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ABSTRACT: Copper K-edge X-ray absorption spectroscopy (XAS) has been used to investigate the structural 
details of the coordination environment of the copper sites in eight resting-state samples of beef heart 
cytochrome c oxidase prepared by different methods. The unusual position and structure of the resting-state 
copper edge spectrum can be adequately explained by the presence of sulfur-containing ligands, with a 
significant amount of S - Cu(I1) charge transfer (i.e., a covalent site). Quantitative curve-fitting analysis 
of the copper extended X-ray absorption fine structure (EXAFS) data indicates similar average first 
coordination spheres for all resting-state samples, regardless of preparation method. The average coordination 
sphere (per 2 coppers) mainly consists of 6 f 1 nitrogens or oxygens a t  an average Cu-(N,O) distance of 
1.99 f 0.03 A and 2 F 1 sulfurs at  an average Cu-S distance of 2.28 f 0.02 h;. Quantitative curve-fitting 
analysis of the outer shell of the copper EXAFS indicates the presence of a Cu-Fe interaction at  a distance 
of 3.00 f 0.03 A. Proposed structures of the two copper sites based on these and other spectroscopic results 
are presented, and differences between our results and those of other published copper XAS studies [Powers, 
L., Chance, B., Ching, Y . ,  & Angiolillo, P. (1981) Biophys. J .  34, 465-4981 are discussed. 

C y t o c h r o m e  c oxidase (ferrocytochrome c / o 2  oxido- 
reductase, EC 1.9.3.1) catalyzes the final step of mitochondrial 
respiration, the four-electron reduction of O2 using reducing 
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equivalents from the electron transport chain.’ The enzyme 
utilizes four spectroscopically distinct redox-active metal sites 
to accomplish this task. Two iron atoms are present in the 
form of a heme a prosthetic group and are labeled heme a and 
heme a3, forming the basis for the alternative name of this 
enzyme, cytochrome aa3. Two copper atoms are also asso- 

’ For an excellent review of cytochrome c oxidase, see Wikstrom et 
al. (1981). 
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XAS studies have suggested that CuB may be a blue copper 
and may be bridged to Fe,, through a sulfur-containing ligand 
(Chance & Powers, 1985; Powers et al., 1981). These as- 
signments are reexamined in light of the Cu XAS data 
presented here. 

MATERIALS AND METHODS 
Enzyme Sample Preparation. Copper XAS data were 

collected on eight separate samples of resting-state cytochrome 
c oxidase prepared by four methods in six different labora- 
tories. Four of the samples were prepared by the Hartzell/ 
Beinert method [Procedure I of Hartzell et al. (1978)l: 
Samples HB/Ua and HB/Ub were prepared in our laboratory 
in Urbana, sample HB/M was prepared in the laboratory of 
H. Beinert in Madison, and sample HB/P was prepared in the 
laboratory of S. I. Chan in Pasadena. Samples K/Bm and 
K/Bd were prepared by the King method [Procedure I1 of 
Hartzell et al. (1978)] in the laboratory of A. Azzi in Bern. 
Sample K/Bm was prepared by methods that yield the 
“monomer” form, and sample K/Bd was prepared by methods 
that yield the “dimer” form of the enzyme (Nalecz et al., 
1983). Sample vB/A was prepared by the van Buuren method 
[Procedure 111 of Hartzell et al. (1978)l in the laboratory of 
B. F. van Gelder in Amsterdam and was obtained through H. 
Beinert. Sample Y / E  was prepared by the Yonetani method 
(Yonetani, 1961) in the laboratory of M. T. Wilson in Essex. 

X-ray Absorption Data Collection. All XAS data were 
collected at the Stanford Synchrotron Radiation Laboratory 
(SSRL) on wiggler beam-line side station VII-3 under dedi- 
cated operating conditions (3.0 GeV, 6C-70 mA) using Si[220] 
monochromator crystals. For high-resolution edge scans, the 
premonochromator vertical-beam aperture was set to 1 mm, 
whereas a 2-mm aperture was used for all EXAFS scans. The 
data were collected over an energy range of 8700-9700 eV, 
with the upper limit being dictated by the presence of zinc 
(with a K absorption edge at 9661 eV) in every sample. Each 
scan lasted 25-30 min, with 7-15 scans being averaged for 
each sample. The data were collected as fluorescence exci- 
tation spectra using an array of 17 NaI(T1) scintillation de- 
tectors and Ni filters similar to the setup previously described 
(Cramer & Scott, 1981). The data from each detector were 
collected separately and then averaged together by using a 
weighting scheme that accounts for the differences in sig- 
nal-to-noise ratio for different detectors at different positions 
(Scott, 1985). 

The concentrated (ca. 2 mM in Cu) samples were contained 
in rectangular lucite cells 2.5 cm long with a 0.2 X 0.4 cm cross 
section. The cells were positioned with one of the 2.5 X 0.4 
cm sides facing the beam. This side was made up of a single 
thickness of 0.001-in. Mylar tape as an X-ray transparent 
window. The long axis of the cell was horizontal and at 45O 
to the beam propagation direction so that the scintillation 
detectors also “viewed” the Mylar face. The Lucite/Mylar 
cells were designed with an outside dimension compatible with 
a standard X-band EPR cavity dewar. Once filled with sample 
and capped, the cell was quickly frozen in liquid nitrogen, and 
a Nylon extension was attached to the cell by means of a small 
threaded hole in the cap. This assembly mimicked a standard 
EPR tube and was used to examine the EPR of the sample 
both before and after XAS data collection. Typically, samples 
in cells were stored in liquid nitrogen (77 K), examined by 
EPR at 10 K, shipped to SSRL at 77 K, examined by XAS 
at either 4 K (samples HB/Ub, K/Bm, K/Bd, Y/E) or 190 
K (samples HB/Ua, HB/M, HB/P, vB/A), shipped back to 
Urbana at 77 K, and reexamined by EPR at 10 K. As pre- 
viously reported, although EPR spectra indicated the pro- 

ciated with the enzyme and will be labeled CU, and CUB’ from 
here on. The iron of heme a3 (FeO3) and CuB are present as 
a magnetically interacting binuclear site at which O2 binding 
and reduction occurs. Heme a and CU, are magnetically (and 
probably physically) isolated and are thought to act as 
“electron reservoirs” to feed reducing equivalents to the 
0,-interaction site. 

Bovine heart cytochrome c oxidase is aerobically isolated 
in the fully oxidized state (referred to herein as the ”resting 
state”), which is then capable of accepting four electrons (one 
per metal site) to generate the fully reduced enzyme. Reox- 
idation of the fully reduced enzyme by 0, generates a form 
of the fully oxidized enzyme which is spectroscopically distinct 
from the resting state. Immediately following reoxidation, the 
enzyme is found to exist in an activated state exhibiting en- 
hanced turnover rates, a state that is referred to as the “pulsed” 
enzyme form (Colosimo et al., 1981). Previous studies had 
identified an “oxygenated” enzyme form which persists at 
longer time following 0, reoxidation of the reduced enzyme 
(Oril & Okunuki, 1963). Although the majority of spectro- 
scopic investigations of cytochrome c oxidase (including the 
present one) have been performed on the resting-state form, 
it is now clear that this is a relatively inactive enzyme form, 
requiring reduction before becoming catalytically competent 
(Brunori et al., 1979). The elucidation of the structural basis 
for this required activation is the goal of current spectroscopic 
studies on the resting-state enzyme, which must then be ac- 
companied by parallel studies on the activated enzyme forms. 
We report here a summary of recent results in our study of 
resting-state cytochrome c oxidase using the technique of X-ray 
absorption spectroscopy (XAS) to study the structures of the 
copper sites. We are also currently involved in similar studies 
on the oxygenated enzyme form. 

Investigations of resting state cytochrome c oxidase have 
been hampered in the past by irreproducibility, especially 
among enzyme samples prepared by different methods. This 
irreproducibility is partly due to enzyme heterogeneity in the 
resting state. At least three separate enzyme forms are present 
in resting-state samples, with different preparations exhibiting 
different proportions of the various forms (Brudvig et al., 
1981). The extent to which this heterogeneity is reflected in 
the structures of the metal sites of cytochrome c oxidase is 
investigated herein by comparison of copper XAS data of 
resting-state derivatives prepared by various methods. 

Previous work has established some details concerning the 
structural environments of the copper sites in cytochrome c 
oxidase. CU, exhibits the unique g = 2 signal in the EPR 
spectrum of the resting-state enzyme. The small copper hy- 
perfine splitting observed by low-frequency EPR (Froncisz et 
al., 1979) and by ENDOR (Hoffman et al., 1980) has been 
ascribed to a significant delocalization of unpaired spin onto 
sulfur-containing ligands, suggesting the existence of consid- 
erable S - Cu charge transfer. The existence of sulfur- 
containing ligands in the copper-coordination sphere was first 
directly demonstrated by EXAFS (Scott et al., 1981). La- 
beling studies on yeast cytochrome c oxidase have provided 
evidence for the coordination of at least one histidine and one 
cysteine at  the CU, site (Blair et al., 1983). Much less is 
known about the coordination environment of CuB, since its 
magnetic coupling to Fe,, results in an EPR-silent state. Other 

Abbreviations: EPR, electron paramagnetic resonance; ENDOR, 
electron-nuclear double resonance: EXAFS, extended X-ray absorption 
fine structure; XAS, X-ray absorption spectroscopy; Cu,, EPR-detectable 
copper site; CUB. EPR-undetectable copper site; Fe,,, iron associated with 
the heme of cytochrome n3 .  
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duction of radicals during X irradiation, no redox changes in 
the cytochrome c oxidase metal sites were observed as long 
as XAS data collection was performed below ca. 200 K (Scott 
et al., 1984). The temperature of the samples during XAS 
data collection was maintained by the use of a liquid helium 
cryostat (Oxford Instruments, Model CF1208) that was 
custom-designed for fluorescence excitation XAS measure- 
ments. This is a continuous-flow cryostat with X-ray trans- 
parent, vacuum-tight aluminized Mylar windows and the 
sample situated in atmospheric pressure cold helium gas (for 
quick sample change). 

Data Reduction and Analysis. Data reduction (Le., ex- 
traction of the EXAFS data from the raw XAS data) was 
accomplished by our standard techniques (Scott, 1985). After 
energy calibration of individual scans using the internal cal- 
ibration method (Scott, 1982) with a copper foil reference (first 
inflection point at 8980.3 eV) and the averaging of scans as 
described above, the background was removed by fitting a 
second-order polynomial to the data between 9050 and 9650 
eV and subtracting a constant from it selected so that the 
polynomial passed through the data just before the Cu K 
absorption edge. After subtraction of the resulting polynomial, 
a third-order spline was fit to the data between 9035 and 9650 
eV with spline nodes at 9180 and 9400 eV. This spline was 
subtracted from the data, and the resultant was normalized 
by dividing by the Cu atomic falloff as modeled by the Vic- 
toreen equation (MacGillavry & Rieck, 1968), multiplied by 
a factor that forced the falloff curve to match the spline 
polynomial at 9000 eV (defined as k = 0). This factor corrects 
for any differences in edge height (i.e., concentration) from 
one sample to another. The resultant data are the EXAFS 
(x), which are usually treated as a function of the photo- 
electron wave vector ( k ,  units of A-l) rather than energy. 

For the curve-fitting analyses, the following theoretical 
expression for the EXAFS was used: 

exp(-2aaS2k2) sin [2kR,, + cy,,(k)] 
B,NsV;(*,k)i 

x(k) = c 
s kR,,’ 

In this expression, subscript a stands for absorber and s for 
scatterer. The summation is over all shells of scatterers. For 
each shell of scatterers, s, N,  is the number of scatterers at 
an average distance R,, from the absorbing Cu atom. u,, is 
the root mean square deviation in R,,, which includes both 
static (from small differences in R,, among the scatterers 
within the shell) and dynamic (from vibrational motion) 
contributions (Scott, 1985). Curve-fitting is performed by the 
use of a Cu coordination environment hypothesis in terms of 
a number of shells of atoms, followed by use of eq 1 to simulate 
the expected EXAFS. The fit of this simulated EXAFS to 
the observed EXAFS is then adjusted by allowing some of the 
N,, R,,, and u,, values for each shell to vary in a nonlinear 
least-squares optimization. In the fits reported herein, N,  for 
each shell is chosen as some integer (per two copper atoms), 
and R, and us are varied in each shell. In each shell, the type 
of scattering atom (e.g., C, N ,  0, S) is chosen by selection of 
the appropriate backscattering function, which appears in eq 
1 as amplitude [B,V;(a,k)l] and phase [a,,(k)] components. 
(B,  is a scale factor that is used to correct theoretical amplitude 
functions. Our use of empirical functions as described below 
allows us to fix B, at unity.) In general, for each absorber- 
scatterer (a-s) pair of interest, the backscattering function 
must be known. Although methods are available for calcu- 
lating this function ab initio (Teo & Lee, 1979), we chose to 
empirically measure this function by examining the Cu EX- 

AFS of structurally characterized compounds containing a 
shell of the appropriate scatterer. Extraction of the amplitude 
and phase components of the backscattering function is ac- 
complished by complex Fourier back-transformation, described 
in detail elsewhere (Scott, 1985). 

Individual shells of EXAFS (i.e,, single terms of the sum 
of eq 1) can sometimes be isolated from other shells by the 
Fourier transform (FT) technique. Fourier transformation 
of x(k) data yields a set of peaks in the inverse (R’, units of 
A) space, each peak falling at  an R’ value related to the 
frequency term (2kR,,) of eq 1. Due to the phase shift cy,,(k), 
the R’ of a FT peak is related to R,, for that shell by R,, = 
R’ + A, where A z 0.2-0.5 A. If an FT peak is separated 
well from other peaks, it may be filtered out and back- 
transformed to k-space, yielding ~ ’ ( k )  data, referred to as 
Fourier-filtered EXAFS data. Fourier filtering is the basis 
of the complex back-transform technique for generating em- 
pirical backscattering functions (Lee et al., 1981), and it is 
also useful for separating out shells of scatterers for detailed 
curve-fitting. In the fits performed on the cytochrome c ox- 
idase Cu EXAFS, the first two major shells of scattering 
(forming the average first coordination sphere) were Fouri- 
er-filtered together. The “third shell” (i.e., the third peak in 
the Fourier transform) was Fourier-filtered by itself and 
curve-fit separately. 

A number of structurally characterized “model” compounds 
were examined by Cu EXAFS for extraction of empirical 
backscattering functions for curve-fitting the cytochrome c 
oxidase data. For Cu-N scattering, EXAFS data collected 
by fluorescence excitation on a solution sample of [Cu(imid- 
azole),I2+, prepared by literature methods (McFadden et al., 
1976), were used along with transmission data on a powder 
sample of C ~ ( [ l 4 l a n e N , ) ( S C ~ F ~ ) ~  ([14]aneN4 = 1,4,8,11- 
tetraazacyclotetradecane) (Addison & Sinn, 1983), which was 
kindly donated by A. W. Addison. The single first-shell Cu-N 
FT peak from each of these data sets was filtered out and 
back-transformed to yield amplitude and phase components 
of the backscattering functions, which were then averaged and 
used for the cytochrome c oxidase curve-fitting. Similarly 
isolated first-shell Cu-S interactions were used from EXAFS 
data on solid samples of [(n-C,H,),N],[C~(mnt)~1 (mnt = 
maleonitriledithiolate) prepared by the published procedure 
(Davison & Holm, 1967) and [Cu([ 14]aneS,)](C104)2 
([ 14]aneS4 = 1,4,8,1l-tetrathiacyclotetradecane) (Glick et al., 
1976), a gift from D. B. Rorabacher, to derive averaged 
backscattering functions for Cu-S curve-fitting. Since one 
aspect of this study involved looking for the presence of Fe,, 
in the CuB outer coordination sphere, a model for Cu-Fe 
scattering was needed. For this we used the Fe2Cu trinuclear 
compound [Fe(TPP)] , [C~(rnnt)~l  (TPP = meso-tetra- 
phenylporphyrin) (Elliott & Akabori, 1982), a gift from C. 
M. Elliott. The structure of this compound was assumed to 
be analogous to the closely related Fe2Cul compound (Schauer 
et al., 1984) with an average Cu-Fe distance of 3.89 A. The 
Cu EXAFS of the Fe2Cu compound (at 4 K) exhibits an FT 
peak at R’ = 3.51 A which is not present in the FT of [Cu- 
(mnt),I2- and which is thus assignable to the Cu-Fe inter- 
actions. This FT peak was Fourier-filtered and a Cu-Fe 
backscattering function extracted for use in curve-fitting of 
the cytochrome c oxidase data. An empirical backscattering 
function for Cu-C (outer shell) interactions was derived by 
Fourier filtering the FT peak corresponding to the Cu--C shell 
of [Cu(mnt),12-. The Cu-.C distance in this compound is 3.12 
A (Plumlee et al., 1975), giving rise to an FT peak at R’ = 
2.94 A. 
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FIGURE 1: Comparison of copper K absorption edge spectra for 
cytochrome c oxidase (-) and bovine plasma amine oxidase (- - -). 
In each case, o is the spectrum for the oxidized enzyme, r is the 
spectrum for reduced. The resting state (0) spectrum for cytochrome 
c oxidase is from sample K/Bm, while the reduced (r) spectrum is 
from sample HB/M. The energy difference between the oxidized 
amine oxidase and resting-state cytochrome c oxidase edges is indicative 
of the more covalent nature of the Cu(I1) sites in cytochrome c oxidase. 

Estimation of the error associated with each variable pa- 
rameter in the curve-fitting procedure was accomplished as 
follows. First, a modified goodness-of-fit statistic (defined as 
f )  was used: 

E[k3(X0b,d(’) - Xcalcd(’))12/N)”2 

(k3x)max - ( k 3 x ) m i n  
f l  ’ 

This statistic differs from the usual one in that it is nor- 
malized for differences in the magnitude of the k3x data from 
one spectrum to another. For a particular data set, each 
parameter was varied in turn, keeping all other parameters 
fixed at their best-fit values, and f was calculated to yield a 
unidimensional projection of the error hypersurface. The error 
in the parameter was estimated to be the change necessary 
to increase the value off by an amount Af from its minimum 
value. The value of Af was 0.02, empirically chosen to give 
reasonable errors in a wide variety of systems. 

For comparison with resting-state cytochrome c oxidase, the 
copper K absorption edge spectra of a few model compounds 
were recorded. Na[Cu(MPG)(H20)] [MPG = (mercapto- 
propionyl)glycine] was prepared by the published method 
(Sugiura et al., 1975). Although the crystal structure of this 
compound is not available, our Cu EXAFS analysis supports 
the proposed CuNS02  coordination [3 (N, 0) at 1.98 A, 1 
S a t  2.30 A]. (C~[(prp),en]Fe(hfa)~J [(prp),en is the Schiff 
base made from 2 mol of 2-hydroxypropiophenone and 1 mol 
of ethylenediamine; hfa = hexafluoroacetylacetonate] was a 
gift from E. Sinn. [Cu(pmaS)](BPh4) [pmaS = (2-pyridyl- 
methyl)bis[2-(ethylthio)ethyl]amine] (Karlin et al., 1980) was 
a gift from K. D. Karlin. 

RESULTS AND DISCUSSION 
Copper X-ray Absorption Edges. Ever since the first copper 

XAS work on cytochrome c oxidase (Hu et al., 1977a,b), the 
position and shape of the Cu K edge of resting-state cyto- 
chrome c oxidase have been the subject of controversy. The 
main reason for this controversy is that the position of the edge 
falls a t  a significantly lower energy than the Cu K edges of 
“normal” Cu(I1) compounds. An example of this difference 
is illustrated in Figure 1, where the edges of resting-state and 
dithionite-reduced cytochrome c oxidase are compared with 
the edges of oxidized and dithionite-reduced bovine plasma 

a 1  

I I I I I I 

Ene rgy  (eV) 
8950 8970 8990 9010 9030 9050 

FIGURE 2: Comparison of the copper K absorption edge spectrum 
for resting-state cytochrome c oxidase with edge spectra for two Cu(I1) 
complexes with sulfur ligation. (a) Resting state cytochrome c oxidase 
(-) and [(n-C4H,),N],[Cu(mnt),1 (mnt = maleonitriledithiolate) 
(- - -). (b) Resting-state cytochrome c oxidase (-) and [Cu( [ 141- 
aneS4)](C104)2 ([14]aneS4 = 1,4,8,1l-tetrathiacyclotetradecane) (-- -). 
The unusually low-energy position of the resting-state edge can be 
explained by the presence of Cu”-S ligation. 

amine oxidase. The position of the resting state edge led Hu 
et al. (1977a) to conclude that one of the copper sites in the 
resting-state enzyme was in the Cu(1) state. [The sample used 
in that study was later suggested to be partially reduced by 
X irradiation (Powers et al., 1979), but their resting-state edge 
looks very similar to several that have been reported since 
(Powers & Chance, 1984; Scott, 1982), including that illus- 
trated in Figure 1.1 The Cu(I1) coordination environment in 
oxidized amine oxidase is known to consist solely of “hard” 
ligands (e.g., N,  0) (Scott & Dooley, 1985). For “soft” ligands 
(e.g., S), the Cu(I1) edge position would be expected to fall 
at lower energy since the edge position is a measure of effective 
charge density at the copper and some amount of S -+ Cu 
charge transfer is expected. The comparison in Figure 2 
indicates that this explanation is essentially correct. The edges 
of [Cu([ 14]aneS4)I2+ and [Cu(mnt)J2- occur at significantly 
lower energy than the edge of oxidized amine oxidase. Thus, 
one does not have to propose a Cu(1) oxidation state for either 
copper site in order to explain the resting-state edge position; 
the presence of sulfur ligation to copper(I1) is sufficient. 

To further illustrate this point, we have measured Cu K edge 
spectra for a series of Cu(I1) and Cu(1) model compounds and 
attempted to simulate the essential features for the resting state 
edge by averaging the edges of two model compounds. Figure 
3 shows two such simulations. In Figure 3b, the edge of 
resting-state cytochrome c oxidase is compared with a simu- 
lated edge consisting of a 50:50 combination of the edges of 
[Cu( [ 14]aneN4)](SC6F5)2 [a Cu(I1) complex with a square 
planar array of N ligands and two axial thiolates with long 
Cu-S distances (Addison & Sinn, 1983)] and Na[Cu- 
(MPG)(H,O)] [a Cu(I1) complex with NS02 coordination 
(Sugiura et al., 1975)l. Figure 3d compares the resting-state 
edge with a simulated edge consisting of a 50:50 combination 
of [Cu(pmaS)](BPh,) [a Cu(1) complex with N2S2 coordi- 
nation (Karlin et al., 1980)] and {Cu[(prp),en]Fe(hfa),) [a 
Cu(II)/Fe(III) binuclear complex with CuN202 coordination]. 
In each case, the position and other features of the resting-state 
cytochrome c oxidase edge are adequately simulated, assuming 
either a Cu(1) assignment for one site or Cu(I1)-S ligation. 

This approach to simulating the resting-state edge is iden- 
tical with the ”site modeling” approach used by Powers et al. 
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HGURE 3: Simulation of the resting-state cytochrome c oxidase copper 
K edge spectrum using combinations of edge spectra from "model" 
compounds. In each case, the solid line is the resting-state edge 
spectrum. (a) Edge spectra for [CUI'([ 14]aneN4)](SC6F5), ( [  14A- 
aneN4 = 1,4,8,1l-tetraazacyclotetradecane)(- - -) and Na[Cu - 
(MPG)(H,O)] (MPG = (mercaptopropiony1)glycine) ( - e - ) .  (b) 
Simulated edge for a 50:50 combination of the two edges described 
in (a) (---). (c) Edge spectra for IC~"[(prp),en]Fe"'(hfa)~) (prp = 
2-hydroxypropiophenone; en = eth lenediamine; hfa = hexafluoro- 

pyridylmethyl)bis[2-(ethylthio)ethyl]amine] (-. -). (d) Simulated 
edge for a 50:50 combination of the two edges described in (c) (- - -). 
The basic position and features of the resting-state cytochrome c 
oxidase edge can be simulated by using either a Cu(II), Cu(I1) or 
a Cu(I), Cu(I1) combination, as long as some sulfur ligation is assumed. 

acetylacetonate) ( - - - )  and [Cu Y (pmaS)](BPh,) [pmaS = (2- 

(1979) in their analysis of the copper edges of cytochrome c 
oxidase. In that study, this approach was used to assign the 
structural environment of the CuA and CuB sites by using the 
copper edge of stellacyanin and other model compounds. The 
results were used to support the conclusion that CuB was a blue 
copper-like site. The simulations in Figure 3 indicate the 

4 r  I " V  

problem with such an approach. An assignment of structures 
by site modeling can never be unique since another pair of 
model edges can always be envisioned to add together to give 
an equally good simulation with a different set of edge features 
being contributed by each model. Figure 3b,d would result 
in two completely different structural assignments for the CuA 
and CuB sites, with no reason to believe one over the other. 
The resting-state copper edges thus give no unequivocal evi- 
dence for the existence of a blue copper site in cytochrome c 
oxidase. 

Copper EXAFS. A completely analogous argument can be 
made against the use of a "site modeling" approach in the 
EXAFS region (Powers et al., 1981). In fact, since the overall 
EXAFS is simply a sum of terms each resulting from an 
individual scattering (ligand) atom in both copper sites, it is 
inherently impossible to assign these scatterers to one site 
rather than the other, based on the EXAFS of a single de- 
rivative. Arbitrarily choosing a site model that incorporates 
a certain subset of these scatterers automatically assigns the 
rest of the scatterers to the other site. Such a solution cannot 
be unique since the initial site model could have been chosen 
to incorporate a different subset of scatterers, resulting in 
completely different structural assignments for both sites. Our 
approach involves using curve-fitting to determine the overall 
average coordination of both copper sites in any particular 
enzyme derivative (as discussed below for the resting state). 
Comparison with derivatives in which a single copper site has 
been chemically perturbed (e.g., by a redox change or ligand 
binding) should then allow assignment of some of the copper 
ligands to specific sites. 

Figure 4 shows the raw EXAFS data [plotted as k 3 x ( k ) ]  
for each of the eight resting-state samples examined in this 
study. Figure 5 shows the Fourier transforms for these eight 
samples. The signal-to-noise ratio exhibited in these figures 

- 8  31_ 11 13 "3 5 7 9 11 13 

k (k')  k (i-') 
FIGURE 4: Copper EXAFS spectra of the eight resting-state cytochrome c oxidase samples examined. The samples are (a) HB/Ua, (b) HB/M, 
(c) HB/P, (d) vB/A, (e) HB/Ub, (f) K/Bm, (g) K/Bd, and (h) Y/E. The data in (a)-(d) were recorded at 190 K and the data in (e)-(h) 
were recorded at 4 K. 
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FIGURE 5 :  Fourier transforms ( k  = 3.0-13.0 A-', k3 weighted) of 
copper EXAFS of the eight resting-state samples examined. The 
samples are the same as listed in the caption of Figure 4. 

is typical for fluorescence excitation data on 2 mM Cu samples. 
In general, the FT consists of two major peaks at R' z 1.5, 
1.9 A and a smaller peak at R' z 2.7 A. Except for a peak 
sometimes discernible at R' 3.5 A, features beyond this are 
much less reproducible and are probably assignable to noise. 
The peak at R' = 3.5 A is probably derived from scattering 
by the outer atoms (Nl,  C,) of imidazoles but has not been 
analyzed in detail. The resolution of the two main peaks varied 
considerably from sample to sample, especially for the data 
at 190 K. One of the main differences between the Cu EX- 
AFS data published by the two groups working on cytochrome 
c oxidase is the lack of resolution of these FT peaks in the data 
published by Powers et al. (1981). The resolution of these FT 
peaks is simply dependent on the magnitude of the beat pattern 
in the EXAFS data (Figure 4) and does not necessarily imply 
a significant structural difference (vide infra). The main 
difference between the data a t  190 K and the data at 4 K is 
the increase in magnitude of the second major FT peak (at 
R' 1.9 A) in the 4 K data. This is attributable to a decrease 
in the vibrational contribution to pa: for this shell at lower 
temperature and supports the assignment of this shell to a 
Cu-S interaction (vide infra). 

Curve-fitting was performed in order to determine the 
metrical details of the average copper coordination sphere in 
the various preparations of resting-state cytochrome c oxidase. 
Fourier filtering was used to isolate shells of scattering atoms 
for these fits. Since the first two FT peaks were sometimes 
unresolved (see Figure 5), they were filtered out and curve-fit 
together as exemplified in Figure 6. Figure 6a shows the raw 
EXAFS data of sample K/Bd (Figure 4g), and Figure 6b is 
the FT (Figure 5g). The dashed line in Figure 6b represents 
the window used to select out the two major peaks (repre- 
senting the average copper first coordination sphere). Back- 
transformation of these two peaks yield the filtered data 
[ ~ ' ( k ) ]  shown as the solid line in Figure 6c. The filtered data 
for each sample were then curve-fit by using Cu-N and Cu-S 
backscattering functions derived as detailed in Materials and 
Methods. For each fit, a coordination number (per copper) 
was chosen for each shell to be integer or half-integer (since 
there are two coppers); then R,, and u,; for each shell were 
optimized in a least-squares fashion. As expected, the best 
fit always required one shell of Cu-N and one shell of Cu-S 
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FIGURE 6: Example of Fourier filtering and curve-fitting of the various 
shells of copper ligands in resting-state cytochrome c oxidase sample 
K/Bd. (a) Raw copper EXAFS data (same as Figure 4 g). (b) 
Fourier transform (FT) of (a) (same as Figure 5g) with Fourier filter 
window (- - -) used to extract the first-shell peaks. Multiplication of 
the FT by this window followed by back-transformation leads to the 
filtered [x'(k)]data shown in (c) (-). The best-fit simulation using 
Cu-(N,O) and Cu-S shells (see Table I) is also shown in (c) (- - -). 
(d) The same FT as in (b) with the filter window (-- -) used to extract 
the third-shell-peak (at R' = 2.7 A). Back-transformation yields the 
filtered data in (e) (-). The best-fit simulation of this shell using 
Cu-C and Cu-Fe shells (see Table 11) is also shown in (e) (- - -). 
[Note the difference in scales between (c) and (e).] 
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Table I: Curve-Fitting Results for the First Coordination Sphere of Resting-State Cytochrome c Oxidase Samples‘ 
Cu-(N,O) c u - s  

sample 7 (K)  N ,  R,, (4 (A2) Ns R,, (A) (A2) f’ 
HB/Ua 190 ( 3 ) b  2.02 f 0.03 0.0080 + 0.0059 ( 1 )  2.29 f 0.02 0.0005 + 0.0024 0.0505 

HB/M 195 (3) 1.98 f 0.02 0.0070 + 0.0043 ( 1 )  2.30 f 0.02 0.0002 + 0.0021 0.0450 

HB/P I90 (3) 2.00 f 0.03 0.0069 + 0.0053 ( 1 )  2.28 f 0.02 -0.0017 + 0.0018 0.0458 

- 0.0030 - 0.0016 

- 0.0023 - 0.0014 

- 0.0027 - 0.00 12 

- 0.0022 - 0.0014 

- 0.0032 - 0.0013 

- 0.0026 - 0.001 1 

- 0.0024 - 0.0010 

- 0.0022 - 0.001 1 

vB/A 190 (3) 2.00 f 0.02 0.0055 + 0.0043 ( I )  2.28 f 0.02 -0.0007 + 0.0020 0.0429 

HB/Ub 4 (3) 2.00 f 0.04 0.0077 + 0.0072 (1) 2.27 f 0.02 -0.0021 + 0.0020 0.0566 

K/Bm 4 (3) 1.98 f 0.03 0.0061 + 0.0052 ( I )  2.27 f 0.01 -0.0026 + 0.0016 0.0416 

K/ Bd 4 (3) 1.98 f 0.02 0.0060 + 0.0044 ( I )  2.28 f 0.01 -0.0031 + 0.0013 0.0383 

4 (3) 1.99 f 0.02 0.0045 + 0.0040 ( 1 )  2.28 f 0.02 -0.0024 + 0.0019 0.0372 Y I E  

a N s  is the coordination number per copper; R,, is the copper-scatterer distance; Auar2 is a relative mean square deviation in R,,, AuSs2 = uaS2 
(sample) - uas2 (reference), where the reference is [C~(imidazole),]~+ at 4 K for Cu-(N,O) and [Cu(mnt)J2- at 4 K for Cu-S. bNumbers in 
Darentheses were not varied during oDtimizations. 

interactions. (It should be noted that since N backscattering 
is difficult to distinguish from 0 or C backscattering, the 
coordination numbers given for N could represent combina- 
tions of N and 0 or C scatterers, although C is chemically 
less reasonable.) To reduce the number of variables, it was 
assumed that the average copper coordination number was 4 
[Le., N,(N) + N,(S) = 41. Within this constraint, the com- 
bination N,(N) = 3 and N,(S) = 1 gave the best fit for each 
sample [these numbers probably have an error of *25% (Scott, 
1985)l. The results of the fits for this composition of N and 
S ligands are summarized in Table I, in which coordination 
numbers are given on a per copper basis. 

The main differences among the curve-fitting results for 
different samples lie in the nuas* values. We suggest a visual 
method for determining whether these differences are sig- 
nificant. Figure 7 shows the EXAFS simulations derived from 
the fits in Table I plotted on top of one another (for each 
temperature). Since the differences among the fits for a given 
temperature are not significantly greater than the noise in the 
raw data (cf., Figure 4), we conclude that any differences in 
the copper first coordination spheres for the various resting- 
state samples examined are within our experimental error. 
Note that this conclusion was reached despite what appear 
to be significant differences among the Fourier transforms 
(Figure 5) for these samples. Thus, simple observation of FT 
differences does not necessarily imply significant structural 
differences. 

Within experimental error, regardless of preparation, the 
major first coordination sphere copper ligands in resting-state 
cytochrome c oxidase consist of 6 f 1 N- (or 0-)containing 
ligands (per two coppers) a t  an average Cu-(N,O) distance 
of 1.99 f 0.03 8, and 2 7 1 S-containing ligands a t  an average 
Cu-S distance of 2.28 f 0.02 8,. The uaS2 value for the 
Cu-(N,O) shell is significantly larger than that for  [Cu(im- 
idazole),] 2+ and is temperature-independent (see Table I). 
This indicates that the Cu-(N,O) distances are disordered 
about the average. A simple calculation assuming two sets 
of three each Cu-(N,O) interactions a t  two different distances 
suggests a static AI? of -0.15 8,. The aa2 value for the Cu-S 
shell is lower a t  4 K than a t  190 K, indicating a substantial 
vibrational component. This is usually observed for Cu-S 
interactions and reflects the lower frequency of a Cu-S 
stretching vibration compared to that for Cu-N or Cu-0. O u r  
previous work has shown that the Cu-S shell is significantly 
altered upon reduction of CuA (in both mixed valence formate 
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FIGURE 7:  Best-fit simulations of copper first coordination sphere 
EXAFS from the eight resting-state cytochrome c oxidase samples 
generated as in Figure 6c (- - -). (a) Simulations for data collected 
at  190 K (samples HB/Ua, HB/M, HB/P, vB/A). (b) Simulations 
for data collected at  4 K (samples HB/Ub, K/Bm, K/Bd, Y/E).  For 
either temperature, the differences among simulations for different 
samples are  about the same size or smaller than the noise in the raw 
EXAFS data (cf. Figure 4). 

and fully reduced derivatives), allowing the assignment of most 
of the S-containing ligands to the Cu, site (Scott, 1982). 

Since it has been suggested that CuB is a “blue” copper 
(Powers et al., 1979), the possible existence of a short 
(2.1 1-2.18 A) Cu-S interaction was investigated by including 
another Cu-S shell in the first-shell simulation for each of the 
eight resting-state samples. In the curve-fitting, the distance 
for this Cu-S shell was initially chosen as 2.15 8, and then 
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Table 11: Curve-Fitting Results for the Outer Coordination Sohere of Resting-State Cytochrome c Oxidase Samoles’ 

sample T (K) N ,  R,, (A) AOa: (A2) N, Ras (A) Ab,: (A2) f’ 
HB/Ua 190 (4)b 2.96 f 0.01 0.0017 + 0.0016 (0.5) 3.03 f 0.04 0.0079 + 0.0065 0. 123 

HB/M 195 (4) 2.95 f 0.01 0.0019 + 0.0015 (0.5) 3.02 f 0.04 0.0105 + 0.0082 0.0323 

HB/P 190 (4) 2.94 f 0.01 0.0007 + 0.0017 (0.5) 2.99 f 0.03 0.0049 + 0.0047 0.0360 

vB/A 190 (4) 2.93 f 0.01 0.0023 + 0.0017 (0.5) 2.99 f 0.04 0.0026 + 0.0029 0.0410 

HB/Ub 4 (4) 2.94 f 0.01 0.0011 + 0.0014 (0.5) 3.04 f 0.03 0.0056 + 0.0041 0.0309 

K/Bm 4 (4) 2.93 f 0.01 0.0016 + 0.0018 (0.5) 2.97 f 0.03 0.0061 + 0.0053 0.0354 

K/Bd 4 (4) 2.91 f 0.01 0.0024 + 0.0019 (0.5) 2.97 f 0.02 0.0016 + 0.0027 0.0427 

- 0.0010 - 0.0033 

- 0.0010 - 0.0041 

- 0.0010 - 0.0028 

- 0.0012 - 0.0018 

- 0.0010 - 0.0025 

- 0.001 1 - 0.0029 

- 0.0013 - 0.0017 
O N s  is the number of scatterers per copper; R,, is the copper-scatterer distance; Aua: is defined as in Table I with references [Cu(mnt),12- at 4 K 

for Cu-C and [Fe(TPP)]z[Cu(mnt)z] at 4 K for Cue-Fe. bNumbers in parentheses were not varied during optimizations. 

allowed to vary along with era: during the optimization. The 
resulting optimized simulations in many cases assigned 
chemically unreasonable distances (1.8-2.0 A) to this second 
Cu-S interaction and in all cases gave insignificant im- 
provement in the fit (f decreased by about 20%). Thus, 
inclusion of a short Cu-S interaction is unnecessary to ade- 
quately fit the first coordination sphere data. 

A detailed analysis of the third peak (at R’ r 2.7 A) in the 
Fourier transforms of the Cu EXAFS of these resting-state 
samples was performed by Fourier filtering this peak sepa- 
rately, as exemplified in Figure 6a,d,e. This FT peak falls at 
a distance expected for “second-shell” carbons (C2,C4) of im- 
idazole ligands (from histidines) (Co et al., 1981), but it cannot 
be assigned solely to C scattering as we have previously dem- 
onstrated (Scott et al., 1986). This conclusion is based on 
observation of significant differences in the phases of the 
EXAFS oscillations giving rise to this peak in the cytochrome 
c oxidase samples compared to a peak at  R’ 2.7 A in the 
FT of [C~(imidazole)~]*+. We assign a significant portion of 
this FT peak in the cytochrome c oxidase samples to Cu-Fe 
scattering (within the Cue-FeO3 binuclear site), and the 
curve-fitting results described here corroborate that assign- 
ment. These fits are summarized in Table I1 for seven of the 
eight resting-state samples. Sample Y/E does not show a 
significant FT peak at this distance (cf., Figure 5h) and thus 
was not included in the analysis. Although this could be 
interpreted in terms of a difference in the structure of the 
binuclear site in the Yonetani preparation, it should also be 
noted that the data for sample Y/E exhibit considerably more 
noise than the other samples (as reflected in the artifactual 
peaks at high R’ in Figure Sh), and this may result in obscuring 
the FT peak at  R’ = 2.7 A. 

The fits in Table I1 are two-shell fits using one shell of 
Cu-Fe and one shell of Cu-C interactions. Curve-fitting 
using only Cu.-Fe or only Cu--C resulted inf values that were 
worse (higher) than those reported in Table I1 by a factor of 
2-4. The number of Cu-Fe interactions was fixed at 1 (per 
two coppers), and the number of Cu-.C interactions was ar- 
bitrarily selected to be 8 (Le., four imidazole ligands each with 
two carbons) distributed between two coppers, since the 
number of imidazoles within the 6 f 1 Cu-(N,O) ligands is 
not known. (The fitting results are not sensitive to this number, 
since choosing a higher number is just compensated by a higher 
resulting haa: for the Cu-C shell.) As in the copper first- 
coordination sphere analysis, the results of these fits differ very 
little from sample to sample. The average C u - C  distance 
(2.94 f 0.01 A) is close to that expected for imidazole ligation 

(3.0 A) (McFadden et al., 1976). The average Cu-Fe distance 
is 3.00 f 0.03 A, which disagrees with the value for the 
CuB.-Fe,, distance of 3.8 A reported by Powers et al. (1981). 
If such an interaction were present, it would give rise to an 
FT peak at R‘ = 3.5 A, yet we observe no reproducible feature 
in the Fourier transforms of these samples at that distance 
(especially in the 4 K data, for which one might expect an 
enhancement of such a long distance interaction). 

CONCLUSIONS 
Examination of the Cu K absorption edge and EXAFS of 

resting-state cytochrome c oxidase samples prepared by several 
different methods has allowed the following conclusions re- 
garding the molecular and electronic structure of the copper 
sites in this enzyme: 

(1) The unusual position and shape of the copper edge may 
adequately be explained by the presence of sulfur-containing 
ligands resulting in S - Cu(I1) charge transfer, which has 
also been suggested to give rise to the unique EPR spectrum 
of Cu, (Blair et al., 1983; Hoffman et al., 1980). 

(2) There is no convincing evidence from either copper edge 
or EXAFS data for the existence of a blue copper site in 
cytochrome c oxidase. 

(3) Although the major Cu EXAFS Fourier transform 
peaks appear to vary from one resting-state sample to another, 
quantitative curve-fitting analysis indicates that there are no 
significant differences in the average copper first-coordination 
sphere structures among samples prepared by different 
methods. 

(4) The major portion of the first coordination spheres of 
Cu, and CuB consists of the following ligands (per two cop- 
pers): 6 f 1 nitrogens (or oxygens) at an average copper- 
ligand distance of 1.99 f 0.03 A and 2 F 1 sulfurs at an 
average copper-sulfur distance of 2.28 f 0.02 A. 

( 5 )  The Fourier transform peak at  R’ z 2.7 8, is assigned 
partially to a Cu-Fe interaction, and curve-fitting results 
indicate that the CuB-.Fe,, distance is 3.00 f 0.03 A. 

With this information and considering other spectroscopic 
evidence, Figure 8 has been constructed as our ”best guess” 
for the structures of the copper active sites in resting-state 
cytochrome c oxidase. The hypothesized structures in Figure 
8 incorporate evidence from ENDOR and EPR investigations 
of isotopically labeled yeast enzyme indicating the presence 
of at least one histidine and one cysteine in the Cu, coordi- 
nation sphere (Blair et al., 1983). Our earlier XAS work 
(Scott, 1982) comparing fully reduced and mixed valence 
derivatives with the resting enzyme suggested the presence of 
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c u* c UB 

FIGURE 8: Hypothesized structures for the two copper sites in rest- 
ing-state cytochrome c oxidase based on XAS data presented herein 
and on other spectroscopic data. (N,O) means that either N or 0 
could be bound to Cu. The numbers given are average interatomic 
distances in A. It is possible that one S-containing ligand is bound 
to Cu, in place of an (N,O)-containing ligand. 

two sulfur-containing ligands at  the CU, site with approxi- 
mately equivalent Cu-S distances. The resulting structure is 
expected to be covalent enough to yield the very small copper 
hyperfine splitting observed in the EPR spectrum. Assignment 
of two Cu-S interactions to the CU, site results in our sug- 
gestion of all (N,O)-containing ligands at the CU, site, as 
shown in Figure 8, although the possibility of one Cu-S in-  
teraction at CU, cannot be completely ruled out. 

Our conclusions regarding the structures of the resting-state 
active sites disagree in some respects with those presented by 
Powers, Chance, and co-workers. The differences are most 
significant for the binuclear site, for which Powers et al., 
suggest a sulfur-containing bridge and a 3.8-A CuB-Fe,, 
separation in work performed on enzyme prepared by the 
Yonetani method (Chance & Powers, 1985; Chance et al., 
1981; Powers & Chance, 1984; Powers et al., 1981). Since 
we were unable to analyze the data on our sample of enzyme 
prepared by the Yonetani method for a Cu-Fe distance, the 
possibility still exists that the major resting-state enzyme form 
exhibits a different binuclear site structure when prepared by 
the Yonetani method as compared to the other preparation 
methods examined in this study. This difference may also be 
reflected in the differing cyanide-binding reactivity among the 
various preparations (Naqui et al., 1984). It should be em- 
phasized that there is no disagreement that the sulfur-bridged 
binuclear site is a physiologically inactive form. Activated 
forms of cytochrome c oxidase evidently do not exhibit such 
a structure (Chance & Powers, 1985). It is our belief that 
the binuclear site structure reported in this study more closely 
resembles the physiologically relevant structure. We are 
currently involved in similar studies on activated enzyme forms 
to test this hypothesis. 
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Environmental Modulation of C-Terminus Dynamic Structure in 
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ABSTRACT: We used steady-state and time-resolved (pulsed) fluorescence spectroscopies to study the dynamic 
structure of the COOH terminus in bacteriorhodopsin. The  extrinsic fluorophore 8-aminonaphthalene- 
1,3,6-trisulfonic acid was attached to the protein, in purple membrane sheets, with a water-soluble car- 
bodiimide; about 50% of the dye molecules were found to be attached to the COOH terminus. Signals from 
samples treated with papain were subtracted from non-papain-treated sample signals to give information 
about the COOH-terminus dynamics. Dye molecules on the COOH terminus fluoresce more strongly than 
dye molecules bound elsewhere on the membrane. This result, combined with our calculations showing that 
retinal is an energy acceptor in our system, suggests that the C-terminus spends most of its time away from 
the membrane surface. We  systematically studied the effects of temperature, ionic strength, and pH, fitting 
the time-resolved anisotropy to r ( t )  = r ,  + (ro - rm)e- f /$  the following picture emerged: In the p H  range 
5.6-10.9, raising the pH has the effect of increasing the fluorescence intensity and decreasing r,. We interpret 
this result to mean that the time-averaged position of the C O O H  terminus becomes farther from retinal 
as the p H  is raised and that the range of Brownian motions of the C-terminus increases along with the pH. 
At  p H  6.6, adding NaCl  up  to a concentration of 10 m M  had qualitatively the same effects as raising the 
pH. Over the temperature range 10-50 OC, the time constant for anisotropy decay scales closely with the 
viscosity of water, a result consistent with Brownian motions of the C O O H  terminus in bulk water. We  
invariably found that ro > 2r,. All of our results are consistent with the conclusion of Wallace and Henderson 
[Wallace, B. A., & Henderson, R. (1982) Biophys. J .  39, 2331 that the COOH terminus of bacteriorhodopsin 
is free to assume many positions. 

Bacteriorhodopsin (bR) is the sole protein constituent of 
purple membrane (PM), the light-driven proton pump that 
is part of the cell membrane in some strains of Halobacterium 
halobium. Bacteriorhodopsin is a single polypeptide containing 
seven a-helices that span the membrane; the final 20-25 amino 
acid residues at the carboxy terminus can be cleaved by papain 
digestion. These facts, plus further details on the structure 
and function of bR and PM, are covered in several review 
articles (Stoeckenius et al., 1979; Stoeckenius & Bogomolni, 
1982; Dencher, 1983). 
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We have studied the dynamic structure of the carboxy 
terminus via steady-state and time-resolved fluorescence de- 
polarization spectroscopy techniques. We are particularly 
interested in the pH and ionic strength dependence of the 
dynamic structure because pH and salt concentration are 
known to affect the kinetics of the proton pump and photocycle 
(Ort & Parson, 1978; Li et al., 1984; Govindjee et al., 1980). 
Although this is hardly surprising behavior in a proton pump, 
the mechanism of the effect is not yet established. A priori, 
the pH effect could simply be a concentration (of protons) 
effect, but we shall show in this paper that both the freedom 
of motion of the C-terminus and its distance from the mem- 
brane surface are, under some conditions, affected by the pH 
and ionic strength of the suspending medium. 

Renthal et al. (1983) published the first fluorescence study 
of the bR C-terminus mobility. They attached the fluorophore 
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danzylhydrazine to PM with a water-soluble carbodiimide, and 
they found that most of the probe was attached to the C- 
terminus. At a pH of 8.0 [0.05 M tris(hydroxymethy1)- 

5 University of illinois at Urbana-Champaign. aminomethane (Tris)], they found that the steady-state po- 
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