Soc.1991], 113 5135-5140.
corresponding to the presence of some reduced copper. EPR spectra befor¢36) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, RRI¥s. Re. B
and after the addition of oxidant gave equivalent parameters. 1991, 44, 4146-4156.

(32) George, G. NEDG_FIT; Stanford Synchrotron Radiation Laboratory, (37) George, G. NEXAFSPAK Stanford Synchrotron Radiation Laboratory,
Stanford Linear Accelerator Center, Stanford University, Stanford, CA Stanford Linear Accelerator Center, Stanford University, Stanford, CA
94309. 94309.

(33) DeWitt, J. G.; Bentsen, J. G.; Rosenzweig, A. C.; Hedman, B.; Green, J.; (38) Allendorf, M. D.; Spira, D. J.; Solomon, E.Proc. Natl. Acad. Sci. U.S.A.
Pilkington, S.; Papaefthymiou, G. C.; Dalton, H.; Hodgson, K. O.; Lippard, 1985 82, 3063-3067.

S. J.J. Am. Chem. S0d.991], 113 9219-9235. (39) Browett, W. R.; Fucaloro, A. F.; Morgan, T. V.; Stephens, PJ.JAm.

(34) Kau, L.-S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K. O.; Chem. Soc1983 105, 1868-1872.

Solomon, E. 1.J. Am. Chem. S0d.987, 109, 6433-6442. (40) Carithers, R. P.; Palmer, G.J.Biol. Chem.1981, 256, 7967-7976.
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of the Type 1/Type 2 mixed sample gave equivalent parameters for
the T1 site. The Q99L mutant could not be spin quantitated by EPR
because a strong oxidant (M&ls) needed to be added to it to
completely oxidize the Type 1 sites. The oxidant is paramagnetic, thus
contributing to the background signal and introducing significant error
to the spin quantitation. Hence, the total copper concentration for Q99L
stellacyanin was determined spectrophotometrically using the 2,2
biquinoline assay* which indicated the protein was 956 3% loaded

with copper.

(F) Density Functional Calculations. Gradient corrected density
functional calculations (GGA-DFT) were carried out using the Gauss-
ian98"? package on a 50-cpu heterogeneous cluster of SGI and IBM
PC compatible computers. The Beck&B8xchange and Perdew86
correlation nonlocal functionals were used with Woskélk —Nussair
local functional$® as implemented in the software package (BP86).
The triple- (VTZ*)*¢ and doublez (6-31G*Y’ Gaussian type all-electron
basis sets (BS5) were employed with polarization functions for the metal

and ligands, respectively. This basis set has been previously shown to

be theoretically converged for Cicontaining systems, and additional
polarization or diffuse functions do not improve the electronic structure
description’® Because the standard GGA-DFT calculations give too
much ligand character in the ground-state wave function as compared
to experimental values, 38% of total DF exchange was replaced with
HF exchange (B(38HF)P86), giving an accurate bonding description
as discussed for other cupric systefifsPopulation analyses were
performed by means of Weinhold’s natural population analysis (KPA)
including the Cu 4p orbitals into the valence set (NPA(4p)).

The active site models were constructed from imidazole, methyl
thiolate, and propionic amide molecules. The atomic coordinates of
the active site were taken from the 1.6-A resolution X-ray crystal
structure of cucumber stellacyanin (PDB code 19ER

Geometry optimizations were performed with frequent updates of

the force constants to stay as close as possible to the lowest energy

pathway. Stationary points were restarted with continuous updates of
force constants until optimization stopped due to negligible forces. In
all optimizations, the GDII® optimizer was applied due to the flat
potential energy surface of the Cu site.

Ill. Results and Analysis

(A) S K-edges.A comparison of the normalized S K-edge
spectra for WT, Q99M, and Q99L stellacyanin is shown in

(41) Felsenfeld, GArch. Biochem. Biophyd.96Q 87, 247—251.

(42) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A. J.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. ASaussian 98revision A.11; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(43) Becke, A. D.Phys. Re. A: Gen. Phys1988 38, 3098-3100.

(44) Perdew, J. PPhys. Re. B: Condens. Mater1986 33, 8822-8824.

(45) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200-1211.
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Figure 1. (a) Comparison of the normalized S K-edge spectra of oxidized

WT, Q99M, and Q99L stellacyanins. (b) The renormalized pre-edge data
(expanded scale) of the samples shown in (a). (¢) Comparison of the
renormalized S K-edge spectra of oxidized Q99M stellacyanin and azurin.

Figure la. The renormalized spectra (Figure 1b) account for
the fact that a different number of sulfur atoms contribute to
the pre-edge and edge features and also adjust for differences
in T1 Cu(ll) loading (see Experimental Sectid?)The renor-
malized spectra show different pre-edge intensities, with WT

(51) There are 6 sulfurs (3 Met and 3 Cys) in WT stellacyanin, 7 sulfurs (4 Met
and 3 Cys) in the Q99M mutant, 6 sulfurs (3 Met and 3 Cys) in the Q99L
mutant, and 9 sulfurs (3 Cys and 6 Met) in azurin. For all four proteins, all
of the sulfurs will contribute to the edge, while only one Cys thiolate
contributes to the pre-edge.
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Table 1. Fit Results for S K-edge XAS Data 12 @
[ a _
pre-edge renormalized %S [ P - 7
compound energy (eV)? pre-edge intensity” covalency"® c 1.0 ’ Q'gsé,jl %_Z%Tgl'lgcyanin
C.s.stellacyanin 2469.1 1.11 44 4 $ e L QOSL C.s. stellacyanin
Q99M C.s.stellacyanin 2469.1 1.26 47 4 s
Q99L C.s.stellacyanin 2469.0 1.47 54 6 3 [
P.a azurin 2469.0 1.21 4% 3 < 06 1s—4p+ LMCTS
plastocyanif 2469.0 1.02 38 8 r £
® 04 i §
aEnergies reported are within an error-60.1 eV.P The %S covalency § £
has been renormalized to account for the different number of sulfurs which 2 >
contribute to the pre-edge and edge features and also to account for

000
8974 sers GoTe Go77 8978 8979 8980 8981 8982
Energy (ev)

differences in oxidized T1 copper loadirfgerror reported is the standard

deviation of all good fits; an additional 3% error is introduced by the 00

normalization proceduré.Reference 11. - (‘b‘) — ! ! = ! ! !
stellacyanin being the least intense, followed by the Q99M 10 f|——QeMCsselecanin| 7 Tl
mutant, and then the Q99L mutant (Table 1). The differences § i

in pre-edge intensities indicate different sulfur covalencies in § 08 1

the WT and mutant proteins. When plastocyanin was used as a§ 06 [

referencé! these values are 41%, 47%, and 54% (Table 1) for 3 r

WT, Q99M, and Q99L stellacyanins, respectivélyThese 2 04

Normalized Absorption

results demonstrate that weakening the axial ligand (based on§
MCD results, vide infra) increases the covalency of the-Cu
S(thiolate) bond.

N
©
[N}

000 L L L L
8974 8975 8976 8977 8978 8979 8980 8981 898:

A comparison of the renormalized S K-edge spectra of azurin ~ *°r———
and Q99M stellacyanin is shown in Figure 1lc. These data 8970 8975 8980 8985 8990 8995 9000 9005 9010
indicate that azurin has a similar pre-edge intensity (Figure 1c Energy (eV)

and Table 1) and hence a covalency close to that for Q99M Figure 2. (a) Comparison of the normalized Cu K-edge spectra of oxidized
stellacyanin (45% for azurin vs 47% for Q99M stellacyanin). WT, Q99M, and Q99L stellacyanins. Arrows mark the-ts3d and 1s—

This could be attributed to the similar ligand environmeng-(N 4P + LMCT transitions. (b) Comparison of the normalized Cu K-edge

. . PS4 Al f tei spectra of ox_|d|zed Q99M stellacyanin and azurin. Insets show expanded
(His)S(Cys)S(Met)) in these two proteiPs3*All four proteins pre-edge regions.
exhibit the same pre-edge maximum energy (within error) at

~2469 eV (Table 1). For azurin and Q99M, this is expected,  (B) Cu(ll) K-edges and EXAFS. Edges A comparison of

as both the ||gand'f|9|d spllttlng of the d-manifold (vide infra) the Cu K.edge spectra of the oxidized forms of WT, Q99M,
and the effective nuclear chargg¢) on the metal center are  and Q99L stellacyanin is shown in Figure 2a. The spectra are
the same. On going from WT to Q99M to Q99L stellacyanin, a| characteristic of Cu(ll); however, differences are evident in
the average ligand-field transition energy increases (based onthe pre-edge region<8979 eV, inset in Figure 2a) and on the
MCD results vide infra), which would tend to increase the rising edge {£8984-8987 eV).

energy of the pre-edge transition. However, the fact that there  a|| three proteins exhibit a weak pre-edge feature-8979

is no change in pre-edge energy indicates that the ligand-field e (Figure 2a, inset), which corresponds to a Cu-ts3d
contribution is countered by the increase in effective nuclear tansition. For Q99M stellacyanin, the pre-edge feature is shifted
charge on the Cu as the axial ligand is weakened across this—g 5 eV to higher energy than for WT stellacyanin. This may
series (consistent with EPR analysis, vide infra). It is important pe attributed to both the increase in the ligand field of the Q99M
to note that the increase in S 3p character across this seriesnytant relative to WT stellacyanin (by0.1 eV based on the
indicates that the S 1s core should also shift to deeper bindingaverage energy of the MCD ¢ d bands, vide infra) and to
energy on going from WT to Q99M to Q99L. Thus, the the increase iZe; on the copper due to a weaker ligand donor
similarity in the pre-edge transition energies requires that the set. This is consistent with the shifts that are observed on going
change inZe is at least as great as the change in ligand field from stellacyanin to the classic blue copper sites in azurin and
and is likely somewhat greater to also compensate for the S 1sp|astocyanift and indicates that the O(GIn) interaction in WT
core shift. (This cannot be extracted directly from the XAS data stellacyanin is stronger than the S(Met) interaction in both the
as the S K-edge also has contributions from the other nonco-c|assic blue copper sites and the Q99M mutant of stellacyanin.
ordinating sulfurs in the protein.) For Q99L stellacyanin, interpretation of the pre-edge energy is

. ) ) complicated by the presence of an additional Cu(ll) which also
(52) The shifts in rising edge background are attributed to both a different total

number of sulfurs in the proteins and to differences in copper loading. Fits CONtributes to the pre-edge region and prevents accurate
tbo tEe pre(—jedge region account for the differences in the rising edge determination of the T1 Q99L stellacyanin pre-edge energy.
ackground. . h .

(53) It should be noted that both Q99M stellacyanin and azurin have an apparent T he transition at~-8984 eV has been previously assigned as
higher covalency value than plastocyahinAll Q99M stellacyanin and a 1s— 4p transition with concurrent ligand-to-metal charge
azurin samples were fully oxidized and spin quantitated to determine copper . . . . . h
loading; thus, these data most likely reflect a more accurate covalency transfer, which gains intensity through final state relaxation (i.e.,
estimate for a classic blue copper site. _ iti A P5,56 i

(54) It should be noted that for azurin a distan8(A) Cu—O interaction to a forma”y a two-electron shakedown transﬂuﬁ"tﬁ On going
backbone amide carbonyl, trans to the thioether, is sometime discussed,
which is not present in the Q99M mutant. However, at this distance, little (55) Kosugi, N.; Yokoyama, T.; Asakura, K.; Kuroda, Bhem. Phys1984
covalent bonding interaction is present between the Cu and the compact O 91, 249-256.
2p orbitals, ref 6. (56) Bair, R. A.; Goddard, W. A., llIPhys. Re. B 198Q 22, 2767-2776.
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@ | ‘ G.s. stellacyanin shown in Figure 3a. A comparison of the corresponding Fourier
,/\ /\ /\ /\ transforms (FTsk = 2—11 A-1) is shown in Figure 3b. The
L - : WVMW\_: EXAFS signals of the three proteins are generally similar with
\,(/ . \_/ \j slight changes in the frequency on going from WT to Q99M to
Q99L stellacyanin. There are also subtle changes in the FTs of
these proteins. In particular, the first shell FT amplitude for
Q99M s higher than that of the WT, likely resulting from a
> . ¥ slightly different distribution of the first sheli? values (Table
/_\ /\ /n\\ J 2). In addition, the FT amplitude of Q99L is shifted to a slightly

lower R-value, indicating a somewhat shorter average first shell

e % (’ \Jn’ \W/’ W distance (Table 2). These differences, as they relate to the fit

Q99M C.s. stellacyanin

EXAFS*k’

results, are considered below.
Fits to oxidized WT stellacyanin were previously reported

4 6 8 10 12 . . .
K A in ref 21. FEFF-based fits from Q99M and Q99L stellacyanin
were performed using the 1.6-A crystal structure of oxidized
18 Foy ' ' * ] C.s.stellacyanif’ as a starting model and modifying the axial
i -=-= C.s. stellacyanin ] ligand identity and distance. WT stellacyanin was best fit by
Q%M Css. stellacyanin ] including 1 Cu-S at 2.17 A and 2 CuN interactions at 1.96
At D [ Q99L C.s. stellacyanin | - L . . .
i B ] A. Very similar fit results were obtained for Q99M stellacyanin
10 i ] (Table 2), with 1 Cu-S at 2.16 A and 2 CuN at 1.95 A. For

Q99L stellacyanin, the best fit was obtained by inclusion of 1
Cu—S at 2.13 A and 2 CuN at 1.94 A58 On the basis of the
1 results of EPR simulations, the data were also modeled as a
] 50:50 mixture of the Q99L T1 site (i.e., 1 €% and 2 Ct-N)
] and the exogenous normal Cu(ll) site (i.e., 4-N/O). This
resulted in a visually similar fit (with 0.5 CuS at 2.12 A and
3Cu—Nat 1.94 A; Table 2, Q99L stellacyanin fit 2); however,
the error value is slightly increased, and #fevalue for the
R (SA) Cu—S interaction is unreasonably low. This may indicate that
Figure 3. (a) Experimental EXAFS data-) and fits to the data (- - -) for Fhe fit does not modell the exogenous Cu(ll) site We[l. However,
oxidized WT, Q99M, and QO9L stellacyanins (each major tick on the it should be emphasized that the €8 and Cu-N distances
ordinate scale represents 5 units) and (b) nonphase shift corrected Fourieremain unchanged (within error) whether the data are modeled
transforms. as a single species or as a mixture. In all cases, multiple
) ) ) scattering interactions from the imidazole rings of the ligating
from WT to Q99M stellacyanin, the intensity of the shakedown igtigines were necessary to fit the outer shells. Fit results

feature increases. On the basis of a previous VBCI analysis o}, \ved no evidence for the axial S(Met), which on the basis
applied to the Cu K-edges qf plastocyanin an_d ste_llacyanin, this ¢ cimilar blue copper sites is expected to be distarg A)60
reflects more covalent thiolateCu(ll) bonding in Q99M 54 \veakly interacting, and therefore would not be expected to
stellacyanin than in the W For Q9L stellacyanin, the =~ ,nyibyte significantly to the EXAFS signal. Fit results also
shakedown region is again complicated by the presence of angy ., yed no evidence for the axial leucine, which is expected as
additional Cu(ll) with Type 2 features (see Experimental i .annot coordinate to the copper. In addition, it should be noted
Section), which prevents an accurate assessment of the intensig At the EXAES data showed no evidence for the axial 0(GIn)

ties in this region. However, there is clearly more intensity at ;. \y stellacyaniril however, the Cu(ll) edge data clearly
lower energy, consistent with a highly covalent Cufi§(Cys) jngicate a stronger axial interaction in WT stellacyanin than in
bond (which cannot be due to adventitious Cu(il)). the Q99M mutant (vide supra).

A comparison of the Cu K-edge of Q99M stellacyanin to A comparison of the EXAFS fit results for the oxidized forms
that of the classic blue copper site in azurin is shown in Figure of W, Q99M, and Q99L stellacyanin shows that the changes
2b. Q99M stellacyanin and azurin have very similar pre-edge at the copper site are limited but reproducible. The-GigHis)
energies and similar shakedown intensities, indicating that thesegjstances are all within a 0.02 A range of each other, while the
two sites, both with an axial methionine, have similar electronic cy—s(Cys) bond is decreased by0.04-0.05 A across the
properties. It should be noted, however, that there is a small geries. Within the error limits of EXAFS, the changes are
difference in the pre-edge intensities of these two proteins, which smga)181 however, the trend is consistent with the S K-edge
may reflect small differences in 4p mixing into the d-maniféld.

3_\wai : (58) The Cu K-edge data indicate a small amount of Cu(l) in oxidized Q99L
EXAFS. The k Welghted EXAFS data and fits for the stellacyanin. This would have only a small effect on the-Gudistance of

FT Magnitude

oxidized forms of WT, Q99M, and Q99L stellacyanins are QO99L and would if anything make the €& distance slightly longer.
(59) Guss, J. M.; Bartunik, H. D.; Freeman, H.Axta Crystallogr.1992 B48
790-811.
(57) On the basis of the EPR parameters, the additional tightly bound Cu(ll) (60) Nar, H.; Messerschmidt, A.; Canters, G. WMol. Biol. 1991, 221, 765—
site is significantly less covalent than a T1 copper site and thus should 772.
have a much less intense shakedown feature. Hence, it is likely that the (61) The error in first shell bond lengths4€0.02 A. Data for WT and Q99M
shakedown feature for the Q99L T1 site is even more intense than that of stellacyanin were fit over the full data range= 2—13.4 A-1) and over
Q99M. This trend is consistent with S K-edge results. It should also be atruncated data rangle< 2—11 A-2) for comparison to Q9L ‘stellacyanin
noted that the feature at8983 eV in the Q99L Cu K-edge spectrum fits. Fits over the shorter data range did not change the £or Cu-N
corresponds to the presence of a small amount of reduced copper. distances.
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Table 2. A Comparison of EXAFS Fit Results for WT Stellacyanin and the Q99M and Q99L Mutants

C.s. stellacyanin Q99M C.s. stellacyanin Q99L C.s. stellacyanin (fit 1) QI9L C.s. stellacyanin (fit 2)2
CN R (A) o (R CN R(A) o?(AR?) CN R(A) o? (AR CN R(A) o? (R
Oxidized
Cu—N 2 1.96 0.0026 2 1.95 0.0010 2 1.94 0.0012 3 1.94 0.0038
Cu—S 1 2.17 0.0042 1 2.16 0.0016 1 2.13 0.0033 0.5 2.12 0.0008
Cu-C2/C® 4 2.96 0.0044 4 2.95 0.0045 4 2.94 0.0015 4 2.94 0.0017
Cu—N—-C2/C5 4 3.08 0.0044 4 3.12 0.0045 4 3.11 0.0015 4 3.12 0.0017
Cu—C3/N& 4 3.92 0.0043 4 3.90 0.0091 4 3.83 0.0079 4 3.85 0.0078
Cu—N—-C3/N4 4 4.23 0.0043 4 4.17 0.0092 4 4.10 0.0087 4 4.09 0.0087
normalized error 0.277 0.331 0.364 0.395
Reduced
Cu—N 2 2.02 0.0015 2 2.02 0.0013 2 2.02 0.0027 3 2.00 0.0027
Cu—S 1 2.22 0.0016 1 2.22 0.0017 1 2.22 0.0019 0.5 2.21 0.0019
Cu-C2/C® 4 3.03 0.0065 4 3.04 0.0061 4 3.01 0.0063 4 3.01 0.0072
Cu—N—-C2/C5 4 3.14 0.0066 4 3.18 0.0061 4 3.14 0.0063 4 3.14 0.0063
Cu—C3/N& 4 4.26 0.0052 4 4.25 0.0051 4 4.28 0.0033 4 4.27 0.0028
Cu—N—-C3/N4 4 4.34 0.0052 4 4.32 0.0051 4 4.38 0.0039 4 4.37 0.0033
normalized error 0.259 0.384 0.198 0.214

aThese fits assume a 50:50 mixture of the Q99L T1 site and the additional tightly bound coppfsee components represent a single scattering
path (top) and the corresponding multiple scattering path (line befoiryor is given by [(xobsd — %calcd K/ S [(xobskC].

12 @) decreases, the intensity of this feature increases. On going from
[ . P WT to Q99M to Q99L stellacyanin, the intensity of this feature
1or :g';éﬁ’ﬂa;yﬁgﬂcyanm /7 T increases, indicating a decrease in coordination number, which
.é_ o | — Q88L C.s. stellacyanin likely reflects the weakened axial interaction across this séties.
5 r This indicates that it is unlikely that an exogenous ligand is
2 o6 binding in the axial position of the Q99M or Q99L Cu sites
3 i and also shows that the same axial ligand strength trend is
'E 04 | observed for Cu(l) as for Cu(ll).
S oa b EXAFS. The k3-weighted EXAFS data and fits for the
<t reduced forms of WT, Q99M, and Q99L stellacyanins are shown
oo L in Figure 5a, and the corresponding Fks< 2—11 A-Y) are
I T N N N S I shown in Figure 5b. As was the case for the oxidized protein,
8970 8975 8980 8985 8990 8995 9000 9005 9010 the overall EXAFS signals of the three reduced proteins are
Energy (eV) generally very similar with only slight changes in the frequency
06 across the series. The changes in the FTs of these proteins are
L (b) : also very small, with a slight decrease in the average first shell
° I P position on going from WT to Q99M to Q99L stellacyanin. In
g 04 r N all three proteins, the outer shell is comprised of multiple
& | scattering interactions from the ligating imidazoles of the
E 0z L : histidines. FEFF-based fits were performed using comparable
u%:’ s | models as for the oxidized proteins. In all cases, the data were
F i ! best fit by 1 Cu-S at 2.02 A and 2 CuN at 2.22 A (Table 2).
£ 00 ; Q99L stellacyanin could also be fit as a mixture of the Q99L
§ I : T1 site (i.e., 2 Ca-N and 1 CuS) and the additional tightly
= - | bound Cu site (i.e., 4 CuN/O), with 3 Cu-N at 2.00 A and
02 | 0.5 Cu-S at 2.21 A (Table 2, Q99L stellacyanin, Fit 2). The

i b b b b fit was visually similar; however, the fit error increased slightly.
8970 8975 8980 8985 En?::zs (e\gggs 9000 9005 9010 As was the case for the oxidized proteins, fit results showed no
Figure 4. (a) Cu K-edge data and (b) the normalized edge difference spectra eVIdence. er a Contrl_b ution from the aial I!gands. In contrast
for reduced WT, Q99M, and Q9L stellacyanins. _to the OX|d|ze_d proteins, th_e reduced proteins s_ho_vv no change

in the Cu-S distances (outside of thed.02 A error limit) across
results (vide supra) and parallels the trend observed in resonancéhe series.
Raman spectroscopy (vide infra). (D) Resonance RamanFigure 6 presents the resonance

(C) Cu(l) K-edges and EXAFS. EdgesA comparison of Raman spectra of WT.s.Stellacyanin and its Q99M and Q99L
the Cu K-edges of the reduced forms of WT, Q99M, and Q99L mutants. All spectra were obtained with excitation at 647.1 nm
stellacyanin and the corresponding edge difference spectra arénto the S(Cys)y—~ Cu charge-transfer band. As for other blue
shown in Figure 4. For all three proteins, there is a distinct copper proteins, the spectra are characterized by a complex
shoulder at~8984 eV that is characteristic of Cu(l). The
intensity of this feature is dependent on the ligand-field splitting (62) It should be noted that the presence of an additional tightly bound four-

; ; . coordinate copper in Q99L stellacyanin would tend to decrease the intensity
O_f the Cu _4p _orbltals_and thus reflects chan_geg in the active of the ~8984 eV feature, and thus the intensity of this feature should be
site coordination environmeft.As the coordination number even greater.
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T T T T T T T

@) C.s. stellacyanin
r /\\ C.s. stellacyanin - (Veu.s) = 386 cm’’
:l'; Q99M C.s. stellacyanin _| Q99M C.s. stellacyanin
[T _ -1
< (Veu.s) = 393 cm
S A /\ /\ Ao
AR W \/ N
/\ Q99L C.s. stellacyanin -
< Q99L C.s. stellacyanin
C — (Vous) = 417 cm”
4 6 8 10 12
k(A
1.4 [ '(b‘) L L L L L I L B L I ]
12 - A, "~ Gs stelacyanin ] 300 3;0 4(|)o 4;0 500
T ] —— Q99M C.s. stellacyanin b . a
ol gy Q99L C.s. stellacyanin b Raman Shift (cm™)
T Figure 6. Resonance Raman spectra obtained upon excitation at 647.1
3 [ ] nm for WT, Q99M, and Q99L stellacyanins. Lines mark the position of
.-E 08 [ b the intensity-weighted average of the €8 vibrations.
5 ]
g 6l N reducing the donor strength of the axial ligand, the-S(Cys)
T L ] bond becomes stronger. This is consistent with both the decrease
04 [ 4 in the bond length indicated by EXAFS and the increase in
i covalency indicated by S K-edge XAS.
0.2 (E) Absorption and MCD. A comparison of the absorption
S, and MCD spectra for WT, Q99M, and Q99L stellacyanins is
00 M e T e shown in Figure 7. Ligand-field and charge-transfer transitions

can be differentiated by their relative intensities in absorption
] ) i and MCD. For MCD, the intensity depends on the magnitude
Figure 5. (a) Experimental EXAFS data) and fits to the data (- - -) for

reduced WT, Q99M, and Q99L stellacyanins (each major tick on the ordinate of the spir-orbit coupling for the center involved in the
scale represents 5 units) and (b) nonphase shift corrected Fourier transformstransition®®6” Because the spirorbit coupling parameter for
Cu is greater than that for S or N, transitions centered on the
envelope of vibrations centered a#00 cnt1,3 all of which Cu (i.e., d— d) will have a higher MCD C-term) intensity
have some CuS character. The intensity weighted average, than those transitions which involve significant ligand character
[cu-s) of these peaks can be used as an indicator of theSCu  (i.e., charge transfer (CT)). Alternatively, absorption intensity

3
R(A)

bond strength? The following values ofldc,sCwere ob- is much higher for CT transitions because the intensity derives
tained: 386 cm! (WT), 393 cnt! (Q99M), and 417 cm! from the ligand-ligand overlap between the donor and acceptor
(Q99L). orbitals.
The variation in stretching force constant is often described  For comparison, the absorption spectra have been normalized
using Badger’s rulé&® to unit intensity at~16 500 cnt! (600 nm). The absorption
spectra are all dominated by an intense-S de—y2 CT band at
k=1.86(.—d;) 3 Q) ~16 500 cm?! (Table 3)%8 In addition, there is a weak S
pseudos — de_2 CT transition at~19 000 cnT! (arrow)S8
wherere is the equilibrium bond length, and the constéits The high-intensity % CT transition and relatively weak S

fixed for bonds between atoms of rowsandj of the periodic pseudos CT transition indicate that all of these sites are
table. The stretching frequency for the mutants is estimated usingsimilarly tetrahedral. If the site were to distort tetragonally, the
the Cu-S(Cys) bond distances as obtained from EXAFS (2.17 rotation of the HOMO would increase the pseugdtiteraction
AinWT, 2.16 A in Q99M, and 2.13 A in Q99L). When WT  and decrease theinteraction of the S(Cys) with the Cuedy,

is used as a reference, the calculated values for Q99M (396resulting in a change in the relative ratios of the intensities of
cmY) and Q99L (429 cmb) show a qualitatively consistent these transitions® The four lower energy transitions, intense
trend relative to experiment. These results indicate that, uponin the MCD and weak in the absorption, are assigned to ligand-
field transitions. On the basis of analogy to other blue copper
sites, these bands are assigned (in order of decreasing energy)

(63) Blair, D. F.; Campbell, G. W.; Schoonover, J. R.; Chan, S. |.; Gray, H. B.;
Malmstram, B. G.; Pecht, I.; Swanson, B. I.; Woodruff, W. H.; Cho, W.
K.; English, A. M.; Fry, H. A.; Lum, V.; Norton, K. AJ. Am. Chem. Soc.

1985 107, 5755-5766. (66) Piepho, S. B.; Schatz, P. N. f@roup Theory in Spectroscopy With
(64) Han, J.; Adman, E. T.; Beppu, T.; Codd, R.; Freeman, H. C.; Huq, L.; Applications to Magnetic Circular DichroispPiepho, S. B., Schatz, P.
Loehr, T. M.; Sanders-Loehr, Biochemistry1991 30, 10904-10913. N., Eds.; John Wiley and Sons: New York, 1983.
(65) (a) Badger, R. MJ. Chem. Phys1934 2, 128. (b) Herschbach, D. R.; (67) Gerstman, B. S.; Brill, A. SJ. Chem. Phys1985 82, 1212-1230.
Laurie, V. W.J. Chem. Phys1961, 35, 458-463. (68) Gewirth, A. A.; Solomon, E. 3. Am. Chem. S0d988 110, 3811-3819.
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Figure 7. (a) Room-temperature electronic absorption and (b) low-temperature (5 K) MCD of WT, Q99M, and Q99L stellacyanin. Inset shows expanded
22 region.

Table 3. Absorption and MCD Energies for WT, Q99M, and Q99L Cu(ll) is weakened across this series, the equatorial ligand field
Stellacyanin increases. Because no tetragonal distortion is occurring from
energy (cm ) the pure Cyst CT spectrum, this indicates that, as the axial
band C.s. stellacyanin Q99M QoL ligand is weakened (or removed), the copper shifts into the
dy 5500 5200 6450 (Cys)(His) plane and the site becomes more trigonally distorted
Chy 8800 10000 13 000 from tetrahedral.
Ozryz 11200 12150 14 200 ,
Aurye 12 800 13 800 15 600 (F) EPR. Figure 8 shows the EPR spectra for WI.s.
Cysx 16 800 16 400 16 500 stellacyanin and the Q99M and Q99L mutants. Table 4 presents
Cys pseude 18600 19500 18300 the spin Hamiltonian parameters obtained from EPR spectral

simulations. The observeg values ¢, > go > 2.0023) are

as d,— de—y2 > dy,— dey2 > dyy— de—y? > d2 — de—y2, as consistent with a @2 half-occupied highest molecular orbital
indicated for Q99M stellacyaniit.On going from WT to Q99M  (HOMO). Theg, value decreases and thgvalue increases on

to Q99L stellacyanin, the energy of these transitions increases,going from WT to Q99M to Q99L stellacyanin. Ttgevalue

as evidenced by the MCD data and by the low-energy shoulderexpressions obtained from ligand-field theory are directly
in the absorption spectra. Quantitatively, thg tfansition proportional to the amount of metal character in the half-
increases~1100 cnt! on going from WT stellacyanin to the  occupied HOMO (i.e., covalency) and inversely proportional
Q99M mutant and by~2000 cnt! on going from the Q99M to the ligand-field transition energies. In the simplest ap-
to Q99L mutant. Hence, as the axial ligand interaction with the proximation where the ligand does not contribute orbital angular
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Q99L
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Figure 8. EPR spectra of WT.s.stellacyanin (A), Q99MC.s.stellacyanin
(B), and Q99L C.s. stellacyanin (C). Experimental conditions are the

following: microwave power, 10 mW; modulation amplitude 12 G;
modulation frequency 100 kHz; time constant 327.68 ms.

2800 3000

Table 4. Spin Hamiltonian Parameters Obtained from EPR
Simulations?

Ox Oy 0z A,
WT 2.03 2.08 2.29 35
Q99M 2.02 2.07 2.24 46
Q99L 2.04 2.05 222 80
aThe Ayy are too small to be reliably estimated.
momentum, the expressions are
g = 2.0023— (81°B)/(E, — Eyey)
— 292
9y = 2.0023— (2Ay" ) (Exsy, — Ere-y) 2

where A(Cu') = —830 cnt?l, andf, a, andy are the metal
de—y2, tyy, and gy, orbital coefficients in the ligand-field wave
functions®® Ee_y2, Eyy, andEyy, are the ligand-field excited-
state energies. Analysis of the-eld transitions in the absorption
and the MCD spectra shows that on going from WT to Q99M
to Q99L stellacyanin, the energy of the ligand-field transitions
increases (Figure 7b). Assuming similar metal character in the
half-occupied HOMO for WT and the Q99M and Q99L mutants,
and using the experimental energy of theg-e d,>—? transition
(Exy) (Table 3) andg, of WT C.s stellacyanin (see Table 4),
we predicted they, to be 2.25 for Q99M and 2.19 for Q99L.
The calculated value for Q99M is close to the experimental
value, indicating that the increased ligand-field transition energy
accounts for the smallgrvalue. However, for the Q99L mutant,
the calculated value is lower than experiment. This indicates
that there is an increased contribution from the metal to the
half-occupied HOMO in the Q99L mutant relative to the WT
(consistent with the analysis of the S K-pre-edge energies).
The A value is higher in the two mutants (Q99\ = 46 x
104 cm™1, Q99L A, = 80 x 10* cm™?) relative to the WT
C.s.stellacyanin & = 35 x 10~*cm1). The hyperfine coupling

(69) McGarvey, B. R. InTransition Metal ChemistryCarlin, B. L., Ed.; M.
Dekker: New York, 1966; pp 89201.

constants depend on (a) Fermi contact, which is due to the
unpaired spin density at the Cu nucleus, (b) direct spin dipolar
coupling, which arises from the interaction of the electron spin
with the nuclear spin of the metal, and (c) indirect (orbital)
dipolar coupling, which is due to coupling of the electron orbital
magnetic moment and the nuclear spin of the metal and is related
to the deviation of they values Ag) from 2.0023.

A= Py(—k — )0’ + *,Ag, + Ag)

A= Pyl(—k + 7)o" + H1,Ag) (3)
Pgis 396 x 1074 cm, « is the Fermi contact term, aruf is
the percent metal character in the ¢ orbital 89

The change in experimentglvalues can be used to calculate
the associated change in hyperfine coupling due to the orbital
dipolar term. The decrease gqvalues on going from WT to
Q99M accounts for an increase M to 54 x 1074 cm™1, in
agreement with experiment. (Because the orbital dipolar term
is positive while the spin dipolar and Fermi contact contributions
are negativedy, is negative.) For the Q99L mutant, when the
experimental values are used, the magnitudeAyfincreases
to —64 x 1074 cm™L. Thus, the decrease @values accounts
for about 60% of the difference in hyperfine coupling between
WT and Q99L. The remaining increase|fy| is accounted for
by the small increase in metal contributiaw?) to the HOMO
verified by theg, value.

In summary, on going from WT to Q99M to Q99L stella-
cyanin, the Cu moves into the Cys(Higlane, and the ligand-
field transitions increase in energy. This results in a decrease
in g values and an increaseAvalues. Analysis of thg values
indicates that the metal character does not decrease and actually
increases slightly for Q9L stellacyanin. It is interesting to note
that even though the S(Cys) character increases across this series,
the A increases, while the metal character remains constant or
increases. Thus, the increase in thiolate character is mostly
compensated for by a decrease in histidine character. This is
consistent with the changes observed in calculations on stella-
cyanin, plastocyanif? and fungal laccas®,and also parallels
trends observed in blue copper model studies where a significant
change in the thiolate contribution to the HOMO was observed
with no change in metal charact@r.

(G) Density Functional Calculations.The crystallographi-
cally based computational model of the stellacyanin active site
and its ground-state bonding description by means of natural
population analysis (NPA(4p)) are presented in Figure 9. The
calculated ground-state wave function obtained using the
adjusted Xt-sw method has already been repotfad be 57%

Cu, 30% S, and 7% N, which corresponds to a too ionic bonding
description relative to the S covalency of 41% determined by
XAS (vide supra). The spectroscopically adjusted DFT calcula-
tions employing the B(38HF)P86 functional, with a theoretically
converged basis set (BS5), give a ground-state bonding descrip-
tion in reasonable agreement with experimental covalencies
(within 2%). The bonding between the Cu and the S(Cy&®
similar to the Xx-sw results with a smalb/z ratio (0.06,
referring to the ratio of S 3p character of the atomic spin density
along/perpendicular to the €B(Cys) vector), in agreement

(70) Randall, D. W.; George, S. D.; Holland, P. L.; Hedman, B.; Hodgson, K.
O.; Tolman, W. B.; Solomon, E. . Am. Chem. So00Q 122, 11632~
11648.
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Figure 9. Initial model structure for optimization based on the experimental
structure of the stellacyanin active site.

with absorption spectroscopy. There is no contribution found
in either calculation from the axial GIn ligand. These compu-
tational results validate the use of the B38HFP86 functional in
geometry optimization, where the protein environment is taken
into account through various constraints on a small model of
the active site.

The geometrical parameters of stellacyanin (Figure 9), such

as the angle of the N(His)Cu—N(His) and O(GIn}Cu—
S(Cys) planes¢ = 82°) and the Cu out-of-plane distancé (
= 0.3 A), are consistent with a trigonally distorted, tetrahedral
structure, which is characteristic of blue, Type 1 Cu sites.
Interestingly, the SCu—N bond angles (118and 134) show
some deviation+{16°) from each other, which can be rational-
ized by the insertion of the N group of the amide ligand between
the S(Cys) and N(His2) atoms, which is indicated by the
relatively short distance (2.5 A) of the proximal amide H to
N(His2).

With respect to the protein environment of the axial amide

experimental geometry, but more equal-Nibond lengths of
2.00 A (Figure S3). Around step 35, the thiolate methyl group
starts to rotate around the €8 bond with the axial glutamine
approaching the Cu center, and the model complex gradually
transforms into a tetragonal structute € 50°, ando/zx > 1.0,
diamond in Figure 10), which is a true equilibrium geometry
(with no imaginary frequency). In this tetragonal structure
(Figure 11A), the CuS bond is about 0.1 A longer and the
Cu—O bond is about 0.2 A shorter, relative to the crystal
structure, which is associated with the tetrahedral-to-tetragonal
coupled distortion. In addition, the N(HisCu—N(His) angle
decreases to 94Figure S4), and the two S(CysLCu—N(His)
angles became very different (9and 149, Figure S5) as a
consequence of the two imidazole ligands being in cis and trans
positions relative to the thiolate ligand.

The above rotation of the thiolate methyl group around the
Cu—S bond would impose a significant distortion force on the
protein backbone through the cysteine residue. Therefore, this
rotation was constrained by fixing the C(Cys§(Cys)-Cu—
N(His) dihedral angles te-108’ as in the crystal structure. The
optimization of the constrained active site model takes a different
path (Figure 10, red line terminated with a triangle). It also goes
through a plateau (steps -+30), which is different from the
path of the unconstrained optimization pathway (Figure 10,
green line, steps £335). This plateau is related to a slow change
of the nonequal CaN(His) distances (Figure S3) and rotation
of the imidazole ligands around the €N(His) bonds; however,
the structure of the model complex remains similarly trigonally
distorted tetrahedral along the whole path. The steep drop
between steps 33 and 38 corresponds to the process of the Cu
N(His) bonds becoming equal (Figure S3) along with correlated
changes in the SCu—N(His) angles (Figure S5). The con-
strained optimization converges to a stationary point (Figure
11B, triangle in Figure 10) with one small imaginary frequency
(=10 cnm?), which is a correlated rotation around the -C3i
bond and concomitant movement of the axial amide group. In
this stationary point, the CtN(His) distances are equal (2.02
A), and the Cu-S(Cys) and CutO(GIn) bond lengths are
identical to the experimental values within the accuracy (1.6-A
resolution) of the protein crystal structureThe structure in
Figure 11B is similar to the active site structure of stellacyanin.

By using the structure in Figure 11B, where internal

ligand, the two closest hydrogen-bonding contacts are found atcoordinates not involving the Cu center are at their optimal

3.6 and 3.7 A, which are between the distal H atom of the amide
NHa group and a Trp backbone carbonyl O atom, and between

the coordinated O of the amide liganddaa H atom on g C-

(Val), respectively. These contacts cannot be considered as . ) . o A
dmol*l in going from the partially optimized structure in Figure

strong interactions; therefore, the GIn residue is not constraine
by any means other than the backbar@ atom.

When the geometry of a [¢BloH4).Cu'(SCHs)(OC(NHy)-
C;Hs)]T model of the stellacyanin active site is fully optimized,
it distorts to a tetragonal structure. Figure 10 shows the
unconstrained optimization pathway (green line terminated with
a diamond) of the model complex starting from the experimental
coordinates of the WT stellacyanin active site (Figure 10, 0.0
kcal moiL, offscale at top). After the initial structural relaxation

values, we could calculate the relative energy of the experi-

mental active site structure. By adjusting the bond lengths, bond
angles, and torsions around the Cu atom to match those of the
experimental structure, the total energy increases by 4.5 kcal

11B to the experimental/initial structure in Figure 9, which can
be broken into individual contributions of 0.6, 2.0, and 1.9 kcal
mol~1, respectively.

The trigonally distorted tetrahedral stationary point (Figure
11B) can be directly transformed to the tetragonally distorted
equilibrium geometry (Figure 11A) by allowing the two
constrained dihedral angles of C(CyS§(Cys)-Cu—N(His) to
relax (Figure 10, brown line, pathway connecting triangle with

(steps +10), the optimization proceeds through a plateau (steps diamond).

13—35), which corresponds to trigonally distorted tetrahedral
structures ¢ > 80°, ando/m < 0.2) with unchanged CuS
and Cu-O bond lengths (Figures S1 and S2) relative to the
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Figure 10. Geometric optimization pathways of the stellacyanin model structure calculated at B(38HF)P86/BS5 level of theory (green line, unconstrained
optimization; red line, constrained optimization with fixed C(CyS)Cys)-Cu—N(His1/His2) torsions; brown line, optimization path connecting the constrained
stationary point with the equilibrium structure).
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Figure 11. Equilibrium geometry (A, diamond in Figure 9) and stationary point (B, triangle in Figure 9) of the constrained optimization of stellacyanin
model structure [(@N2H4).Cu'(SCHs) (OC(NH)CoHs)]™ at B(38HF)P86/BS5 level of theory.

imposed as well, in particular, fixing the €®(GIn) bond or of the unconstrained optimization (Figure 11A); however, it is
the S(Cys)-Cu—N(His2) angle, which in addition to the ~2 kcal mol? higher in energy due to the GuD(GIn)
C(Cys)-S(Cys)-Cu—N(His) dihedral angles show the largest constraint. Interestingly, the optimization with a constrained
changes along the unconstrained optimization pathway. In both S(Cys)-Cu—N(His2) angle at 13%leads to a stationary point
cases, the constrained optimizations lead directly to a tetrago-with a tetragonally flattened tetrahedral structure (with-23°
nally distorted geometry with a high'z ratio. The optimization out-of-plane angles of the ligands as compared td iB5an
with fixed Cu—O(GIn) distance at 2.21 A gives a stationary ideal tetrahedron) with the S(CysE(Cys) vector perpendicular
point (with o/ = 17) highly similar to the equilibrium structure  to the approximate equatorial plane of the complex. Once the
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Figure 12. Equilibrium geometry of the tetragonal model structure of the stellacyanin active site.

constraint is released, the S(Cy€u—N(His) angle opens up interaction. EPR data indicate that the Cu 3d character in the
to 149, and the geometry becomes similar to the fully optimized HOMO does not decrease across the series and may actually
structure in Figure 11A; however, the perpendicular thiolate and increase slightly. This is supported by S K-edge XAS energy
glutamine ligands have switched their positions (Figure 12). This analysis, which indicates an increaseZuy across this series.
structural difference corresponds to an energetically slightly On the basis of XAS, optical, resonance Raman, and EPR data,
lower equilibrium structure by 2 kcal mol relative to thatin  the Q99M mutant appears to accurately reproduce the geometric
Figure 11A. and electronic properties of the classic blue copper sites in azurin
These computational results indicate that, without any and plastocyanin. For Q99L, optical, resonance Raman, and EPR
reStraintS, the tetrahedral active site of the WT Ste"acyanin data suggest the site well models the T1 site of funga] laccases.
distorts to a tetragonal structure, which, however, requires large Thjs series thus covers the range of known axial ligands in WT
angular changes in the thiolate or the glutamine positions. The pjye copper sites and allows for assessment of the axial ligand

two histidine ligands stay fairly unperturbed relative to their contributions to the geometric and electronic properties of the
crystal structure positions, but they rotate around the-Bu  4ctive site in a fixed protein environment.

bonds. On the basis of geometry optimizations with fixed
S(Cys)y-Cu—N(His) and C(Cys) S(Cys)-Cu—N(His) internal
coordinates, it seems that the surrounding protein matrix
constrains the trigonally distorted tetrahedral structure through
the position of the axial glutamine ligand, and the rotation of
the Cu—-S(Cys) bond is simply a response to an unconstrained
bulky axial ligand approaching the Cu center. This constraint
is worth ~7 kcal mol! as estimated from the structural
relaxation due to the rotation of the thiolate methyl group around

The results of this study clearly demonstrate that the axial
ligand modulates both the geometric and the electronic structure
of the oxidized blue copper site. EXAFS data on the oxidized
proteins show that on going from WT to Q99M to Q99L
stellacyanin, the CuS bond length decreases by 08105
A. This indicates that, as the axial bond is weakened, the Cu
S(thiolate) becomes shorter. These results are supported by
resonance Raman results which show an increase in the Cu

the Cu-S bond (Figure 10, brown line). S(thiolate) stretching frequency upon weakening the axigl Iigand.
_ _ S K-edge XAS results also clearly show that, as the axial ligand
IV. Discussion is weakened, the covalency of the €8(thiolate) bond in-

The results of this study show that the axial donor interaction creases. Upon changing the axial ligand from O(GIn) to S(Met)
with the Cu decreases upon changing the axial ligand from to no axial (Leu), the covalency increases from 41% to 47% to
O(GlIn) to S(Met) to no axial ligand (leucine). This is demon- 54% S 3p character. This trend is further supported by the
strated by Cu K-edge XAS results on the oxidized proteins, increase in intensity of the oxidized Cu K-edge -ts4p +
which show an~0.5 eV increase in the 1s- 3d pre-edge  shakedown transition on going from WT to Q99M stellacyanin.
transition energy on going from WT stellacyanin to the Q99M However, XAS pre-edge energies (and EPR) show that the
mutant, indicating a weaker donor. In addition, Cu K-edges of effective nuclear charge on the copper increases on going from
the reduced proteins show an increase in the intensity of the 1sO(GIn) to S(Met) to no axial (Leu), indicating that the
— 4p 8984 eV transition on going from WT stellacyanin to the weakening of the axial ligand is not fully compensated for by
Q99M and Q99L mutants, again consistent with a weaker donor the increased donation from the thiolate. Finally, MCD studies
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show that, upon weakening the axial ligand, the equatorial ligand of the EXAFS results. Hence, if only the three equatorial ligands
field increases. Because there is no tetragonal distortion of theare considered, the inner-sphere reorganization energy increases

site (i.e., no increase in CysCT intensity), this indicates that
the Cu shifts into the S(Cys)N(Hisplane as the axial ligand

across this series. However, the contribution from the axial
ligand must also be considered. For the methionine and the

strength decreases, thus becoming a more trigonally distortedleucine, the contribution té; is likely insignificant. However,

tetrahedral site.

for WT stellacyanin, crystallographic results show-af.5 A

The changes in geometric and electronic structure, which increase in the CaO(GIn) bond length upon reductidhUsing

result from variation in the axial ligand, can make important

a force constant of 1.3 mdyn/A as an estimate for a Cu()

contributions to ET properties of blue copper sites. There are bond at 2.2 A2 and Badger’s ruf® to estimate a force constant

three factors to consider: the dor@cceptor electronic cou-
pling (Hpa), the reorganization energyl)( and the redox
potential E°). All three factors contribute to the kinetics of
ET.”2-75Changes irE°® are also important for tuning the protein
site to function efficiently in its electron transport chain.

Going from WT to Q99M to Q99L stellacyanin, the covalency
of the Cu-S(Cys) bond increases from 41% to 47% to 54% S
3p character. This change will result in a small increasdgp

for the reduced site~<0.3 mdyn/A) results in dcy—o of ~0.2
eV. This is a factor of 2 increase in the inner-sphere reorganiza-
tion energy relative to plastocyanin. Hence, the smaller change
in the Cu-S distance in WT stellacyanin is offset by the change
in the axial ligand, and all three sites maintain reasonably low
inner-sphere reorganization energies.

Experimentally, the redox potential increases from2266
42(%% to 580 mV (Figure S6) on going from WT to Q99M to

across the series, providing somewhat better coupling into ET Q9L stellacyanin, clearly indicating that the axial ligand

pathways (which goes asifa)? for nonadiabatic ET}276-78
Modulation of the axial ligand may also contribute to the inner-
sphere reorganization enerdly)( Across the series (going from
WT to Q99M to Q99L stellacyanin), the length of the €u

modulates the redox potential of the site within a fixed protein
environment?84However, it should also be noted that, among
the wild-type fungal laccases, the redox potential for the T1
site ranges from 465 to 778 m\¥8%and for classic blue copper

S(Cys) bond decreases in the oxidized proteins; however, insites with axial S(Met), the redox potential ranges from 250 to
the reduced protein it remains the same. In addition, the 680 mV8:87 This indicates that, while the axial ligand makes
resonance Raman data show that the force constant increaseg significant contribution to the redox potential, the protein
across this series. The increased geometric change and highematrix also tunes the potential over a wide range. There are
force constant should result in an increased contribution of the four primary active site contributions to the redox potential:
Cu—S(Cys) bond to the inner-sphere reorganization energy of geometric relaxation, electronic relaxation, the energy of the
these sites. Using the intensity weighted -G frequency, redox active molecular orbital (RAMO), and the change in the
breu-st from the resonance Raman spectra we could obtain aeffective nuclear charg&s).88 The changes in geometric and
force constant for the oxidized sitkc(-s(oxigizeq) and Use itto  electronic structure of blue copper sites upon reduction are
estimate a force constant for the reduced $i¢@-&reduced).- The small® The energy of the RAMO is determined primarily by
contribution of the CaS(Cys) bond length change to the the ligand field, which from the MCD data in Figure 7 increases
reorganization energy can then be estimated from eq 4: across this series (going from WT to Q99M to Q99L stella-
cyanin). The increase in the ligand field raises the energy of
= [keu- S(oxidized) ke S(reducec]/ the RAMO, which would lowelE°. However, experimentally,
[ko_s(oxidized)+ ko—S(reduceJ)(ARCu—s)z (4) E° increases across this series. This is due to the increase in
Zett, which lowers the d-manifold energy and increag&sThe
where ARcy-s is the change in the CtS bond length upon  increase. results from the weakened axial ligand which is
reduction of the sité2"®This results in an increase by a factor not fully compensated by the increased donation from the Cu
of ~1.5 inAcy-s on going from WT to Q99M stellacyanin, and
an increase of by a factor ef2 on going from Q99M to the

S(thiolate) bond. This is qualitatively observed through analysis

of the XAS edge energies and is also consistent with EPR
Q99L mutant. Previous studies on plastocyanin estimate thatresults. Across the series (WT to Q99M to Q99L stellacyanin),
the change in the CuS(Cys) bond contributes 890% of the the S K-edge energy stays the same. However, from MCD
inner-sphere reorganization enef§ylhus, the histidines make  spectroscopy, the ligand field increases by 0.13 and 0.38 eV
a small and similar contribution in all three proteins on the basis relative to WT, for Q99M and Q99L stellacyanin, respectively.
This requires that the effect of the chang&ia on the d orbital

CuS
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energy is at least as great as the change in ligand field. Thetetrahedral? The computational results in this study do in fact
change i< is likely even larger due to a shift in the sulfur 1s indicate that, when fully optimized, the active site of stellacyanin
core to deeper binding energy upon increasing the covalencyundergoes a tetragonal distortion. This distortion requires a large
of the Cu-S(thiolate) bond. By analogy to the core shift on change in the thiolate and glutamine positions, indicating that
going from a thiolate to sulfide~0.8 eV)&it is estimated that ~ the protein may make a significant contribution to maintaining
the core could shift by up to 0.2 eV between WT and Q99L the trigonally distorted tetrahedral structure of the stellacyanin
stellacyanin. These results clearly show the changggnis active site.
the dominant contribution to the changeBf. In summary, the results of this study show that Q99M and
The results of this study demonstrate that variation of the Q99L stellacyanin are good models for plastocyanin and the
axial ligand allows the blue copper site to maintain good T1 site in fungal laccase, respectively. Modulation of the axial
electronic coupling into the protein superexchange pathways ligand allows the protein to tune the redox potential of the site,
and a low inner-sphere reorganization energy providing for facile while maintaining good doneracceptor electron coupling and
ET, while still tuning the redox potential to a biologically a low inner-sphere reorganization energy to provide for rapid
relevant range. ET. DFT calculations on WT stellacyanin show that the protein
The Q99M and Q99L mutants are spectroscopically similar environment is an important factor in stabilizing the structure
to plastocyanin and the T1 site of fungal laccase, respectively. relative to a JahnTeller distorted tetragonal sité.
As the axial ligand is weakened, the sites remain trigonally
distorted tetrahedral. However, WT stellacyanin, with a strong
axial O(GlIn), does not undergo a tetragonal distortion. This is

in contrast to the blue copper sites in nitrite reductase and *" =" . :
cucumber basic protein which have stronger axial Met bonds a Silicon Graphics Orgin 3800 shared memory supercomputer.

than plastocyanin (i.e., shorter €8(Met) bond lengths) and Thisowgg;wasosupportgd by 28':2;:225'99205498(5|'S')' NIH
show a tetragonal distortidd.1* Previous studies have suggested RR-01 f(Kd' dl-lla) ahn NIH GM ; (.S.V.). o RL ?pera_-
that in stellacyanin the protein structure could limit the Jahn tions are funded by the Department of Energy, Office of Basic

Teller tetragonal distortion and the site remains distorted Energy Sciences. The Structural Molecular Biology program

is supported by the National Institutes of Health, National Center
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(90) The equilibrium (Figure 11A) and the point stationary (Figure 11B) Environmental Research.

geometries calculated by B(38HF)P86 functional are different from the

structures calculated at the B3LYP level by De Kerpel et al. (De Kerpel, i i i . i

S OAS Piarlot. K. Ryde. U Roos. B. Q. Phys. Chom. B998 102 _ Supporting Info_rmatlon Available: Plots showing ch_anges_

4638-4647). In their calculations, both tetragonal and trigonal structures iN the stellacyanin model parameters along the optimization

are minima on the potential energy surface and are degenerate within 0.5 i i

kcal moltin energy. The trigonally distorted tetrahedral structure is similar pathways_Of the calc_ulatlons_. (_:yllc \_/oltammetry of Q99|_.
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