JIAICIS

ARTICLES

Published on Web 06/17/2002

Electron-Mediating Cu A Centers in Proteins: A Comparative
High Field 'H ENDOR Study

Boris Epel," Claire S. Slutter,” Frank Neese,$° Peter M. H. Kroneck,$
Walter G. Zumft," Israel Pecht,* Ole Farver,” Yi Lu,” and Daniella Goldfarb* "
Contribution from the Departments of Chemical Physics and Immunology, Weizmann Institute of Science,
Rehaot, Israel, Faculty of Biology, Unéersity of Konstanz, D-78457 Konstanz, Germany, Lehrstuhl
fur Mikrobiology, Université& Fridericiana, D-76128 Karlsruhe, Germany, Royal Danish School of
Pharmacy, Institute of Analytical & Pharmaceutical Chemistry, DK-2100 Copenhagen, Denmark,
and Department of Chemistry, Umirsity of lllinois, Urbana, lllinois 61801

Received November 9, 2001. Revised Manuscript Received March 4, 2002

Abstract: High field (W-band, 95 GHz) pulsed electron-nuclear double resonance (ENDOR) measurements
were carried out on a number of proteins that contain the mixed-valence, binuclear electron-mediating Cua
center. These include nitrous oxide reductase (N.OR), the recombinant water-soluble fragment of subunit
Il of Thermus thermophilus cytochrome ¢ oxidase (COX) bas; (M160T9), its M160QTO mutant, where the
weak axial methionine ligand has been replaced by a glutamine, and the engineered “purple” azurin (purpAz).
The three-dimensional (3-D) structures of these proteins, apart from the mutant, are known. The EPR
spectra of all samples showed the presence of a mononuclear Cu(ll) impurity with EPR characteristics of
a type Il copper. At W-band, the gp features of this center and of Cua are well resolved, thus allowing us
to obtain a clean Cua ENDOR spectrum. The latter consists of two types of ENDOR signals. The first
includes the signals of the four strongly coupled cysteine -protons, with isotropic hyperfine couplings,
Aiso, in the 7—15 MHz range. The second group consists of weakly coupled protons with a primarily
anisotropic character with A;, < 3 MHz. Orientation selective ENDOR spectra were collected for N,OR,
M160QTO, and purpAz, and simulations of the cysteine f-protons signals provided their isotropic and
anisotropic hyperfine interactions. A linear correlation with a negative slope was found between the maximum
Aiso value of the f-protons and the copper hyperfine interaction. Comparison of the best-fit anisotropic
hyperfine parameters with those calculated from dipolar interactions extracted from the available 3-D
structures sets limit to the sulfur spin densities. Similarly, the small coupling spectral region was simulated
on the basis of the 3-D structures and compared with the experimental spectra. It was found that the width
of the powder patterns of the weakly coupled protons recorded at go is mainly determined by the histidine
He1 protons. Furthermore, the splitting in the outer wings of these powder patterns indicates differences in
the positions of the imidazole rings relative to the Cu,S; core. Comparison of the spectral features of the
weakly coupled protons of M160QTO with those of the other investigated proteins shows that they are very
similar to those of purpAz, where the Cua center is the most symmetric, but the copper spin density and
the H.1—Cu distances are somewhat smaller. All proteins show the presence of a proton with a significantly
negative A, value which is assigned to an amide proton of one of the cysteines. The simulations of both
strongly and weakly coupled protons, along with the known copper hyperfine couplings, were used to
estimate and compare the spin density distribution in the various Cua centers. The largest sulfur spin density
was found in M160T9, and the lowest was found in purpAz. In addition, using the relation between the Aiso
values of the four cysteine -protons and the H—C—S—S dihedral angles, the relative contribution of the
hyperconjugation mechanism to Ais, was determined. The largest contribution was found for M160T9, and
the lowest was found for purpAz. Possible correlations between the spin density distribution, structural
features, and electron-transfer functionality are finally suggested.

Introduction nuclear Cy center! T1 sites are present, for example, in azurin

Two types of copper centers in proteins are known to mediate and pseudoazurin, which are electron carriers in bacterial energy
electron transfer (ET): the abundant type | (T1), which is a Conversion systeni,and in plastocyanin, which mediates
mononuclear copper binding site, and the mixed-valence bi- €lectrons between cytochronbgf complex and photosystem
I.3 It is also found in blue-copper oxidases such as laccase,
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Figure 1. The 3-D structures of the nearest ligands ofGites in NOR (2.4 A resolutionf° M160TO (1.6 A resolution$! and purpAz (1.65 A resolutiotd
from a projection along the-SS direction of the Ci5; core, as compared to that of T1 of azut¥Black, gray, and white spheres represent atoms of Cu,

S, and H, accordingly.

reductases, in all of which it serves as the initial electron-
accepting sité. While the structure of the T1 site has been
known for a long time (the 3-D structure of plastocyanin has
been determined already in 19),7Cu, has been recognized
as a binuclear center much laferlt is the initial electron
acceptor in cytochrome oxidase (COX) and in nitrous oxide
reductase (BOR)8 In addition, the quinol oxidase subunit Il
(CyoA)® and azurin (purple azurin, purpA2)2were converted
by mutagenesis to form Gucenters. A recombinant water-
soluble fragment of subunit Il ofhermus thermophilu€OX

bag that contains the Gusite has been prepared (M160T0) as
well.13 The 3-D structures of all of these proteins have been

(4) Messerschmidt, A. ItHandbook of MetalloproteinsMesserschmidt, A.,
Huber, R., Poulos, T., Wieghart, K., Eds.; John Wiley and Sons: New
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K., Eds.; John Wiley and Sons: New York, 2001; Vol. 2, pp 13%368.
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Eds.; John Wiley and Sons: New York, 2001; Vol. 2, pp 138390.
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W. G., Kroneck, P. M. HEur. J. Biochem1992 209 875-891.

(8) Kroneck, P. M. H. InHandbook of MetalloproteindMesserschmidt, A.,
Huber, R., Poulos, T., Wieghart, K., Eds.; John Wiley and Sons: New
York, 2001; Vol. 2, pp 13331341.
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M. Proc. Natl. Acad. Sci. U.S.A.995 92, 11955-11959.

(10) Hay, M.; Richards, J. H.; Lu, YProc. Natl. Acad. Sci. U.S.A.996 93,
461-464.

(11) Hay, M.; Ang, M.; Gamelin, D. R.; Solomon, E. I.; Antholine, W. E.; Ratle,
M.; Blackburn, N. J.; Massey, P. D.; Wang, X.; Kwon, A. H.; Lu, Ivorg.
Chem.1998 37, 191-198.

(12) Robinson, H.; Ang, M. C.; Gao, Y. G.; Hay, M. T.; Lu, Y.; Wang, A. H.
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determined by X-ray crystallograpliy214-182021 Figure 1
shows the T1 copper site of azufintogether with the Cu
centers in M160TG! N,OR2° and purpAZzi?2 The copper ion
in T1 is coordinated to a cysteine thiolate and two imidazole
residues of histidine in a trigonal arrangement with rather short
bonds 2 A) and a fourth, weaker axial ligand (usually a
thioether of methionine) at a distance o8 A14152223The
Cua center resembles two fused T1 centers, with thiolates of
two cysteines, two histidine imidazoles, and two weak axial
ligands, a methionine sulfur, and a main chain carbonyl oxygen
of glutaming?12.14-21

Considerable efforts have focused on studying the relation
between the 3-D structure of the Cuite, its spectroscopic
properties, and electronic structure and ET characteristics such
as redox potentials and reorganization enerfie’8.The unusual

(13) Slutter, C. E.; Sanders, D.; Wittung, P.; MalnisttoB. G.; Aasa, R.;
Richards, J. H.; Gray, H. B.; Fee, J. Biochemistry1996 35, 3387
3395.

(14) Baker, E. NJ. Mol. Biol. 1988 203 1071-1095.
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(16) Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376, 660—
669.
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269 1069-1074.
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H.; Tomizaki, T.; Tsukihara, TSciencel998 280, 1723-1729.
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J. J.; Moura, |.; Cambillau, QNat. Struct. Biol 200Q 7, 191-195.
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Fee, J. A.; McRee, D. ENat. Struct. Biol.1999 6, 509-516.

(22) Messerschmidt, A.; Ladenstein, R.; Huber, R.; Bolognesi, M.; Avigliano,
L.; Petruzzelli, R.; Rossi, A.; Finazzi-Agro, Al. Mol. Biol. 1992 224,
179-205.

(23) Guss, J. M.; Freeman, H. G@. Mol. Biol. 1983 169, 521-563.
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spectroscopic properties, the strong blue color of T1 and the the availability of experimental values of hyperfine interactions

dark purple color of Cu, stem from the SCu charge-transfer
bands. Thef38%Cu hyperfine interaction of T1 is unusually
smalf”-28 because of the highly covalent nature of the-Qu

of ligand nuclei, which characterize the highly delocalized nature
of the unpaired electron wave function, serves as important
experimental constraints for the determination of the ground

coordination and the large spin density on the sulfur. Thg Cu state by quantum chemical calculaticf4® This may then
center in the resting state has a total of one unpaired electronprovide the rationale for the unique properties of these ET %ites.
which is highly delocalized, with each copper having a formal Unfortunately, the ENDOR spectra of T1 and fLuenters
oxidation state of 1.8.The®3:6%Cu hyperfine coupling is in this  recorded at X-band frequencies often suffer from low resolution
case about one-half that of the T1 Cu(ll) because of the because of overlap éH signals with those of the directly bound
delocalization of the unpaired electron over the two coppers. “N.3141This problem can be alleviated by recording the spectra
The highly covalent C&S bonds in both T1 and Guwere at Q-band®**! but the reportedH spectra are often distorted
found to be important for coupling into the ET pathwa$$? and show only the high-frequency part of the symmetric
One of the spectroscopic technigues that is most commonly ENDOR spectrum. Another problem of X-band ENDOR and
used for the characterization of these ET-mediating centers isESEEM studies of the Gucenter is interferences from signals
EPR spectroscopy. It provided tlge and 36%Cu hyperfine of a mononuclear Cu(ll) impurity centét.
interactions that characterize the ground state and the spin We have now employed high field (95 GH# ENDOR
delocalization. In addition, the EPR related methods, electron- spectroscopy in a comparative study of the,Gite present in
nuclear double resonance (ENDGR$* and electron-spin-echo  four different proteins: BOR, the soluble fragment of COX,
envelope modulation (ESEERR) 37 spectroscopies, have played M160T9, which is nine amino acids shorter than the original
an important role in the identification of the ligands constituting M160TO, the M160QTO mutant, and purpAz. The spectra are
the coordination sphere of the copper ions and the spin free of'“N signals, well resolved, symmetric, and not distorted.
delocalization over the site. X-band ESEEM spectroscopy has Moreover, problems caused by contribution from mononuclear
been most useful in the determination of the hyperfine and Cu(ll), present in some of the proteins, were eliminated by the
guadrupole couplings of weakly coupl&tN nuclei such asthe  separation of the singularities of Cw and T2. The larger
remote nitrogens of the histidines’ imidazole and main chain spread of the EPR powder pattern also leads to better orientation
amides®38.39The more strongly coupled nuclei, the cysteine selection that allows a more accurate determination of the
B-protons and the directly bound histidine nitrogens, have beenisotropic and anisotropic hyperfine components. The study of
examined by X-band ENDOR:34It has been shown that the several different Ca sites allowed us to compare their sulfur
weakly coupled nitrogens of azurin can also be detected by and copper spin densities. This, combined with the available

ENDOR at high fields in single crystaf8.

The isotropic hyperfine coupling of the cysteifieprotons
is an important source of structural information because it
depends on the HC—S—Cu dihedral angle in T and the
H—C—S—S dihedral angle in Gu3142Similarly, the hyperfine
coupling of the histidine protons, specifically of the lgrotons,
can provide spin density and structural information. Moreover,

(24) Randall, D. W.; Gamelin, D. R.; LaCroix, L. B.; Solomon, EJI.Biol.
Inorg. Chem.200Q 5, 16—29.
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(27) Malkin, R.; Malmstion, B. G. Adv. Enzymal 197Q 33, 177—244.
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Bioinorg. Chem1998 3, 53—67.

(32) Coremans, J. W. A,; Poluektov, O. G.; Groenen, E. J. J.; Warmerdam, G.
C. M.; Canters, G. W.; Nar, H.; Messerschmidt, A.Phys. Chem1996
100 19706-19713.

(33) Coremans, J. W. A.; Poluektov, O. G.; Groenen, E. J. J.; Canters, G. W.;
Nar, H.; Messerschmidt, Al. Am. Chem. S0d996 118 1214112153.

(34) Gurbiel, R. J.; Fann, Y. C.; Surerus, K. K.; Werst, M. M.; Musser, S. M,;
Doan, P. E.; Chan, S. |.; Fee, J. A.; Hoffman, B. 31.Am. Chem. Soc.
1993 115 10888-10894.

(35) Deligiannakis, Y.; Louloudi, M.; Hadjiliadis, NCoord. Chem. Re 200Q
204, 1-112.

(36) Jin, H.; Thomann, H.; Coyle, C. L.; Zumft, W. @. Chem. Soc1989
111, 4262-4269.

(37) Kofman, V.; Farver, O.; Pecht, |.; Goldfarb, D. Am. Chem. Sod.996
118 1201-1206.

(38) Avigliano, L.; Davis, J. L.; Graziani, M. T.; Marchesini, A.; Mims, W. B.;
Mondovi, B.; Peisach, F*EBS Lett 1981, 136, 80—84.

(39) Goldfarb, D.; Fauth, J. M.; Farver, O.; PechtAppl. Magn. Resoril992
3, 333-351.
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3-D structures, permitted us to suggest some correlations
between the hyperfine parameters of weakly and strongly
coupled protons, the spin density distribution, and structural
properties of these sites.

Experimental Section

Sample Preparations.Azurin from Pseudomonas aeruginoses
obtained as describédThe sample concentration was 2 mM in a 100
mM Hepes buffer pH= 7. M160TO is a product of the original soluble
fragment construct of cytochroniies from Thermus thermophiluhat
encodes 135 amino acids of subunit Il, omitting the transmembrane
helix that anchors the domain in the membratre M160T9, nine
C-terminal amino acids are missing, including one histidinand
M160QTO is the mutant where the methionine axial ligand has been
replaced with glutaminé*> Details of the protein preparation and
purification are given in refs 13, 44, and 45. The concentrations of the
M160T9 and M160QTO samples were £50 mM Cuy in 50%
glycerol and 50% 100 mM phosphate/200 mM NaCl, pH 7. Twe N
OR samples, both frorRseudomonas stutzeviere studied. The first,
labeled with®S, was isolated from the wild-type strain (ATCC 14405)
grown with 0.25 mM N§4SO4 at a final concentration of 90 mg/mL in
a solution of 50 mM Tris-HCI, pH 7.5. The second was from MK (His-
auxotrophic strain) cells grown in-histidine (40uxL) with a final
concentration of 105 mg/mL in 50 mM Tris-HCI, pH 7%Both yielded
proteins with the same properties as confirmed by the experimental
results. The enzyme was studied in its resting state where thesCu

(42) Salgado, J.; Warmerdam, G.; Bubacco, L.; Canters, GBMthemistry
1998 37, 7378-7389.

(43) Jaszewski, A. R.; Jezierska,Chem. Phys. LetR001, 343 571—580.

(44) Slutter, C. E.; Gromov, |.; Epel, B.; Richards, J. H.; Pecht, I.; Goldfarb, D.
J. Am. Chem. So@001, 123 5325-5336.

(45) Slutter, C. E.; Gromov, l.; Richards, J. H.; Pecht, I.; GoldfarbJDAm.
Chem. Soc1999 121, 5077-5078.

(46) Alvarez, M. L.; Ai, J.; Zumft, W.; Sanders-Loehr, J.; Dooley, D. 8.
Am. Chem. So001, 123 576-587.
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oxidized, and the catalytic Gus EPR silent. The purpAz sample was
obtained as reported}* and the protein concentration was 0.35 mM
in 50 MM ammonium acetate, pH 5.1. The complexes of Cu(ll) tetra-
imidazole (Cu-Imid) and Cu(ll) bis-histidine (CttHis) were prepared
as described earliéf,and the Cu(ll) concentration was 2 mM in 50:

50 water:glycerol. Samples of all proteins and model compounds (total

volume of -2 uL) were placed in EPR quartz tubes (0.8 OD) for all
measurements.
Spectroscopic MeasurementsW-band pulsed EPR and ENDOR

measurements were carried out at 94.9 GHz and 4.5 K using a home-

built spectrometer described elsewh&rerield-sweep (FS) echo-

detected (ED) EPR spectra were recorded using the two-pulse echo

sequencesr/2 — t — & — 7 — echo), where the echo intensity was
registered as a function of the magnetic field. Typically, microwave
(MW) pulse lengthstf) of 0.09 and 0.18s were used withhr = 0.3

us. The magnetic field values were calibrated using the Larmor
frequency of the protongy, as determined by the ENDOR measure-
ments. The!H ENDOR spectra were measured using the Davies
ENDOR pulse sequence (— T — 7/2 — = — & — © — echo, with an

RF pulse applied during the time interva).*® The experimental
conditions for the Davies ENDOR spectra waig = 0.2, 0.1, 0.2us,

7 = 0.35-0.5 us, tre = 25—40 us. In variable mixing time ENDOR
experiments, an additional delasix, is inserted between the RF
pulse and the echo detection sequence. The frequency scale'ld the
ENDOR spectra is given with respect to féLarmor frequency. The

repetition rate in these experiments, except for those stated otherwise,

was 150 Hz.

Simulations. EPR simulations were carried out using a program
developed by Nees8.’H ENDOR spectra were simulated using a
program developed in our laboratory according to Erickson &tlal.
this program, the hyperfine coupling tensbris not limited to axial
symmetry. The anisotropic part, given B, was calculated for the
Cu, centers from the atomic coordinates using the point-dipole
approximation as described by Neé%€&or each proton denoted ly
D; is obtained from contributions of siDﬁj ( = 1, 6) matrices,
corresponding to the individual;HX; interactions where X= Cu,
Cly, S1, S, Ni, Na. The principal values of eadhﬁj are (apj, —agj,
2aj), whereag; = (uo/4m)0,g3:gB/(hr? _x), andp; is the spin density
on the X nucleus. The individuaD;’s, éxﬁressed in the principal axis
system ofg, are then obtained by summing over all six dipolar
interactions according to

6 6
D, =% Dy = R(0;,#)D} R '(0;.¢) D
JZ J JZ IR o 77

where 6 and¢; are the polar and azimuthal angles representing the
orientation of the X—H; vector with respect to thg principal axis
system, andR(6j, ¢j) is the corresponding rotation matrix. Finally, the

P CuA
M160QTO0
Cu,
M160T9 .
azurin
T T T T T 4 T L | T T T T T T
3.1 32 3.3 34 30 31 3.2 33 3.4

Magnetic Field, T

Figure 2. W-band FS-ED EPR spectra{% K) of frozen solutions of
N2OR, purpAz, M160T9, M160QTO, and azurin. The dotted trace represents
simulations obtained with thg-values listed in Table 1.

Table 1. g and Aj(Cu) Values of the Different Cua and T1 Centers
Investigated
Oxx Oyy 9z Ay, mT
N2OR 2.005 2.02 2.175 4.282
M160T9* 2.0 2.02 2.189 3.1
M160QT0® 2.02 2.02 2.176 4.2
purple AZ1 2.01 2.04 2.17 5.5
Azurin®! 2.039 2.057 2.273 563

a2 The average value of the two coppers (117 and 124 MHz) was taken.

hyperfine coupling constants, a plot of the resonant magnetic fields as
a function of the angle8, and¢o = 90°, 0° was generated. Selected
orientations were then determined graphicdlgssuming a line width

of 100 G.

Results

The W-band FS-ED EPR spectra of, R, M160T9,
M160QTO, purpAz, and azurin are presented in Figure 2, and
the g-values determined from these spectra are summarized in
Table 1. All spectra, except that of azurin, show, in addition to
thegn feature of Cy (marked on the figure), a peakaB.3 T
which is assigned to thgp feature of a mononuclear Cu(ll)
center. Unlike X-band, at W-band the two centers are easily
distinguished even at thg region. In the case of M160T9,

Di were diagonalized to give the principal components of each coupled thjs feature was unambiguously assigned to a type Il (T2) Cu(ll)

proton and the Euler angles, 3, y, relating it to theg frame. 6, and
¢o describe the orientation of the external magnetic fiBldyith respect
to theg principal axes system.

The orientation ofy,; was taken along the bisector of the two vectors
normal to the SCu,—S and S-Cw,—S planes and that @, parallel
with the S-S direction?®52The variousdy, ¢;, andry—x, were calculated

ion on the basis of X-band spectra measured at 160 K, where
only the T2 spectrum is detected, and by simulations of the
W-band spectrum using the £and T2g-values* On the basis

of the similar position of the above extra feature, its different
relative intensity and relaxation characteristics, we assign it also

from the atomic coordinates of the 3-D structures, and the protons werelN PUrPAZ, M160QTO, and POR to a mononuclear Cu(ll)

placed using Insightll by MSI.

“impurity” center. Theg, singularity of the Cy center is clear

In the simulations, the selected orientations were determined asin all spectra, whereas that of the T2 is outside the displayed

follows: the EPR spectrum was simulated, and usinggthed®35Cu

(47) Manikandan, P.; Epel, B.; Goldfarb, Diorg. Chem2001, 40, 781-787.

(48) Gromov, I.; Krymov, V.; Manikandan, P.; Arieli, D.; Goldfarb, D.Magn.
Reson 1999 139 8-17.

(49) Davies, E. RPhys. LettA 1974 47, 1-2.

(50) Neese F. Electronic Structure and Spectroscopy of Novel Copper

Chromophores in Biology. Ph.D. Thesis, University of Konztanz, 1997.
(51) Erickson, RChem. Phys1996 202, 263-275.

magnetic field range. The dotted line shows the simulated
spectrum of the Cuof N,OR calculated with the parameters
given in Table 1. The spinlattice relaxation timeT, of the

(52) Neese, F.; Zumft, W. G.; Antholine, W. G.; Kroneck, P. M. H.Am.
Chem. Soc1996 118 8692-8699.

(53) Goldfarb, D.; Fauth, J.-M.; Tor, Y.; Shanzer, A.Am. Chem. S0d.991,
113 1941-1948.
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x2-5 powder patterns of the weakly coupled protons of azurin is
e N A Mz almost twice as large, 4.2 MHz.
//W\X The availability of the 3-D structures of three of the investi-
/—\\ ‘ /WQTO . . . - ; )
, o gated proteins combined with well-resolved orientation selective
P N % Mw sets of ENDOR spectra provide a unique opportunity to analyze

N.OR the spectra on the basis of the 3-D structure. This leads to a
more accurate determination of the spin density distribution and
8 6 4 2 0 2 4 6 8 to the direct correlations between spectral features and structural
/J\/\\\ Cu-His parameters. Although the X-ray determined 3-D structure of
M 04 Cu-lmid these protleinsI does 20:) |:|i|rovide proton coz()jrdingtes, excfep; fpr
- . water molecules an groups, a good estimate of their
o Mﬂm\mn positions can be obtained using well-known bond angles and
o0 8 _VZRF'V.vO we oo moom lengths. Accordingly, we have employed Insightll (by MSI) to

place the protons of the ligands of Cwenter in their 3-D

Figure 3. W-band ENDOR spectra, recorded gf (4=5 K), of frozen structures. Some of these protons are shown in the structures

solutions of NOR, purple azurin, M160T9, M160QTO, azurin, €umid,

and Cu-His. The amplitude of the signals in the region-6(3—14) MHz depicted in Figure 1. The coordinates of these protons were
was scaled up for better visualization. The dotted lines are simulated spectrathen used to estimate the varidDis according to the procedure
of M160T9 (fitting parameters are given in Table 2). outlined in the Experimental Section. For example, Table 2 lists

the Dk (k = X, Y, 2) values of the3-protons of NOR and the

mononuclear Cu(ll) is significantly longer than that of thexCu ~ EUler angles relating them with tigeframe.

center, and, therefore, its relative contribution to the spectrum In the case of hOR, the available 3-D structure has been
can be reduced by partial saturation, achieved by increasing thed€termined on a crystal where the {Jg in the reduced staté,
repetition rate from 150 Hz to 0-51 kHz. This has been used while the EPR measurements were all carried out on the resting,
while recording the ENDOR spectra 0b8IR and purpAz. The that is, mixed-valence state. The use of the coordinates of the
only protein that contained a negligible amount of mononuclear reduced state is justified by the subtle structural changes the

Cu(ll) is the M160QTO mutant. This center may originate from Site probably undergoes upon reduction. This is based on studies

copper from the Cu site to a nonspecific site where it is reduced and the oxidized statéThe differences observed were
coordinated to a histidine residue (see belétip the case of rather limited, manifested mainly in a slight expansion of the
N,OR, it may also originate from a partial reduction/decay of reduced state with CuX bond length differences on the order
the EPR silent Caicatalytic site which is a possibility supported  Of 0.05 A and practically no change in the orientation of the
by its different line shape. We rule out the possibility that the ligand residues. Similarly, EXAFS measurements of reduced
3.3 T feature appears as a consequence of a line shape distortioAnd mixed-valent states of the solublesGragment ofThermus
because of echo detection because all spectra were recorde€rmophilusandBacillus subtilisresolved only minor changes
with the same MW power and pulse width, and yet this line is N the core geometry: These changes are insignificat with
not observed in azurin and is very weak in M160QTO. respect the structural differences among the different proteins.
ThelH ENDOR spectra of BOR, M160T9, M160QTO, and In the next two sections, the analysis of the ENI_Z)OR spectra of
purpAz, recorded at the Gugn position, where there are no theﬁ-prgtons and the vv.eakly_ coupled .protons is presented.
interferences from the mononuclear Cu(ll), are presented in _CYstéinefi-Protons. Orientation selectivéH ENDOR Spectra
Figure 3. Two types of protons are recognized. The first consists ©f N2OR are shown in Figure 4. The spectral region of the
of protons with large, mostly isotropic hyperfine couplings in ﬂ-p_rotons is free _from monor_1uc|ear Cu(ll) |nte_rfer(_ances b_ecause
the range of 715 MHz attributed to the cysteirfprotons31 44 their large couplings are unique to the cysteine ligands rH Tl
whereas the second comprises the weakly coupled protons with@"d Ci centersi* We first attempted to reproduce the orienta-
couplings smaller than 3 MHz. The resolution of fherotons ~ tion dependence of thg-proton signals using the isotropic
signals of NOR, M160T9, and M160QTO allows the distinction  hyperfine values determined from earlier X-band ENDOR
of inequivalent protons (see next section). In contrast, the signalsMeasurements (13.3, 11.7, 10.4, 8.6 MHz for C561_1HB,
of the purpAz'sB-protons are unresolved, exhibiting an average ©°65_1HB, C561_2HB, C565_2HB, respectively) andlhe
splitting of 10.8 MHz. For comparison, the spectrum of azurin COMPonents listed in Table 2, calculated wit§ pcy, and pn
recorded aty, is displayed as well. There, gt, the two cysteine values of 22, 25, and 3% on each Cu, S, and directly coordinated

B-protons are not resolved and have a coupling of 22.2 MHz, N, respectively. The latter are within the range found experi-
which is about twice the value observed for these protons in Mentally and predicted theoreticay>!-**Earlier X-band EPR
puUrpAz. and*N ENDOR results showed that the spin densities on both

The !H ENDOR spectra of the weakly coupled protons of COPPErS and two bountiN nuclei are closé?*?and we have,

the Cw centers have, in general, similar line shapes. They differ ;h?;egc;':s‘i;‘::l:gngg t27e s;m(;%g brc;tsh zlélt]:?/:' Clggr:g'?g;[;\?el
mainly in the total width of the powder pattern, where the P o 0. Fesp Y, y

M160T9 spectrum exhibits the largest coupling. There, the outer |n3|gn|f|cant variations in the range €0.05 MHz in FheDkk
edges exhibit two features with couplings of 2.8 and 2.3 MHz. and+0.5° in the angles. The simulated traces are displayed as

In N,OR and purpAz, these are reduced to 2.6 and-2.2 dashed lines in the low-frequency part of Figure 4. The
M_HZ’ Whe'?e‘ja‘s in M160QTO they almost merge |ntc_) one feature (54) Blackburn, N. J.; de Vries, S.; Barr, M. E.; Houser, R. P.; Tolman, W. B.;
with a splitting of 2.5 MHz. As expected, the width of the Sanders, D.; Fee, J. A. Am. Chem. Sod.997, 119, 6135-6133.
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Table 2. Hyperfine Interaction Parameters of the Cysteine S-Protons of the Proteins Investigated As Determined from the Best-Fit
Simulations of the Orientation Selective ENDOR Spectra, As Compared to Values Calculated from the 3-D Structures?® and ps = 22%,
pcu = 25%, pn = 3% (in Parentheses)?

A\sc Dxx Dyy Dzz a ﬁ
protein proton MHz MHz MHz MHz deg deg
N2OR C561_1HB 13.8 —1.84(-2.14) —1.36(-1.55) 3.2(3.69) 131(37.1) 52(32.9)
C561_2HB 11.0 —1.92(-2.01) —1.46(-1.56) 3.38(3.66) 118(148.9) 55(47.5)
C565_1HB 12.2 —1.58(-1.93) —1.23(-1.49) 2.82(3.42) 25(49.6) 126(163.3)
C565_2HB 9.1 —1.67(-1.84) —1.44(=1.50) 3.11(3.34) 142(166.5) 49(50.9)
M160T9 C149_1HB 10.0 —1.92(-2.12) —1.46(-1.60) 3.38(3.72) 139(131.3) 49(26.3)
C149 2HB 154 —1.84(=2.17) —1.36(-1.52) 3.20(3.68) —32(21.4) 58(44.3)
C153_1HB 6.8 —1.67(-2.18) —1.44(-1.55) 3.11(3.72) 44(57.0) 131(169.0)
C153 2HB 12.2 —1.58(-2.08) —1.23(-1.46) 2.82(3.54) 13(162.0) 128(138.0)
M160QTO 1 10.3 —-1.92 —1.46 3.38 41 124
2 13.3 —1.84 —1.36 3.20 33 126
3 11.6 —1.58 —1.23 2.82 —13 58
4 8.1 —1.67 —1.44 3.11 39 126

X 2-5 B, T x2-3 B,T

T T 1

8 6 -4 2 0 2 4 6 8

LA — 1 T ' T T T T T
4 6 4 2 0 2 4 6 8 VeV, MHz
Vee vy MHZ Figure 5. H W-band ENDOR spectra of a frozen solution of M160QTO

Figure 4. H W-band ENDOR spectra of a frozen solution ofOR recorded at different fields along the EPR powder pattern (4.5 K). The dotted
recorded at different fields along the EPR powder pattern (4.5 K). The traces represent the best-fit simulated spectra calculated with the parameters
amplitude of the signals in the region #{3—14) MHz was scaled up for ~listed in Table 2 for the cysteing-protons, and in Table 3 for the weakly
better visualization. The dashed traces were calculated with the parametergsoupled protons. An individual line width of 0.8 MHz was used for the
listed in Table 2 and théis, values determined by Neese efh(see text). B-protons and 0.15 MHz for the others.

The dotted traces represent the best-fit simulated spectra calculated with
the parameters listed in Table 2 for the cystefRerotons, and in Table 6 or nuclear relaxation, the ENDOR signals corresponding to the

for the weakly coupled protons. An individual line width of 0.9 MHz was Ms = Y, manifold lose intensity and may even reach a negative
used for thes-protons and 0.15 MHz for the others. . . . e O
amplitude®>%6 This allows the identification of the ENDOR

agreement with the experimental total width of the high- and signals belonging to the differems manifolds and thereby the
low-frequency componentsA¢.(3)) and the line shape is  determination of the sign of the coupling. The ENDOR spectrum
unsatisfactory. To improve the fit, both isotropic and anisotropic of N2OR recorded at the Gug, position as a function ofinix
parts of the interaction had to be varied, and the best-fit exhibits a decrease in the relative intensity of the low-frequency
simulated spectra are shown as dotted traces in Figure 4. Thecomponents of th@-proton doublets and assigns them to the
best-fit parameters, listed in Table 2, show thatAhg values Ms = %/, manifold, yieldingAis, > 0.57 The positive shift of
had to be adjusted and a reduction of-6086 MHz in theD,, these protons in NMR spectra is consistent with this assign-
value had to be introduced for some protons, as well as large ment#2:58
changes it andf. y had no effect on the spectra because of  Orientation selective ENDOR spectra of M160QTO are shown
the axial character af. in Figure 5. The spectra are, in general, similar to thosef N
A similar quality of fit could also be obtained with a set of OR; the resolution is lower, andv.(8) is slightly larger.
negativeAs, values. The positive sign was determined from a Because there is no 3-D structure available for this mutant, we
series of variable mixing time ENDOR measurements reported used theDy, values obtained from the best-fit simulations of
elsewheré’ There, a long delaytmi, is introduced between  N2OR and fittedAis, and the angles. This was done under the
the end of the RF pulse and the application of the echo-detectionassumption that thBy are primarily determined by the-S-
pulses®® At low temperaturestmix =~ Ty, and negligible cross  distance, which does not vary from structure to structure,
. althoughps may vary and change somewhat g values. In
gggg Egé‘l”‘%k_’;r%%‘gl"‘&_;T,\'/ia?]ﬁ(hamn:f;h?bf‘;"@%gésglf%”g%?;réﬁdggg_zggém addition, the relatively large individual line width which is on
2001, 148 388-397.

(57) Epel, B.; Manikandan, P.; Kroneck, P. M. H.; Goldfarb,Appl. Magn. (58) Luchinat, C.; Soriano, A.; Djinovic-Carugo, K.; Saraste, M.; Malfirstro
Reson2001, 21, 287—-297. B. G.; Bertini, I.J. Am. Chem. Sod.997 119 11023-11027.
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Table 3. Anisotropic Hyperfine Tensors of Weakly Coupled
Ligand Protons in the Cua Site of the Proteins Studied with D,,
Values Higher than 2 MHz As Calculated from the 3-D Structures
for ps = 22%, pcu = 25%, pn = 3%2

Ao’ Dy Dyy D, a ﬁ

protein proton MHz ~ MHz MHz  MHz deg deg

PurpAZ H120 HE1 —-1.69 —0.85 2.54 —-11.9 92.0

H120_2HB —-1.52 —-0.80 2.33 6.6 102.6

H120_HA —1.50 —1.01 2.50 —168.2 145.3

Cl16 H —-1.44 —-091 235 -—-3.5 1135

H46_HE1 —-1.64 —-0.73 237 -55 80.3

H46_HA —1.84 —0.96 2.80 49 131.8

No.OR H526_HA -13 —-091 221 1736 274

H526_HE1 —2.14 —0.94 3.08 3.6 864

W563_H —-158 —1.26 283 -—-7.6 51.6

H569 HE1 —-1.93 —0.83 2.76 —15.2 100.3

N e M572_1HE -1.17 —1.08 2.25 424 1165

-8 6 4 2 i} 2 4 6 8 C565_H —0.9 —2.44 -1.16 3.6 —-9.5 66.2(60)

v -v. MHz M160TO H114_HE1 -1.72 —0.77 249 -122 80.1

RF P H157_HA —-1.77 —1.12 2.88 —169.0 32.1

Figure 6. H W-band ENDOR spectra of a frozen solution of purpAz H157_ HE1 0.2-191 -0.87 278 —11.4 911

recorded at different fields along the EPR powder pattern (4.5 K). The dotted G151 H -0.3 —-1.53 -1.18 2.71 6.9 120.6

traces show the spectra of the weakly coupled protons of M160QTO recorded C153. H -13 -1.79 —-1.02 2.82 3.5 114.9
at similar fields. M160QTO0 1 -01 -19 -11 3.0 20 60
2 -0.6 —23 -04 27 0 45
the order ofD,, makes the simulations less sensitive to e z 87 _%-g _8'3 gg ;8 28
values. The simulated spectra are presented as dotted traces in 5 00 —15 —11 26 0 70

Figure 5, and the simulation parameters are listed in Table 2. - — - - )
A com_par_ison with the values obtained for,®R shows a if déilfg:-gr:ﬁw;r? tlr?epg;?cr:ﬁg?:g%gg?ﬁteectggr;ﬁ:g?:suosfer%?eEZ?eSAmvbJL?EOns,
reduction inAs, of some protons. used.® Determined from simulations of the spectra.

Unlike NoOR, the orientation selective ENDOR spectra of
the S-protons of purpAz did not show any features that could  We begin the analysis of the weakly coupled protons with
be used to distinguish the different protons (see Figure 6). the ENDOR spectra of M160QTO because it is the only protein
Moreover, the splitting remained practically constant at 10.8 in the series investigated where the spectra are practically free
MHz throughout the field range of the EPR spectrum. From from “impurity” signals throughout the full EPR spectral range.
the line width and by comparison with the M160QTO spectra, In this case, the 3-D structure is not available, and we attempted
we estimated the maximum and minimuig, values as 12.5  to fit the spectral features with couplings larger than 1 MHz.
and 9 MHz, respectively. Unfortunately, we were not able to Table 3 shows that in all proteins a relatively large number of
obtain orientation selective spectra for M160T9 with a reason- protons are expected to contribute to this spectral region. In all
able S/N, yet we have used the same strategy applied forcasespD,, < 3.6 MHz, which can be used as an upper limit. In
M160QTO to simulate the spectrum recordedgat and we addition, we took into consideration that in all structures the
obtained the values @s.. The best-fit simulated trace is shown histidine H; protons are expected to have relatively large
as a dotted trace in Figure 3, and the parameters used are listedouplings D is in the range of 2.43.0 MHz andf = 90 +
in Table 2. This spectrum was simulated previously with similar 10°) and that they should have major contributions to the outer
negativeAi, values} but on the basis of the JOR results wings (Amax = 2.6 MHz) in spectra recorded closeda. Other
described above, we concluded that the couplings are positiveprotons that are close to the £34 core in all structures are the
in all Cua centers. amide proton of one of the cysteines and theroton of one

Weakly Coupled Protons. The strategy we adopted in the of the histidines. These protons are characterize@ by 70°,
analysis of the weakly coupled protons differed from the case and, therefore, their maximum hyperfine coupling should be
of the 5-protons, where best-fit simulations were carried out, observed at, < 90°.
for the following reasons: (i) in a significant number of spectra  We first fitted the Anax features of the 3.377 and 3.355 T
there are interferences from a mononuclear Cu(ll) ion center, with a proton having E characteristics. The experimental
(ii) the number of protons contributing to this spectral region spectra (Figure 5) shows that a second proton, With= 2.6
is relatively high, (iii) the relative intensities of peaks very close MHz that is reached toward the center of the EPR powder
to the Larmor frequency are underestimated because of thepattern, is present as well. The relatively high intensity of this
limited selectivity of the MW pulses. We have, therefore, feature indicates that it corresponds tofgnor Ayy singularity,
concentrated on reproducing the total width of the spectra with rather than t&\,. Such features can be obtained from a proton
emphasis on the region of£0.5 MHz and up, where the with anAs, < 0 andf ~ 25—45°. The fit was improved by
contribution of more distant protons and the effect of the MW adding three more protons. The final simulation with all five
pulse nonselectivity become negligible. In all cases, except protons is compared with the experimental set in Figure 5, and
M160QTO, we started with the dipolar interactions calculated the best-fit parameters are listed in Table 3. The total width of
from the 3-D structures, and, whenever required, the agreementhe spectra is reasonably reproduced, but the fit of the peaks’
with the experimental results was improved by changing the position and relative intensity varies. This is expected because
spin densities, adding isotropic coupling constants. If this did not all protons have been taken into account, and the sensitivity
not yield satisfactory results, mild changes in the angles were of Davies ENDOR to larger couplings has been neglected.
introduced. Protons 1 and 5 have the largest valueg ahd are, therefore,
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assigned to the two histidines’ .H The protons with the
relatively large negativ&s, (N0 2 and 4) can be assigned to (i)

The simulations of the weakly coupled protons along with
the dipolar couplings calculated from the 3-D structures show

the amide proton C153_H because of the large spin density onthat the splitting of the outer wings in spectra recorded around

S and the finite spin found on a backbone nitrdemd (ii) to
the a-proton of H157 because of its angfeand its close
distance to the G, in M160TO (see Table 3). The possibility
that it can also be one of the NHprotons of the replacing
glutamine cannot be ruled out, however.

The spectra of purpAz and M160QTO recorded within the
range 3.373.31 T are almost identical. Attempts to simulate
the M160QTO spectra using the calculai2dbtained from the
3-D structure of purpAz (see Table 3) while varying the,
values did not produce the overall width of the spectra.

go is determined primarily by the two 4 protons, although
some contributions from a proton withs, ~ (—0.5) — (—0.7)
MHz with a smallg (like proton 4 in M160QT0) may also be
significant. The outer wings in thgny ENDOR spectrum of
M160T9 appear at 2.8 and 2.3 MHz, which is slightly larger
than that observed for JOR and M160QTO. Simulations were
carried out using the calculatddy values and orientations
determined from the structure of M160TO, listed in Table 3,
and splitting of the outer edges in the simulated spectrum was
too small. Although the 3-D structure was determined for

Comparison of calculated values for purpAz with those obtained M160TO, the similar spectroscopic properties of M160TO and
by fitting the M160QTO0 spectra shows that the dipolar couplings M160T9* justify the assumption that the structure of theaCu

calculated for purpAz are too small to fit the experimental
results. It was possible to obtaDy values that agree better
with the experimental results by changipg pcu, andpy to
15, 32, and 3%, respectively. This gave lar@gg values for
the histidine H; protons (increase to 2.90 and 2.38 MHz)
without varying significantly those of the other protons.

The ENDOR spectra of the weakly coupled protons ef N
OR, shown in Figure 4 and measured within the raBge=
3.129-3.248 T, contain contributions from both Land the
mononuclear Cu(ll) impurity. The most apparent contributions
of the latter are the clear singularitiests2.5 MHz in the spectra
recorded aBy = 3.167-3.248 T (see arrow in Figure 4). This

center has not changed by the removal of the nine terminal
amino acids. A better fit could be obtained by introducikg

= 0.2 MHz to H157_HE1. A similar quality fit could be
obtained by setting\so = 0 andps, pcu, andpn to 18, 30, and
2%, respectively, but the highéy(Cu) values of NOR make
the first option more attractive. In addition, in light of the
spectral analysis of M160QTO and,®R, we introduceds,

= —1.3 MHz for the amide proton C153 H. This did not
increase the maximum splitting but improved the fit of the
relative intensity of the feature at1.15 MHz. AnAiso = —0.3
MHz was also taken for G151 _H. A comparison between the
simulated and experimental spectra is presented in Figure 3.

assignment was substantiated by recording the spectra with Biscussion

faster repetition rate, which leads to a partial saturation of the

mononuclear Cu(ll) EPR signal, while that of the A8 less
affected because of the difference in splattice relaxation

Generally, the ENDOR spectrum reflects the spin density
distribution in the paramagnetic center. An unambiguous

times. Under these conditions, the intensities of the ENDOR determination of these densities does, however, require the

peaks at+2.5 MHz were reduced significantly. These signals
correspond to aA;,value of~5 MHz which suggests that they
arise from the imidazole protons of a remote Cu(ll) binding

knowledge of the 3-D structure. The simulations of the
orientation selective ENDOR spectra of the cystgingrotons
of N2OR showed that the calculatéd,, values based on the

histidine residue. This assignment is supported by comparison3-D structures and usings = 22%, pcu = 25%, andon = 3%

with the ENDOR spectra of azurin and of the -€lmid and

are overestimated by ¥20% relative to thd®,,value obtained

of the imidazole protons (see Figure 3). ThAgvalues of these
model$7->6are about twice those observed for thex@enters,

spectra (see Table 2). Moreover, the same smallevalues
reproduced the spectra of thprotons of M160QTO and

as expected considering the spin distribution over two coppersM160T9. Because the major contribution to the anisotropic

in Cua. These signals are also clear in purpAz (see Figure 6).

hyperfine interaction of these protons arises from tkiet$

They were also observed in earlier X-band ENDOR spectra of distance, this discrepancy can be ascribed to an overestimation
N,OR where they have been assigned to unknown protons in©f ps- However, reducings means increasingc, or pn, which

the Cw centerd!

The weak coupling regions of the ENDOR spectra eOR
were simulated using the calculatBdarameters of the protons
in the vicinity of the CuS, core listed in Table 3 (except for
H526_HA which has the smallest predict&d, value). The

major discrepancy between the calculated and experimenta

spectra was the absence of an intensity-a14 MHz in spectra

recorded with field settings in the center of the EPR powder

would in turn lead to an increase of the hyperfine coupling of
the H; protons (see below) and to a disagreement with the
experimental results. Consequently, we attribute the overestimate
in the calculatedD,, values to the use of the point-dipole
approximation which may not be fully appropriate for ant$

(distance of 2.3 A. Another possibility is an error in the proton

coordinates because of the limited resolution of the X-ray
diffraction data used to determine the structure (2.4 A in the

pattern. Comparison with the spectra of M160QTO (see above) €@S€ 0f NOR). In the case of thg-protons, the deviation in

strongly suggests that these features arise from aptoton
with a substantial negativéds, and value of 8 ~ 45°.
Consequently, finité\s, values were tried for the amide protons
C565_H and W563_H. Settirgso = —0.9 MHz for C565_H
and changings from 66° to 60° improved the fit significantly,
whereas the introduction ofs, for W563_H led to large

D,, means an error of about0.1 A in the $—H distance.

The simulation of the orientation selective spectra gave the
Aiso values of thes-protons, which are related to the+€—
S-S dihedral angleg, according tét

Ao = ps(B'sir’ ¢ + C) )

deviations at 3.359 T, where mononuclear Cu(ll) does not whereB represents the part &, that results from hypercon-

interfere. The simulated spectra are shown in Figure 4.

jugation and is orientation dependent, wher€ds a measure
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Figure 7. (A) Plot of A, of the cysteing3-protons as a function of the
H—C—S-S dihedral angle. The solid line was obtained by fitting the
experimentalAiso values of NOR, denoted byll, to eq 2. All of the rest of
the solid symbols are calculatég, obtained using thesB andpsC values

of NOR and the dihedral angles obtained from the 3-D structures of €0X,
CyoA 2 M160T02! purpAz2° The dotted line and the represent the fit of
M160T9, and the dashed line and theorrespond to purpAz. The dashed
dotted line represents the fit to M160QTO)( where the values ofsB
and psC were determined using the minimum and maximum experimental
values ofAi5, assuming angles of 0 and 9@vhereas the other two angles
where determined from the fit. (Bjs values of the proteins investigated
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Figure 8. The correlation between the maximukg, value of the3-cysteine
protons, Aiso)max and Aiso(Cu), andA(Cu) for the various Cu centers
investigated.

used to estimatesB and psC. Accordingly, the unresolved
signals of purpAz allow only for the estimation of the extreme
Aiso Values, yieldingosB ~ 3.5 MHz andpsC ~ 9 MHz.

The extremeAs, values of M160QTO, 13.3 and 8.1 MHz,
yield psB = 5.1 MHz andpsC = 8.1 MHz. Using these values,
we present the dependence A&, on ¢ in Figure 7A by the
dashed line, and the experimentg), values of the other two
protons yieldp = —42° and 124 which are very close to those
of the native protein, M160T9+40.1°, 119.7). Fitting theAiso
values of M160T9 to eq 2 gaygB = 8.5 MHz andpsC = 6.5
MHz (see dotted trace in Figure 7A). The fit is not as good as
in NoOR because only one ENDOR spectrum was used in the
simulations, and, therefore, the experimental values are less
accurate.

The simulations of the ENDOR spectra, through the aniso-
tropic part of the hyperfine interaction and 3-D structure,
provided a good estimate of the spin densities. However, because
the resolution, purity, and availability of the orientation selective
ENDOR spectra varied among the proteins examined, we have
used the copper hyperfine interaction to refine their relative spin

calculated using the two approaches described in the text. (The error barsyansities. A plot of theAisomax value of 3-protons versus the

were estimated by taking;(Cu) = 1 mT rather than 2 mT.) (C) The values
of B and C of the various proteins.

observedAso(Cu) or Ay(Cu) of the investigated proteins shows
a linear dependence with a negative slope (see Figure 8). This

of the contribution of other mechanisms such as spin polariza- Correlation is consistent witiAso)max being proportional tes,

tion. Figure 7A shows the dependence of #g values of N-
OR on thep angles that were obtained from the 3-D structire,
and fitting of the data to eq 2 yielgaB = 5.2 MHz andpsC =
9.0 MHz. We then calculated the predictad, values of the
p-protons of four other Cu centers from their dihedral
angle§121821and using the sam&B andpsC values as in

and Aiso(Cu) andA(Cu) to pcy, Whereps + pcy = constant.
This is also in agreement with recent density functional theory
(DFT) calculationg® Furthermore, it indicates that thB @ C)
values of all proteins are rather close. The ENDOR data of
N2OR were the best in terms of resolution and completeness,
and, therefore, spin densities of all other proteins were scaled

OR, and added them to the plot in Figure 7A. It shows that the relative topcy(N2OR) = 25%, as determined from the ENDOR
dihedral angles are rather well conserved, exhibiting a variation Simulations. Next, we calculated the relatjxg; of all proteins
of only £7°. For two of the protonsy is around 0 and 90, from the copper hyperfine interaction, whetgy(Cu) values
and, therefore, they exhibit the maximum and minimum values Were calculated from théy(Cu) values listed in Table 1, and
of Aiso (Aiso)max (Aiso)min)- In these orientations, slight changes  tBKINGAg(Cu)= 2.0 mT for all proteins?® Two approaches were
in ¢ do not have a significant effect ofis, because of the employed to calculate the relatiye, values. In the first, we
behavior of the sifig function. Consequently, the small errors  SiMply scaledoc, according to theAiso(Cu) values: pcu(x) =

in ¢ caused by the limited resolution of the X-ray data are not Aisod(CU)X)pcu(N20R)/Aiso(Cu)(N:OR). In the second approach,

expected to significantly affect the extraciaB andp<C values.
Furthermore, the total width of the ENDOR signals of the four
B-protons Av(f3), which is determined primarily by the spread
in Ao values rather than by the hyperfine anisotropy, can be
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(59) TheA(Cu) splittings are usually not resolved in the EPR spectra of the
Cua centers, and the line width in this region looks similar in all proteins.
Therefore, we have used the average value of the two copper ions,
determined from simulations of the multifrequency EPR spectra sf N
OR2 for all proteins.
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the relative spin density was scaled using the expressions giverprotons in M160T0(9), BOR, and purpAz (obtained for the
for a2, the spin density in the Cu-|Ag; X2 — y2 > —| Ay same spin-density distribution).
x? — y? > molecular orbital, as outlined by Nee¥ghat takes The 3-D structures also predict the following trend for the
into account & (Cu) — Ap(Cu)) and theg-values. In this case,  H. with the maximumD,; N,OR > M160T0(9) > purpAz
we set 2cy(N2OR) = a¥(N,OR) = 2*0.25. The ps values (using the samec, for all), whereas the experimental trend is
of each protein, obtained using the two approachesgnd M160T9 > N,OR > purpAz~ M160QTO. The interchange of
[0.50 — (pcu + pn)] With py = 3%, are presented in Figure 7B.  M160TO and NOR is again attributed to th&g, of one of the
The difference between the two sets is small, both showing the H.; in M160T9. It is, however, unclear what the geometrical
same trend. This is consistent with the trend observed in features are that lead to this small, but finfig, in this site
simulations of the weakly coupled protons, although the actual and not in the others. The relatively low calculateg value
numbers may vary. Finally, the values of BandC parameters ~ for Hc; of purpAz as compared to the experimental result is
were calculated using the averagevalue for each protein,  attributed primarily to the use of too small a valuepef in the
and they are displayed Figure 7C. The observed trend indicatescalculations and less to an experimental error in the proton
an inverse relation betwe@andC. When the former increases, ~ coordinates. This is in agreement with a relatively lafg€€u)
the latter decreases. and the rather small coupling of the cystejfiprotons which
The ps value obtained for purpAz, 14-518.3%, is smaller indicates thapc, is higher in purpAz than in M160T9 and:N
than that reported recently for the same protein (23%) using OR (S€€ Figure 7B). The similarity between the M160QTO and
S-, K-edge XA Recent DFT calculations on an optimized purpAz spectra in f[he region of _the small coupling s_uggests that
cluster with a structure similar to that of gun bovine e M 10 Q mutation resulted in a more symmetric structure
COX gaveps,, = 21,27% andpcy,, = 18, 27%?% Other where the imidazoles have orientations similar to those in

DFT calculations, based on the structure of purpAz, report for SyrplAz. Wetc_atnntoht resolvel, however,Hgsii involved '{'llt‘l f
peu, = 23, 25%, 20, 22%, and 21, 23% and fey, = 18, 26%, isplacement into the core plane or an movement out 0

22,30%, and 20, 30%, depending on the calculation method it (see Figure 1). Still, the overall distances should be shorter
The large difference in thee, values of the two copper ions is than in purpAz because, is smaller as deduced from the lower

also in disagreement with the EPR spectra of the presentIyA“(CU) value and the larger coupling of tfieprotons.

investigated proteins whefé5%Cu hyperfine couplings of two q Be_f(_)re dlscussn:jg E)he implication Of_ thehtrends N Spin
coppers ions are practically equivalent (see Table 1). ensities pre;ente above, we summarize t, € appro>.<|mat|o.ns
Unlike th . vsis of th ¥ led and assumptions made in the calculations. (i) The anisotropic
nlike the cysteing-protons, analysis of the weakly couple hyperfine interaction was calculated by using a superposition

protons has been ””?“ed_ bY the over_lap of a r_elatively large of six point dipoles rather than averaging over the complete
_nu_mber of pro_t(_)ns V‘_"th similar hyperfine coupling character- e fynction. (i) The small spin density on the directly bound
istics. In addition, interferences from mononuclear Cu(ll) piirogens was assumed to be the same for both imidazoles and

overlapping signals present in three out of the four proteins get g e 39 in all proteins. This was justified by calculations
investigated added difficulties. Nonetheless, the splittings of the ¢ b that showed that the effect of; on the proton couplings

outer wings of the spectra recordedgatprovide an estimate i jnsjgnificant. (iii) The sames values were taken for the two

of the Az values of the histidine H protons, which are sensitive  tniglates and justified by the good fit of this, values of the

to the geometry and toc, more than tgs andpn. Because the g protons to the relation given in eq 2. (iv) Similarly, the,
EPR spectrd#452show thatpcy is practically similar for the 5, poth copper ions was set to be the same on the basis of the
two copper ions, differences in the twashprotons are attributed  EpR spectra. (v) The spin densities estimated from the ENDOR
primarily to geometrical variations between the two histidines. sjmulations were further scaled according to the copper hyper-
Consequently, any splitting in the outer wings of the spectra fine interaction, which was supported by the linear correlation
indicates different orientations/distances of the imidazole ligands of the B-protons Aiso)max and Ais(Cu) (@andA(Cu)). (vi) The

with respect to the G&, core. While comparison of the  3.p structure used for JOR is that of the reduced Gucenter,
difference between the calculatbg, values of the two histidines i which at least the Gucenter of COX was found to be highly
Hevis 0.32 MHz (NOR) > 0.29 MHz (M160T0)> 0.17 MHz similar to that of the mixed-valence stdfe.

(purpAz), the experimental trend shows M160T9 (0.35 MHz)  |n the following, we attempt to correlate the observed trends
> N2OR (0.25 MHz)> purpAz (0.1-0.15 MHz) > M160QT0 in ps with isolated structural features in the Csites such as
(~0.05 MHz). The larger, unexpected difference in M160T9is Cy—Cu, Cu-S, and the Ctrweak ligand distances, the hinge
attributed to the small finite and positi&s, for one Ha, as angle of the CgS;, core, or the orientation of the imidazoles.
was found by the simulations. Although the model we used to DFT calculations gave a43orbital ground state, which is*
calculate the anisotropic hyperfine tensor is rather simplistic, with respect to the CuCu axis, angs decreases with increasing
because it considers the spin densities at six localized pointCu—Cu distancé® The difference in the CuCu distance (2.51
centers rather than an integration over the whole wave function, A (M160TO®! and 2.47 A (NORY9) is, however, too small to

it does provide guidelines on how the anisotropic hyperfine account for theps difference? A close examination of the N
interaction will change with the geometry and spin-density OR and M160TO structures (see Figure 1) reveals that significant
distribution. Unlike other protons, the calculatBg, values of differences are the larger hinge angle igQR and a signifi-

the H; clearly increase witlpc,. The effects of the geometrical  cantly shorter CaN bond in M160TO. The shorter GtN
changes are, however, difficult to isolate because a rotation of distance should attract spin density from the S, rather than
the imidazole about any axis leads to a significant variation of increase it. Consequently, the lowsyin N OR could originate

the Cu/S-H distance. This is well manifested in variations of from the large hinge angle of the core. The purpAz structure
up to 0.7 MHz (25%) in the calculated values, of the H; exhibits more differences relative to the other two. The hinge
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angle is the closest to 18Qsimilar to M160TO0), but the to the second one that is oriented away from the ébteis,
orientation of one of the imidazoles is significantly different. therefore, expected that the amide proton will also exhibit some
Moreover, the distances between the copper ions and the weaksotropic coupling. The cysteine residue that is bent over the
ligands are significantly different. One of the copper ions has core in COX is C2007:18 A recently proposed ET pathway
two weak ligands at a distance of3.1 A, and the other has  calculated for bovine COX suggests that C200 takes part in the
one weak ligand at 2.2 A. The distances in the case of M160TO input path of the electron from cytochrom@® Hence theAso

and NOR are 2.46,2.62 A and 2.47,2.60 A, respectively. values of the amide nitrogen and proton may be significant for
According to Randall et af4 an increase in the weak ligand the ET efficiency.

interaction, caused by the reduced distance, should lead to an The finite isotropic hyperfine interaction observed for a

increase in the CuCu distance and to a decrease#Hence, number of rather remote protons and nitrogens shows that the
in purpAz there are two opposite trends, the shorter distance tospin distribution goes far beyond the £, core. Although
E114 should decreasss and increase the CtCu distance, the latter holds the majority of the spin, and, therefore, provides

whereas the increase in the distance to M123 should increasea good approximation for the above calculation of the spin
ps. The lowestps in purpAz suggests that the effect of E114 density distribution and thB andC values, detailed theoretical
dominates although the GiCu distance in purpAz, 2.42 A, is  calculations should eventually account for the larger distribution
not significantly longer than in the others. The above discussion which may be significant in terms of the electronic properties
shows that there are actually many structural features in the of the site.
Cua site that can be slightly modified and used to tune the Conclusions
ground state. These are complex, and understanding their explicit ) )
effect on the spin density distribution requires systematic ~ WW-band pulsed ENDOR measurements provided symmetric
quantum chemical calculations. The detailed information we @nd resolvedH spectra of the Cuicenters in NOR, M160T9,
obtained on the hyperfine couplings of tieprotons and on purpA_z, and the M1_6OQTO mutant. Simulations of orientation
some of the weakly coupled protons for a series of Genters ~ SElective spectra yielded this, values of the four strongly
sets experimental constraints that can be used for furthercoUpPled cysteing-protons. The available 3-D structures show
improvement of the DFT determined ground state. that the H-C—S—S dihedral angles are well consgrve,d.
We finally discuss the trends detected in the spin densities CONseduently, the spread of tig, values of the cysteines
in terms of ET properties. DeBeer-George etSahave p-protons of a particular Gucenter provides directlysB and

calculated possible ET pathways in COX and noted the highly PsC- A negative linear relation was found between the maximum
anisotropic redox active orbital with the sulfur bonds being the Aiso Value of the cysteing-protons andiss(Cu) (or A|(Cu)).

most covalent. This is highly relevant because the mdigdnd This a_llowed us to refine the relati_\;&, and pcu _values_ of the
covalency is important, and the electron-transfer rate must be Nvestigated Cucenters, as determined from simulations of the
weighted by the appropriate ligand character in the redox active ENDOF‘; speck:ra us!?g lanlsotrop|c hyperfm_eh_parame'_[ers exl-
site. These authors calculated three possible pathways for thetracted rom the available 3-D st.ructure's. Within experl'menta
Cua to heme-a ET, and showed that when the covalency factor €70 the ENDOR data are consistent with f@ndpcu being

is taken into account, the path through one of the cysteines similar for the two Cu and S in the @8 core. The largests
becomes competitive with the shorter path going through one Was found for M160T9, and the lowest was found for purpAz.
of the imidazole ligands. Therefore, on the basis of our results,

The ps values were further employed to determine BhendC
the higher covalency factor is expected for M160T9, and the parameters which give the relative contributions of the hyper-

lower is expected for purpAz. This, however, is only one out conjugation mechanism, manifested by the sizeépto the

of several factors that determines the ET rate, and comparativeISOtrOpIC hyperfine coupling of the cysteifieprotons. Analysis

experimental results which isolate the various contributions in ©f the ENDOR spectra of the weakly coupled protons showed

the different studied proteins are not available. Consequently, 2t the width of their powder patterns gt is mainly

at present this correlation cannot be checked experimentally.determ!ned_ by the hlstldln_egh-lprptons and the splltt_lng, often .
The ENDOR spectra of all investigated Ceenters showed appearing in the outer wings, is a measure of differences in

the presence of a proton with a negatig interaction. There mglrsp(;?ttrlgr f\évggjrrssp;dwfg BtSeT?va?k:efhg(s);n%?r[;Zn (;)tfher
are two candidate sites for this proton. One is the amide of one P Q

of the cysteines, which is closer to the /Sp core, and its proteins _invgst_igated sh(_)ws that its_;C_urenter Is_highly .
orientation is conserved in all structures, as shown in Figure 1. symmetric, similar to thatin purpAz. Still, it has a smaller spin

The second is thei-proton of one of the histidines, which in dens[ty on the coppers and smallengCg dlstancgs. Al

. proteins show the presence of a proton with a relatively large
all structures seems to be close to thex§uwore. The first . N . ,
option is more likely because in all proteins a weakly coupled negativeAso valu_e which is assigned to an amide proton of
amide nitrogen withAiso ~ (1—1.3) MHz has been detected. In one of the cysteines.
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