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Abstract: The Cu, site of cytochrome oxidase and the type 1 Cu site of cupredoxins occur in homologous protein
folds with a HisCys ligand set, but are distinguished by the presence of a second Cys and a second LCthat Cu
result in the formation of a dithiolate-bridged dinuclear Cu cluster. The resonance Raman (RR) spectrum of the
soluble Cu-containing fragment fronParacoccus denitrificanexhibits intense vibrations at 260 and 339¢m

Their respectivé*S-isotope shifts of-4.1 and—5.1 cnt! allow them to be assigned to two €& stretching modes,
v(Cu—S), of the CyS,Im, moiety. A normal coordinate analysis (NCA) of the RR spectra of Substituted with
isotopes of S, Cu, and N was carried out to determine whether it is possible to distinguish between dinuclear models
with bridging or terminal cysteine ligands. Whereas the terminal Cys model predicts that both¢CtreS)

modes lie between 340 and 350 thnthe bridging Cys geometry successfully predicts the S-shifts at 260 and 339
cm1. Thus, the Raman data and NCA are fully consistent with the bridging cysteine coordination observed by
X-ray crystallography. The agreement between predicted and observed vibrational isotope data is further improved
by atranstilting of the imidazole nitrogens above and below the&plane, yielding a distorted tetrahedral geometry

for each of the Cu atoms. Whereas type 1 protein RR spectra are highly N-dependent due to extended vibronic
coupling with amide vibrations of the cysteine ligand, the vibrations iR éne relatively insensitive to N-isotope
substitution. Thus, unlike type 1 Cu, the RR spectrum of Can be successfully modeled with only the,Su

(Im) core.

Introduction sites of Pseudomonas aeruginosazurir? and Thiobacillus

) ] versutusamicyanin? These constructs are apparently facilitated
Cytochromec oxidase (CCO) catalyses the reduction of py g three proteins being evolutionarily related to theaCu

dioxygen to water in the final step of the respiratory chain in  qgomain of CCCF Both the type 1 copper proteins and thexCu

mitochondria and many aerobic bactetiaThe Cu center  gomains exhibit similar cupredoxin folds consisting of 10
accepts reducing equivalents from cytochranaed passes them  strandedp-barrels, with several additiong strands being
via intramolecular electron transfer to a low-spin hemgéatfel present in the Gaidomainst

finally to a dinuclear heme RgCug site where the reduction

of O, to H,O takes place. Because of its location within the ginyclear Cu center was hotly debated, and this controversy was
membrane-bound cytochrome oxidase, the Cul site has  fyeled by uncertainties in elemental analysis. The major
resisted spectroscopic and structural characterization owing togyidence for a dinuclear structure came from EPR spectroscopy,
the strong spectral interference from the heme groups and theyyhich led to the realization that Guis a dinuclear mixed-
inherent difficulties of studying a membrane-bound enzyme. ygjence system, similar to that of the A-site of nitrous oxide
However, the genetic engineering of solubles@ontaining reductase (BDR)1! Similar to NOR, all of the engineered
CCO fragments fronParacoccus denitrificandBacillus sub- Cua proteing=® exhibit a seven-line EPR hyperfine pattern
tilis,* and Thermus thermophildsbacteria has opened the door  consistent with the delocalization of one unpaired electron over
tp unimpeded s.pectroscopic investigatiqn and Cu-site manipqla-two copper ions to give an average valence of 1.5. Further
tion through site-directed mutagenesis. In the same vein, jndications of a dinuclear structure came from EXAFS studies
recombinant DNA technology has been used to construct purpleof B, subtilis Cuy which showed strong GuCu scattering at
Cua centers in the CyoA subunit of a quinol oxidase from 2 47 Al12and they were corroborated by the EXAFS finding of
Escherichia col(purple CyoA}"and in place of the type 1 Cu 5 2.46-A distance for Guin native mitochondrial CC@?

Until recently, the question whether £was a mono- or
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Figure 1. ldealized structure of the Gusite in the soluble fragment
of P. denitrificansCCO, based on the X-ray structureRfdenitrificans

CCO The S of Met 227 and backbone=© of Glu 218 are only
weakly coordinated. The dashed line indicates a possible Qubond.

J. Am. Chem. Soc., Vol. 118, No. 43, 199®437

its high intensity, and its role as the generator of combination
bands*223 The frequency of the CuS(Cys) stretching vibra-
tion, v(Cu—S), acts as a sensitive indicator of both the-Gu
bond length and the Cu-coordination geometry to a degree of
accuracy that is well beyond the limits of X-ray crystallography.
The variation inv(Cu—S) frequencies has been used to define
a continuum of coordination geometries among mononuclear
copper-cysteinate proteins, ranging from trigonal planar {430
405 cnm?) to tetrahedral (366340 cnT?) and tetragonal (320

300 cnt?).2?

Thedinuclearcopper-cysteinate sites (&ih CCO, A in Ny~
OR) give a significantly different pattern of RR modes with
two intenseCu—S stretching modes near 260 and 340 &/12°
Both of these features are identifiechd€u—S) modes by their
frequency shifts of-4 to —5 cnm ! with 3*S-substituted proteif?.
This is in contrast to the mononuclear copper-cysteinate proteins
where thesinglepredominany(Cu—S) mode exhibits a maximal

Based on the knowledge that the dinuclear site contains only 34S-shift of only —2 to —4 cnm 12326 The greater isotope
four essential amino acid ligands (two Cys and two His), several dependence of the two €8 stretching modes in the dinuclear
symmetrical models were proposed: one with the copper ions Cu proteins suggests that they are due to relatively pure

linked by two bridging cysteine thiolates and one with terminal
thiolates and a CuCu bond'#

This dispute has been relatively well settled by the X-ray
crystal structures of the Gusites in purple CyoA> P.
denitrificansCCO16 and beef-heart mitochondrial CCO.As
shown in Figure 1, each Cu is coordinated by two bridging
cysteinate sulfur atoms at a distance ©2.25 A and one
imidazole nitrogen at-1.95 A, and the unusually short Eu
Cu distance 0f~2.55 A is in agreement with that detected by
EXAFS12 There are also weak axial interactions with a
methionine sulfur and a peptide carbonyl oxygen from a
glutamate residue on opposite sides of thegSzplane that cause

vibrations of the CS,(Im), moiety and have considerably less
coupling with cysteine backbone deformations. In addition, the
frequencies of these two vibrations are remarkably constant
among all of the proteins that have been thus far examined:
bovine heart mitochondrial CC8;28the Cy, fragments from

B. subtilis?* P. denitrificans andT. thermophilug? as well as

the Cuy constructs inPs. aeruginosaazurin, T. versutus
amicyanir?® and purple Cyo&? This indicates that the G8,-
(Im), structure is highly conserved among the differentyCu
sites.

To provide a firmer basis for these RR spectral assignments,
we have now obtained data on tRedenitrificansCua fragment

a tetrahedral distortion of each of the copper centers. The g htityted with isotopes of Cu, S, and N. The Cu- and

unusually short CatCu distance and small Gt5—Cu angle
of <70° raises the possibility of an additional ECu bonding

interaction between the two coppers. There is also considerabl

N-isotope dependencies corroborate our conclusion that the
vibrational motions in Cy are predominantly due to the Cu

€and S atoms, with much less coupling to the vibrations of the

interest in understanding the spectroscopic properties aSSOCiate@ysteinate side chain and polypeptide backbone than in the

with this novel bridging-cysteinate coordination and how they

differ from those of the mononuclear copper-cysteinate proteins.
Resonance Raman (RR) spectroscopy, a technique tha

selectively probes vibrations of the €8(Cys) chromophore,

provides an ideal method for characterizing copper-cysteinate

sites!®1® For the mononuclearcopper-cysteinate proteins,
excitation within a (Cys)S-Cu CT band leads to the enhance-

ment of five or more vibrational fundamentals between 250 and .
d Experimental Procedures

500 cntl. These are believed to originate from vibronic an
kinematic coupling of the CuS stretch with internal ligand
deformations of the cysteine backbofi@! Studies of an

mononuclear copper-cysteinate proteins. This has made it
ossible to perform normal coordinate analysis (NCA) calcula-
ions and accurately fit the RR spectra to the vibrations of a
CwSy(Im), core. This NCA supports the crystallographic
evidence for a bridging thiolate structure and a tetrahedral Cu
coordination geometry in Gu

Protein Samples. The Cw-containing domain oP. denitrificans
cytochromec oxidase was expressedtn coli as described previousty.

extensive series of copper-cysteinate proteins have shown thatro fully label the protein wit#S, cells were grown on minimal medium

asingle, predominan€u—S stretching mode can be identified
by its large frequency shift upon S- (or Cu-) isotope substitution,
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containing 1 mL/L of a trace element solutimand 1 mM Na**SO,

(90 atom %, ICON). Substitution of all protein nitrogen withl was
achieved by growing cells on M9 minimal mediéhtontaining 10
mM 15NH,CI. Incorporation of copper isotopes was accomplished on
freshly isolated apoprotein (16M) by first reducing the cysteine
residues with a 3-h dialysis against 20 mM Tris, 1 mM DTT (pH 8.2),
followed by a 1-h dialysis against 20 mM Tris (pH 8.2). The sample
was then dialyzed fo3 h against 5 vol of 20 mM Tris (pH 8.2)
containing 5QuM 8Cu(NGs), or 85Cu(NGs),, followed by a 3-h dialysis
against 20 mM Bis-Tris (pH 6.5). The Cu solutions were prepared by
dissolving 10 mg of metallic copper (99.7%Cu or 99.2%°5Cu,
Intersales-Holland, BV) in 5aL of 70% HNG;, followed by 100-fold
dilution and adjustment to pH 2 (for storage) and a 500-fold dilution
in buffer.

The pH 10 form and the His224Asn mutant of tRedenitrificans
Cu, fragment were prepared as described previctidlyThe His224Asn
mutant was originally ascribed to His 252 using numbering based on
the cDNA sequence, but it corresponds to His 224 in the post-
translationally processed protein (Figure 1).

Raman Spectroscopy.Raman spectra were obtained with a custom
McPherson 2061/207 spectrograph (0.67 m, 1800-groove grating) and
a Princeton Instruments (LN-1100PB) liquig-sooled CCD detector.
Rayleigh scattering was attenuated using either a Kaiser Optical
holographic super-notch filter or a McPherson 270 double monochro-
mator (600-groove grating) pre-filter stage. Excitation was provided
by a Coherent Innova 90-6 Ar laser. Raman spectra were collected in
an ~150° backscattering geometry from samples maintained at 15 K
by use of a closed-cycle helium refrigerator (Air Products, Dispiéx).
Absolute frequencies, obtained by calibration with £&lindene, are
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Figure 2. Resonance Raman spectra of the solublg ffagment of
P. denitrificans CCO obtained with (A) 514-nm and (B) 488-nm

accurate tak1 cmrt. Isotope shifts, obtained from spectra recorded = excitation. Spectra were recorded on 2 mM protein in 20 mM Bis-Tris
under identical experimental conditions, have been evaluated by abscissgpH 6.5) at 15 K using-100 mW power, 1800-groove grating, 3-chn
expansion and curve resolution of overlapping bands and are accurates|it width, and 20 min accumulatior§ = frozen solvent. Overtones

to £0.5 cnTt.

Normal Coordinate Analysis. Normal mode calculations were
performed by the Wilson'€F-matrix method using a general valence
force field3® All calculations were carried out on a Silicon Graphics
INDY workstation using a UNIX version of a new NCA software
packagé* to construct the5 and F matrices and to solve the secular
equations$® Force constants were refined by a newly developed
procedure for refinement of harmonic vibrational force fields, free of
regularization error and divergence probleif®. Initial values of force

and combination bands are identified (---) by the sum of their
constituent fundamentals.

of the Cu-S(Cys) stretching modé4. For example, excitation

into either the 480- or 530-nm absorption bandPofdenitri-

ficansCua results in the same set of RR frequencies with only

minor changes in peak intensities (Figure 2).
For the mononuclear copper-cysteinate proteins with distorted

constants were estimated from previously calculated force fields for tetrahedral type 1 sites, € stretching character is marked

coordinated coppé¥. In-plane bending, out-of-plane wag, and torsion
principal force constants were also included to maintain the full rank
of the F-matrix. The visualization of normal eigenvectors was

by S-isotope sensitivity, high intensity, and the ability to generate
combination and overtone barf#sThese same three properties
are evident in the RR spectra of LCsites. Thus, the RR

accomplished by transfer of the Cartesian atomic displacements imospectrum ofP. denitrificansCua is dominated byy(Cu—S)

the X-Mol molecular graphics prografn.

Results and Discussion

The purple color of the Gusite arises from two intense
absorption bands at 480 and 530 nen={ 3.0 and 2.6 mM?!
cm™1), together with an unusually intense far-red absorption near
800 nm € = 1.6 mMt cm™1).2 All three absorption bands
have substantial (CysySCu charge-transfer character, as
demonstrated by the fact that excitation within any one of them

produces a similar Raman spectrum with resonance enhancemeq
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fundamentals at 260 and 339 cin(Figure 2), which are

S-isotope dependent and constitute the hallmark of &BuAt
least five other weaker fundamental modes occur between 100
and 400 cm®. The large number of additional features in the
region above 400 cmt are due mainly to overtone and
combination bands generated by th€Cu—S) modes, with
overtones arising from the 339-cifundamental and combina-
tions arising from the 260-cm fundamental (Figure 2).
Furthermore, an almost identical set of RR frequencies is
bserved for the CGu fragments fromB. subtilis and T.
ermophilugTable 1). The validity of the vibrational assign-
ments for all three proteins is supported by the isotope shifts
discussed below.

Sulfur-lsotope Dependence. Isotopic substitution of the
cysteine sulfur atom provides the most definitive means for
identifying Cu—S(Cys) stretching vibrations. In the present
study, the Cy protein was uniformly labeled by growing.
denitrificanson a minimal medium with N&2S0O; or Na?34-

SOy as the only sulfur source. Although this technique labels
the Met227 ligand as well as the two Cys ligands, the methionine
sulfur is not expected to be RR active based on its weak Cu
interaction (bond length of 2.7 A and the failure to observe
any RR vibrations from the analogous €8(Met) moiety in
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Table 1. Observed Raman Frequencies and Isotope Shifts farREagments

P. denitrificans B. subtilis T. thermophilus assignmerit
freq A¥S ASCu AN freq A%Cu freq A%Cu fred synf descriptiofi
115 116 a By
138 0 -1.4 0 124 2.3 134 -2 b Aq v(Cu—Cu)
216 -15 -0.8 -1.6 213 219 0 c By
260 -4.1 -0.6 -0.4 258 -1.0 264 -0.7 d Ag v(Cu—N)
275 272 274 e By
339 -5.1 -1.0 0 340 -1.7 338 -14 f Ag v(Cu-S)
365 366 0 g u
476 -5 -2 —-1.5 481 d+c
528 518 520 -1.1 2d
598 -9 -2 —0.6 598 601 —2.4 d+f
670 667 -0.7 h
680 —10 -2 0 679 678 2f
928 -7 -2 0 d+h
1018 —-16 -2 0 1019 3f

aFrequencies in cm with most intense peaks in boldface. Frequency shifts to lower enegin(presence of heavier isotope, as described
in Figure 3. Data foB. subtilisandT. thermophilusCu, obtained with 488-nm excitation as previously publisfed. ° Frequencies for overtones
and combinations from isotope dependeridsssignment based on NCA for the Bridging model (Table 3) usinGz, symmetry, and the description
is for the major PED contributof.Data at 15 K using 825-nm excitation from ref 28.

' 4 T v T T 1 v T i T ¥ ' 1
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339 .

328 670 f °

~---260+339.--2

--260+670 o2

2260 4+216---De N
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Raman Shift, cm™ Raman Shift, cm™
Figure 3. Effect of isotope substitution on RR spectrum Bf Figure 4. Combination and overtone bands in RR spectrunPof
denitrificans Cua, (A) Cua fragment from cells grown on®jS]- or denitrificans Cua from cells grown on 2S]- or [P*S]sulfate. Spectra
[34S]sulfate. (B) Cwu apoprotein fragment reconstituted witfCu or obtained as in Figure 2 using 488-nm excitation.
65Cu. (C) Cu fragment from cells grown or#{N]- or [**NJammonium
chloride. Spectra were recorded as in Figure 2 using 488-a#0 ( A comparison of S-isotope shifts in the RR spectra of, Cu

mW) excitation and 10-min data accumulation. Peak frequencies are
listed for the lighter isotope spectra-) with frequency shifts for the
heavier isotope spectra (- - -) indicated above.

and type 1 Cu proteins highlights important distinctions arising
from their different modes of cysteine coordination (Figure 5).
In proteins such as azufhand plastocyani#§ with a single
the type 1 site of azuri?8 Thus, the large frequency shifts of terminal cysteinate, multiple S-dependent bands are generated
—4.1 and—>5.1 cnT?, respectively, upon substitution #S for by kinematic coupling of aingleCu—S stretch with Cys ligand
825 (Figure 3A) identify the 260- and 339-cifeatures as Cd deformation modes of similar energi?*For example in azurin,
S(Cys) stretching modes. Further evidence for these assign-total S-isotope shifts of-6 cnt ! are distributed within~30
ments comes from the isotope dependence in the overtonecm™! of the predominant(Cu—S) mode at 408 cmt, forming
region. The overtone progression of the 339-¢fandamental a cluster of bands with CuS stretching character (Figure 5B).
with bands at 680 (2x 339) and 1018 (3x 339) cntlis In contrast, the bridging cysteinates ih denitrificans Cua
confirmed by S-isotope shifts of5, —10, and—16 cnt?, produce an increased total S-isotope shiftdfl cnt! and a
respectively (Table 1, Figure 4). Similarly, the involvement of larger energy separation of80 cnT! between the 260- and
the 260-cm* fundamental in the generation of combination 339-cnt! modes (Figure 5A). The appearance of a single
bands at 476 (266 216), 598 (260+ 339), and 928 (266 S-dependent mode at 339 chwith a large shift of—5.1 cnm?

670) cn is confirmed by S-isotope shifts of5, —9, and—7 and no other S-dependent modes of similar energy indicates
cm?, respectively (Table 1, Figure 4). that it is a fairly pure Ct+S stretch with little kinematic coupling
(38) Thamann, T. J.; Willis, L. J.; Loehr, T. Meroc. Natl. Acad. Sci. to Cys ligand deformation modes. Thus, the well-separated

U.S.A.1982 79, 6396-6400. S-dependent modes of gare best ascribed toultiple Cu—S
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Figure 5. Sulfur- and nitrogen-isotope dependence of individual Raman
modes. Proteins were obtained from cells grown®j{ or [F*S]sulfate
and [“N]- or [**N]Jammonium chloride. (A) Cu fragment fromP.
denitrificans(data from Figure 3, panels A and C). (B) Azurin from
Ps. aeruginosgS-isotope data from ref 23, N-isotope data from ref
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the suggestion that the 130-cnT? vibration has substantial
Cu—Cu stretching characté?.

Nitrogen-Isotope Dependence.The complete labeling of
all nitrogens, including the imidazole rings of His and the
polypeptide backbone, can been achieved by growing bacteria
on ™NH4CI. For the type 1 Cu protein azurin froms.
aeruginosa!®N substitution leads to shifts ef1 to —4 cnr?!
in at least seven different fundamentals between 250 and 500
cmY(Figure 5B)#° Similar 1°N-shifts have been observed for
the type 1 Cu protein, plastocyanin, uniformly labeled by growth
onNH,CI.?6 Selective labeling of the imidazole ring has been
made possible through the availability of the azurin ligand
mutants, His46Gly and His117Gly, which can be reconstituted
with exogenous imidazole to generate type 1 Cu sites almost
indistinguishable from the wild-type proteth?#? Reconstitution
with [13N]- versus fN]Jimidazole causes no detectable frequency
shifts in the RR spectrum of either the His46Gly or the
His117Gly mutant3 These results prove that the strong
N-dependence of type 1 Cu proteins is due to contributions from
backbone amide vibrations rather than from the imidazole
ligands*® The most likely candidates for tH&N dependence
are the amide of the cysteinate ligand, whose N is coplanar with
the G, Cs, and S atoms of the cysteine moi€fyand the amides
of neighboring residues in thg-sheet'

In contrast to the type 1 Cu proteins, the RR spectrum of
Cua is largely unaffected by total labeling of the protein by
growth on15NH,CI (Figures 3C and 5A). Only two vibrational
modes show detectabteN-shifts: —1.6 cnt at 216 cnit and
—0.4 cnT! at 260 cmtl. The smaller isotope shifts and lower
vibrational energies of the N-sensitive modes im@ue more
consistent with contributions from GtN(Im) vibrations. In
addition, the RR spectrui. denitrificansCua (Figure 2) lacks
the intense SC stretching mode of the cysteinate ligand, which
is generally observed near 750 chfor type 1 Cu proteing?
These observations provide strong evidence that the intense
(Cu—S) modes at~260 and~340 cnt?! in Cua-containing

40). Atoms in boldface are those believed to be responsible for isotope Proteins undergo less vibronic and kinematic coupling with the

shifts.

stretching modes originating from the presence of two bridging
thiolate ligands.

Copper-Isotope DependenceAs Cu has a larger mass than
S, frequency shifts upon substitution®€u for %3Cu are smaller
than for substitution o¥S for32S. For type 1 Cu proteins such
as azurin and plastocyanfCu-shifts are observed for the same
vibrational modes as S-isotope shifts (Figure 5) but typically
with values of only—1 cni? or les€%3%as compared to values
of —2 to —4 cn1t for the 34S-shifts. Similarly in the case of
the Cw-containing proteins, the(Cu—S) modes at 260 and
339 cnt! undergo %Cu-shifts of —0.6 and —1.0 cnt?,
respectively, forP. denitrificans(Figure 3B),—1.0 and—1.7
cm! for B. subtilis and—0.7 and—1.4 cnt? for T. thermo-
philus(Table 1). As expected, the€€u-shifts are considerably
smaller thar?*S-shifts of—4.1 and—5.1 cn1? for these same
vibrational modes. In contrast, the 138-chfundamental of
P. denitrificansCu, exhibits a quite largé°Cu-shift of —1.4
cm™1, with no corresponding S-isotope shift being detected
(Table 1). Equally largé>Cu-shifts have been observed for
the 134-cm! mode of T. thermophilusCu, (Table 1) and the
124-cnt! mode ofB. subtilisCua.2® The unusual Cu-isotope
dependence of this low-frequency mode as well as its prefer-
ential enhancement within the 800-nm absorption band led to

(39) Blair, D. F.; Campbell, G. W.; Schoonover, J. R.; Chan, S. |.; Gray,
H. B.; Malmstram, B. G.; Pecht, I.; Swanson, B. |.; Woodruff, W. H.; Cho,
W. K.; English, A. M.; Fry, A. F.; Lum, V.; Norton, K. AJ. Am. Chem.
Soc.1985 107, 5755-5766.

atoms of the cysteinate ligand and the polypeptide backbone
than is the case for type 1 Cu proteins. Because the RR
spectrum of the Cusite is primarily due to vibrations of the
Cw,$S; cluster and the two terminal His ligands, its frequencies
and coordination geometry are more readily simulated by normal
coordinate analysis calculations.

Normal Coordinate Analysis. The Cu site was ap-
proximated by idealized dinuclear models (Figure 6) of the
general formula Ci8,(Im),, with each imidazole ring being
treated as a point mass of 67 and each thiolate side chain being
approximated by a single sulfur atom. The use of a single S is
supported by the apparent lack of kinematic coupling with
vibrations of the cysteine side chain, as indicated by the large
sulfur-isotope downshifts of45 cn! and the lack of nitrogen-
isotope shifts from the cysteine amide (Figure 5A). The
bridging models have the two Cu ions bridged symmetrically
by the two cysteine thiolate ligands yielding a planarn&u
rhombus as in the crystal structures of s&tontaining
proteind®> 17 with the imidazole ligands in either a coplanar)B

(40) Sanders-Loehr, J. Bioinorganic Chemistry of CoppgeKarlin, K.
D., Tyekla, Z., Eds.; Chapman & Hall: New York, 1993, pp 563.

(41) van Pouderoyen, G.; Andrew, C. R.; Loehr, T. M.; Sanders-Loehr,
J.; Mazumdar, S.; Hill, H. A. O.; Canters, G. \Biochemistry1996 35,
1397-1407.

(42) den Blaauwen, T.; Hoitink, C. W. G.; Canters, G. W.; Han, J.; Loehr,
T. M.; Sanders-Loehr, Biochemistryl993 32, 12455-12464.

(43) Andrew, C. R.; Han, J.; den Blaauwen, T.; van Pouderoyen, G.;
Veigenbaum, E.; Canters, G. W.; Sanders-Loehr, J. Manuscript in prepara-
tion.

(44) Fraczkiewicz, R.; Fraczkiewicz, G.; Germanas, J.; Czernuszewicz,
R. S., unpublished results.
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S S 1.8 A, the accuracy of ML bonds in protein crystal structures
/ \ / \ N is believed to be no better thah0.07 A%> All three crystal
N—CG------ u—N Cu------ cud' structures have been interpreted as showing a distorted tetra-
\ / N” \ / hedral geometry about each of the Cu ions, but with significant
S differences in the degree of distortion (i.e., bond angles) between
B, B, the two Cu ions. Nevertheless, the complete delocalization of

the unpaired electron in the gsite (from the seven-line EPR
spectrum) indicates that the two Cu atoms are chemically

"y, \\\\~"S "'f//,C —c u\\\\"'N equivalentt! Furthermore, purple CyoA has the same RR

/C“_Cu\ v u \S signature (intense peaks at 261 and 341 %/ asP. denitri-
N N N ficans Cua, suggesting that the structures of their dinuclear
T4 T, copper sites are very similar. Thus, we have made the

Figure 6. Dinuclear copper coordination geometries investigated as assumption for our NCA calculations that the two Cu ions in

models for Cu by normal coordinate analysis. In the B models, the the dinuclear site have the same coordination geometry.
cysteine thiolates are bridging and the histidine imidazoles, denoted For the bridging models, the bond angles in the,%u

by N, are (B) colinear with the Ce-Cu axis or (B) transtilted by rhombus are uniquely defined by the interatomic distances. The
40° with respect to the Gi; plane. In the T models, the cysteine  jmidazole rings were initially assumed to be colinear with the
thiolates are terminal and {Jrcis or (T) trans Cu ions as in the Bmodel (Figure 6). However, fits of the
Table 2. Data Used for Normal Coordinate Analysis Rf vibrational f.requenues were S|gn|f|gantly improved by tilting
denitrificansCua with CS(Im), Cluster Containing Bridging or the Cu-N(His) vectors while preserving thé;, symmetry (see
Terminal Thiolate’ below). The final stage of force-constant refinement was
internal structural parameters force constants performed assuming tetrahedrally distorted Cu ions with imi-
coordinaté B,model T,model Bmodel T,model dazole groupdranstilted by 40’. from the Cusg plarje as in
A - the B, model; the values for this model are listed in Table 2.
bond length (A K (stretching) The terminal cysteinate models; and T (Figure 6), were both
Cu—Cu 2.47 2.47 0.6350 0.3837 d to be pl d th | leseiN. C
Cu-S 518 518 12344 0.9030 assumed to be planar, and the valence angles , Cu—
Cu=N 1.93 1.93 1.4508 1.4771 Cu—N, and Cu-Cu—S were arbitrarily set equal to 120 The
bond angle (deg) H (bending) NCA for these two models is similar, and only the values for
N—-Cu-S 125 120 0.2900 0-200% the trans conformer, B, are listed in Table 2.
S—Cu—Cu 59 120 0.200 (b) Force Field Refinement. The GF-matrix method® and
N—Cu—Cu 140 120 0.2000 . .
torsion angle (deg) 7 (torsion) general valence force field were used in the normal mode
SS(Cu)N 40 0.2200 calculations. The force constants for modejsaBd T, (Table
SN(Cu)Ctt 0 0.100 2) were refined against a total of 13 observed Raman frequen-
S—Cu—Cu-S 180 180 0.0200 0-020(;?0 cies: seven observed fundamentals between 115 and 365 cm
N=Cu=Cu-N 180 180 F (interactig}gz from natural abundande. denitrificansCua and six frequencies
CU-N:CU-S —0.0556 —0.0846 from isotopic shifts in the 138-, 260-, and 339-c’fmodes
Cu-S:Cu-S 0.1148 0.1068 (Table 1). The 260- and 339-cth bands were assigned as
Cu—N:Cu—N 0.1672 totally symmetric modes in the /Ablock on the basis of the
Cu—Cu:Cu-S —0.2167 spectral intensity of their fundamentals and their respective
Cu-N:N—-Cu-S 0.1473 generation of combination and overtone bands (Figure 2). The

Cu=SIN-Cu—S 0.2068  0.0921 138-cntt band was similarly assigned to thg Block on the

aStructural parameters and force constants for NCA of the B basis of its strong intensity (one-third that at 339-&mwith
gridg(ijng_ mod%I)g'l'Sablfe 3 and Fi%‘.”f 6) ?\l”@' t'férminal_ mgdel I(Tablﬁ 850-nm excitatio® The 216-cm! band was assigned as a
an igure 9): of cysteine thiolate. refers to imidazole with a . . . .
point mass of 67¢ Force constantsK in mdyn/A, H andr in mdyn/ By mode in all models, but the isotope shifts of this band were
rac?, andF in mdyn/(rad x A) for stretch-bend. Numerical values ~deemed less reliable and thus were excluded from the force field
were refined against observed frequencies, starting with initial values refinement. In each case, the most relevant interaction constants
in ref 36.¢ From EXAFS values foB. subtilisCua fragment:* ©Bond were selected on the basis of their fitting potential (i.e., minimum

angles other than for G& rhombus set to conform o structures in 644t squares deviation between observed and calculated fre-
Figure 6. Fixed force constants, not refined in calculati8iNot used

as internal coordinates in NCAImproper torsion, Cu-centered wag-  duencies), using our new methodology.
ging coordinate. Central atom in parentheses. (c) Bridging Model. The best overall fit to the observed

RR frequencies and isotope shifts of tRedenitrificansCua
fragment was obtained using the Biodel with imidazoles
trans-distorted by 40 from the CuS; plane (Figure 6). Table

3 lists the calculated frequencies, isotope shifts, and potential
energy distributions (PED) for each mode. Most importantly,
the bridging B model successfully accounts for the intense RR
bands at 339 and 260 crhas symmetric stretches, recreating
both their vibrational energies and requisite large S-isotope
dependencies of-5.1 and —4.1 cnt?, respectively. The
eigenvectors that correspond to the PEDs in Table 3 are shown
in Figure 7. According to these assignments, the firgtndde

or tetrahedral (B) conformation. The terminal models have a
Cu—Cu bonded structure as originally proposed from EXAFS
with the terminal cysteine thiolates in eithecia (T,) or trans
(T2) conformation. Although the terminal structure has been
ruled out by X-ray crystallography, it was included in our
analysis to determine whether vibrational spectroscopy can
definitively distinguish between bridging and terminal thiolates.
(a) Structural Parameters. The bond distances and bond
angles used for NCA of both bridging and terminal models for
the vibrational spectrum d?. denitrificansCua are shown in

Table 2. The metatligand bond distances are based on the i I . h of th
EXAFS analysid? which appears to give more accurate at 339 cm* encompasses a totally symmetric stretch of the

distances than the current crystal structures at-2.8-A CuzS, thombus, while the secondgAmode at 260 i has

resolutiont>"17 The EXAFS metatligand distances have an (45) Guss, J. M.; Bartunik, H. D.; Freeman, H. &cta Crystallogr. B
estimated error of0.03 A, whereas even at a resolution of 1992 48, 790-811.
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Table 3. Calculated Frequencies and Isotope Shifts for th@Bdging Model of P. denitrificansCua?®

frequency ASCu A3S AN
obs calc obs calc obs calc obs calc PED
Ay Modes
339 339.2 1.0 1.9 51 5.0 0.0 0.5 €8(77)+ Cu—N(27) + Cu—Cu(9)

260  260.2 0.6 1.2 41 3.6 0.4 1.0 €N(61) + Cu—S(27)+ Cu—Cu:Cu-S(16)+ Cu—Cu(10)
138 138.2 1.4 1.7 0.0 0.1 0.0 0.3 €Gu(80)+ SS(CU)N(33)+ Cu—S(19)+ Cu—N(13)

B, Modes
275 275.0 1.7 4.7 0.0 CtS(113)
115 115.0 0.7 1.3 0.4 NCu—S(115)+ Cu—S(15)
A, Modes
365 365.0 1.8 7.2 0.0 CuS(100)+ Cu—S:Cu-S(9)
Bu, Modes
310.0 2.8 1.9 0.9 CuN(56) + Cu—S(39)
216 216.0 0.8 0.2 1.5 3.6 1.6 1.2 €8(50)+ Cu—N(47)
153.4 1.1 1.9 0.2 SS(Cu)N(76) N—Cu—S(25)

aObserved frequencies (in c®) and isotoped shifts to lower energy fBr denitrificansCua fragment from Table 1. Calculated frequencies
and isotope shifts to lower energy from NCA. Input geometry fobBdging model with 40 tetrahedral distortion from Table 2. Force constants
(Table 2) were refined against all of the observed frequencies andgtheode isotope shifts using a newly developed proceéitife The three
bending modes with calculated frequencie$00 cnt? (see Figure 7) are not listed because that region is difficult to observe experimentally.
Because of their uncertainty, the isotope shifts for ther®de were not included in the refinement, and those for tharl B, modes are not
reported.? Calculated potential energy distribution for natural abundance molecule. Only PED contributions from principal force cend€t#nts

are shown.

Ag modes

>

B, <P

<>

339.2 260.2 138.2 97.5

~

modes
VAN
%
u modes

ST

310.6 216.0 153.4 11.5
Figure 7. Atomic displacements (eigenvectors) and calculated frequencies (if) éon P. denitrificansCua. Assignments are for the,Bnodel
of a CuySy(Im), cluster with bridging thiolates and terminal imidazotesnstilted by 4C relative to the planar G&, unit based on the data in
Tables 2 and 3. The arrows correspond to unit displacements of normal coordinates using a scaling factor of 5. Due to their projection onto the
CwS; plane, the N(Im) displacements appear foreshortened.

Cu—N(Im) as well as CuS stretching character. The third fit with the B, mode assignment and can thus be visualized as
Ag mode at 138 cmt is dominated by motions of the two Cu  having opposite distortions for Gt§ and Cu-N (Figure 7).
atoms along the GerCu axis. The B, model with a 40 tetrahedral distortion of the
An additional feature near 216 crhis observed in the RR  imidazoles with respect to the €% plane was arrived at by
spectra of all of the Gufragments (Figure 2, Table 1). Ifthe examining the effect of varying this angle on the calculated
force constants are maintained at physically reasonable valuessotope shifts (Figure 8). Of the threg Aodes, the predomi-
for the three previously assigned Ag modes, then the only nantly Cu-Cu stretching motion at 138 crhis by far the most
possible assignments are the first mode gspmmetry or the sensitive to the CaCu—N angle. A structure with a distortion
second mode of Bsymmetry (Table 3). However, theyBhode angle of O (i.e., the B model in Figure 6) has a predictéiN-
has higher calculated Cu- and S-isotope dependencies and ahift of —1.2 cnT! as compared to the observed shift of 0.0
total insensitivity to N-isotope substitution. The 216-¢m  cm™! (Table 1) and a predicte®PCu-shift of —0.6 cnT?! as
vibration observed isotope shifts exhibit a considerably better compared to the observed shift-efl..4 cntl. The large N-shift

By modes

>

P, <P

«—

275.0 115.0 365.0

P <
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T T A cm~! mode, for example, never reached the observed values
&N l E gj:g but rather stopped half-way inbetween the values for the B
- %cu and B models (data not shown). These results make it likely

5 ——g—a—a—8
thatbothimidazoles are distinctly distorted by40° from the
e, 2 CwS; plane.

Several researchers have raised the possibility of a metal
-3 metal bond in the Cusite1228 Although we defined a Cu

Aq (339.2) s A(260.2) Cu internal coordinate in the Bnodel (Table 2), its use was
¥s merely a matter of convenience: three independent variables
completely define a triangle, hence the -8Cu coordinate
-5 automatically eliminates redundant bendings of the-Cu—S
s and Cu-S—Cu valence angles. The €€u stretch of the 138-
A —— 5 0 cm ! Ay mode is, therefore, fully equivalent to a €8—Cu
. bend. Either description would be consistent with its large Cu-
g+ T [*Cu "‘9\9\9\ isotope downshift of-2 cn! (Table 1). Hence, our NCA, by

itself, cannot support or rule out the existence of a possibte Cu

Cu bond.

N (d) Terminal Model. A number of calculations were
performed for the T model with trans terminal cysteinates
(Figure 6). For our initial NCA, we assumed a strong-{iu

bond with a force constant of 1.35 mdyr¥/f&nd used an
unrefined force field. This led to the prediction of two

Isotope Shift (cm™)

Ag(138.2) s B, (216.0) predominantly Ct+S stretching modes, any/at 352 cnmt (34S-
2 shift of —=5.3 cnT?) and a B at 341 cm! (3*S-shift of —5.8
ug cm™1). The observed RR spectrum Bf denitrificansCua has
o ’ e Cu—S vibrations at 339 cm (3*S-shift of —5.1 cnT!) and 260
20 0 60 20 40 60 cm! (34S-shift of —4.1 cnTl). Thus, although the match to
Cu-Cu-N angle (from 180 deg) the S-isotope shifts is reasonable, this NCA predicts a separation
Figure 8. Isotope dependence ofyAand B, modes as a function of of only _11 cn1™ between the two highly S_-lsotope-dependent
the distortion of the imidazole ligands relative to the planagSzunit. modes instead of the observed separation of 81 'cnAll
The distortion angle is calculated as 186inus the Ct-Cu—N angle, attempts to reproduce the observed frequency separation by
and its variation from 0 to 60involves a synchronous tetrahedirans changing assignments or varying the force constants of the other
tilting of the two imidazoles. The calculations were performed for the modes were unsuccessful. For cysteines irctheonformation
bridging model with the isotopes of Figure 3, varying from thet® (T1 model), the results were even worse. Apparently, twe-Su
the B, geometries of Figure 6 while maintainir@, symmetry. oscillators separated by a strong-©Du bond are relatively

and small Cu-shift of the 138-ct band in the coplanar independent and cannot interact sufficiently strongly to produce

imidazole structure is due to favorable kinematic coupling an ~80-cnt* separatlgn n frequgnues. ) )
between colinear GuN and Cu-Cu stretching vibrations. We next used a refined force field that predicted a consider-
Increasing the distortion angle toward°@fifectively decouples ~ ably smaller force constant of 0.38 mdyri/for the Cu-Cu
these motions lowering the N-isotope shift and raising the Cu- Stretch (Table 2) and led to a completely different set of
isotope shift of the 138-cnd mode closer to their observed calculated vibrational frequencies for the Model (Table 4).
the 5Cu- and34S-shifts of the 339-crm mode (Figure 8). of P. denitrificansCu, at 138, 260, and 339 crhas A; modes,
However, the calculatedS-shift of the 260-cm! mode it could not reproduce the observed isotope shifts. The
decreases with increasing distortion angle, taking the shift below calculated S-isotope shifts were generally too s 6f—1.8
the observed value of4.1 cnt® (Table 1) when the angle  at 339 cnt! and—2.9 at 260 cm?). The calculated Cu- and
reaches 30 The optimum match of the calculated and observed N-isotope shifts were generally too largeGu of —3.1 at 339
isotope shifts for the three Amodes occurs when each of the ¢ *and—1.7 at 260 cm*, AN of —1.0 at 339 cm?). The
imidazoles is at an angle of 4@ 10°, above and below the Tz model yielded a similar set of calculated frequencies (data
CwS, plane, respectively. not shown). In both cases, varying the force constants yielded
The tetrahedral distortion of the Gisite, required by the ~ NO improvement in the predicted isotope dependence. The
above NCA calculations, is consistent with the presence of failure of the T and T, models to reproduce the observed pattern
weakly interacting axial ligands, the S of Met227 and backbone Of S- and Cu-isotope shifts allows us to unambiguously rule
carbonyl of Glu218 (Figure 1), which act to repel the imidazole ©ut the terminal cysteinate geometry fer denitrificansCua.
rings from the CuS, plane. However, in the crystal structure Cua Structure and Electron Delocalization. The mono-
of P. denitrificansCus each imidazole appears to be distorted nuclear type 1 copper proteins display a surprising array of
differently, with distortion angles of F4and 42 for His224 structures with varying degrees of tetrahedral distortionsand
and His181, respectivelf. To investigate the effect of in-  (Cu—S) values ranging from 430 to 355 cf a spread of 75
equivalent tetrahedral distortion on the RR spectrum, indepen-cm~122 This fluctuation appears to arise from a variation in
dent NCA calculations were performed for a lower symmetry the strength of the axial methionine ligand among different
(Cy bridging model where the individual GtCu—N angles proteins, yielding a variable displacement of Cu out of the-His
were varied independently. For each mode, the angular effectCys ligand plane and related weakening of the-S{Cys) bond.
on the isotope shifts was maximized when both angles were Nevertheless, all of the type 1 copper proteins appear to
changed simultaneously by the same amount. When only oneconstrain the methionine ligand away from the copper in order
angle was changed, the Cu- and N-isotope shifts of the 138-to achieve a trigonal coordination geometry and a lowered
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Table 4. Calculated Frequencies and Isotope Shifts foiT&minal Model ofP. denitrificansCua®

frequency A®Cu A3S AN
obs calc obs calc obs calc obs calc PED
Ay Modes
339 339.0 1.0 3.1 5.1 1.8 0.0 1.0 €N(48)+ Cu—S(31)
260 260.0 0.6 1.7 4.1 2.9 0.4 0.7 €8(53)+ Cu—N(31) + Cu—Cu(13)
138 138.4 1.4 1.1 0.0 1.2 0.0 0.4 €C0u(52)+ N—Cu—S(20)+ Cu—Cu—N(10)
B, Modes
102.0 1.3 0.3 0.1 SN(Cu)Cu(100)
By Modes
295.6 25 1.8 1.0 CuN(61) + Cu—S(42)
216 216.2 0.8 0.9 1.5 3.0 1.6 0.8 €8(76)+ Cu—N(50)

aValues obtained as in Table 3, except that input geometry (Table 2) was for T2 terminal model with cysteinate ligarahsitoafiguration.

energy barrier for electron transfér. The Cuy, site achieves
the same result in a somewhat different fashion. TheSgu 308
cluster more strongly limits variations in €&$(Cys) bond
length and Ct+S—Cu bond angles with the result that the
properties of the cluster are less affected by the exact placement
of the terminal ligands. Thus, the intense-€u stretching
vibrations near 260 and 340 chwhich are the hallmark of
purple Cu RR spectra, have a spread of only 10¢énn the
different Cwy-containing proteins, including the artificial con-
structs and MO reductasé*?®> Based on calculations for di-
u-oxo-bridged systen,the 10-cn1! spread in the 340-cm
mode in Cy corresponds to a change e6° in the Cu-S—Cu
angle. Consequently, the unusually smal-3+Cu angle of B. H224N
~70° and the resulting short GtCu distance of2.5 A appear
to be highly conserved features in LCsites. The greater
structural stability of the dinuclear clusters relative to mono-
nuclear sites may provide the evolutionary driving force for the
development of Ca

The three-coordinate copper character and effective symmetry
of the CyS;Im; cluster allow for complete electron delocal-
ization in Cu sites, thereby ensuring the small reorganization Figure 9. RR spectra of type 2 sites generatedirdenitrificansCua
energy necessary for rapid electron tranfem Cua-containing ~ ragment. (A) Wild-type Cw (2.6 mM protein) in 40 mM CHES (pH
proteins, the CU(L.5)Cu(L.5) state persists even at 10 K. +0)- (B) His224Asn mutant of Gu(2.9 mM protein) in 20 mM Bis-

L N - ; Tris (pH 6.5). Spectra measured at 15 K using 350.8-nm excitation
Similar delocalization behavior has been observed for dinuclear (10 mW), 7-cnT™ resolution and 8 scans.
Cu in macrocyclic complexes where the only link between the '

coppers appears to be a-©Qu bond®*°and for the dithiolate-  |jgand has been added to a quinol oxidase, azurin, or
b”dgi‘f [Cu(iPrdacos)] " complex with a Cu--Cuglstance of  amicyanin’-® However, any more substantial changes in the
2.9 A3t The triu-OH-bridged [Fe(OH)s(tmtacn)]* complex  terminal ligands of the Gucluster, such as replacement of
is also a fully delocalized Fe(2.5Fe(2.5) system where the  \1at227 with lle54 causes the system to revert to a trapped-
Fe--Fe distance of 2.51 A suggests some contribution from valence, Cu(B-Cu(ll) state.

metal-metal bonding? A surprising feature of the Gu Raising the pH to 10 causes a similar loss of electron
containing proteins is that the €%Im, cluster achieves the  ge|gcalization in theP. denitrificansCus fragment, resulting
fully delocalized state despite the slight asymmetry in the two i, the formation of a distinct Cu(ll) speciésBoth copper atoms
Cu sites arising from the Met227 and Glu218 ligands (Figure remain coordinated, and the reaction is fully reversible by
1) and the ENDOR evidence for two different His ligand yetyming to pH 7. The Cu(ll) component has the optical, EPR,
environment$3 Furthermore, this fully delocalized structure gnq RR characteristics of a type 2 Cu site. It exhibits an
is readily formed in synthetic constructs where a second Cys absorption maximum at 370 rirand a single low-energy GtS
stretch at 311 cm' (Figure 9B). The low frequency of this

250 300 350

Raman Shift, cm™

(46) Guckert, J. A.; Lowery, M. D.; Solomon, E.J. Am. Chem. Soc.

1995 117, 2817-2844. vibrational mode indicates the presence of lorg.g5 A) Cu-S
(47) Wing, R. M.; Callahan, K. Pinorg. Chem.1969 8, 871-874. bonds due either to a tetragonal coordination geometry with
(48) Ramirez, B. E.; Malmstra, B. G.; Winkler, J. R.; Gray, H. EProc. four strong ligand® or to the sulfur being more weakly
Natl. Acad. Sci. U.S.A1995 92, 11949-11951. X . 9 )
(49) Barr, M. E.. Smith, P. H.: Antholine, W. E.; Spencer, B Chem. coordinated to each Cu because its bonding is shared with a
Soc. Chem. Commut993 1649-1652. second Cu. The alkaline pH effect on tRedenitrificansCua

(50) Harding, C.; Nelson, J.; Symons, M. C. R.; Wyatt).JChem. Soc. fragment is reminiscent of the His117Gly ligand mutant of

Chem. Commuril994 2499-2500. . . . .
(51) Houser, R. P‘_‘; Young, V. G., Jr.; Tolman, W.BAm. Chem. Soc. azurin that forms a type 2 Cu site at pH 9.0 with a single

1996 118 1201-1206. (Cu—S) mode at 312 cm.#2 In the azurin mutant, it is likely
(52) Gamelin, D. R.; Bominaar, E. L., Kirk, M. L.; Wieghardt, K.;  that two hydroxide ions have added to the Cu(ll) to generate a
Solomon, E. 1.J. Am. Chem. S0d.996 118 8085-8097.
(53) Gurbiel, R. J.; Fann, Y.-C.; Surerus, K. K.; Werst, M. M.; Musser, (54) Zickermann, V.; Verkhovsky, M.; Morgan, J.; Wiksno M.;
S. M,; Doan, P. E.; Chan, S. |.; Fee, J. A,; Hoffman, B. MAm. Chem. Anemiler, S.; Bill, E.; Steffens, G. C. M.; Ludwig, BEur. J. Biochem.
So0c.1993 115 10888-10894. 1995 234, 506—-512.
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tetragonal site with four strong ligands: Cys, His, and twoOH  redundancy, the large Cu-isotope shift of the 138-timand
For the high pH form of C, it is likely that a single hydroxide  can be equally well attributed to either a €Gu stretching
has added to one of the copper atoms to generate a tetrahedratibration or a Ca-S—Cu bending vibration. Thus, RR data
Cu(ll) site with two bridging Cys, a terminal His, and a terminal and NCA alone cannot definitively confirm or rule out the
OH". existence of a CdCu bond in the Cp site.

Destruction of the Carsite symmetry by removal of one of (3) Isotope shifts are of key importance in assigning the
the histidine ligands also prevents electron delocalization. Thus,vibrational spectrum of G Our NCA shows that the degree
conversion of His224 to Asn (previously referred to as residue of vibrational kinematic coupling is particularly sensitive to the
252) in theP. denitrificansCua fragment yields a trapped-  orientation of the imidazole ligands and that different coordina-
valence Cu()-Cu(ll) site containing a type 2 Cu(ll)-cysteinate tion geometries lead to different isotope behavior. The observed
with aAmaxat 370 nm*and a Cu-S stretch at 308 crd (Figure isotope dependence of the Caite is most consistent with a
9A). lIts similarity to the high-pH form of Cysuggests that  tetrahedral geometry in which the two imidazole ligands are
the His224Asn mutant also has a tetrahedral Cu(ll) coordinatedtranstilted by ~40° above and below the G8& plane,
with the two original bridging Cys and one or two aqua ligands respectively.
to compensate for the lost His. This shows that each of the (4) The similar RR spectroscopic signature for all\Gites
copper atoms in a Gusite needs to have a strong terminal His indicates a highly conserved structure for the$\core in both
ligand in order to achieve the copper equality required for native proteins and constructs, requiring a shor-Cu distance

valence delocalization. of ~2.5 A and narrow Ca#S—Cu angle of ~70°. This
) thermodynamically favored core structure also facilitates com-
Conclusions plete sharing of the unpaired electron between the two copper

Resonance Raman spectroscopy and normal Coordinat@.toms such that the SpeCieS remains valence-delocalized even
ana]ysis have proven to be a powerfu| tools for Obtaining at 10 K. Perturbation of the terminal Iigands by raising the pH
detailed structural information about the Csite of cytochrome ~ Of mutation of the His224 ligand to Asn causes enough
coxidase. The combination of EXAFS-determined interatomic inequivalence of the two copper atoms for the site to revert to
distances and geometric constraints imposed by the isotopic@ trapped-valence, CughCu(ll) state.
shifts of RR bands has led to a more detailed structure of the
Cu, site than can be achieved by X-ray crystallography alone.

(1) The RR spectroscopic properties of O@specially the
S-, Cu-, and N-isotope shifts) are best explained by a site
containing two copper ions bridged by two cysteine thiolates
and coordinated to two terminal histidine imidazoles, as in the
X-ray crystal structure. The alternative structure with only a
Cu—Cu bond and terminal thiolate and imidazole ligands can
be definitely ruled out by this vibrational analysis.

(2) The most intense bands at 339, 260, and 138'dmthe
RR spectrum of th®. denitrificansCu, fragment are assigned
to symmetric stretches involving primarily the €8, Cu-
N(Im), and Cu-Cu moieties, respectively. Due to coordinate JA960969G

Acknowledgment. We are grateful to Drs. Thomas M.
Loehr, William H. Woodruff, and Stacie Wallace-Williams for
helpful discussions. This research was supported by the
National Institutes of Health, Grants GM 18865 (J.S.-L.) and
GM 48370 (R.S.C.), the EC, Grant SC1-CT91-0698 (M.S.), and
the Academy of Finland (P.L.).

Supporting Information Available: Numerical solution for
the eigenvectors in Figure 7 in the animation XYZ format
readable by program X-MO#’ See any current masthead page
for Internet access instructions.



