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Abstract: X-ray absorption spectra near the Cu K edge have been obtained for oxy- and deoxyhemocyanin (Hc) from Busycon 
canaliculatum using synchrotron radiation. Comparison with copper complexes shows the edge structure to be consistent with 
imidazole coordination of Cu(Il) and Cu(I), respectively. The Fourier transform of the extended fine structure (EXAFS) 
shows two well-defined peaks. The positions and shape of the first peaks require coordination by low-Z atoms only, at average 
distances of 1.96 and 1.95 A for the copper atoms of oxy- and deoxy Hc. Their coordination numbers are calculated to be four 
and two, respectively, but the uncertainties are large; five and three are considered to be likelier values on the basis of chemical 
and spectroscopic evidence. The outer Fourier peak places a backscattering atom at 3.7 and 3.4 A from Cu in oxy- and de-
oxyHc. For oxyHc this atom is shown to be the other Cu by the shape of the retransformed amplitude function. For deoxyHc 
the outer shell peak can be fit either with Cu or with a first-row scatterer. In the latter case, however, neither the distance nor 
the required Debye-Waller factor is sensible chemically, and a Cu-Cu interaction is the preferred interpretation. These re­
sults, along with those from resonance Raman and electronic absorption spectroscopy, lead to a model of the Hc binding site. 
It has two Cu atoms bound to the protein via three histidine ligands each; in oxyHc the Cu(II) ions are bridged by the bound 
O22- and by an atom from a protein ligand, possibly tyrosine. 

Introduction 

Hemocyanin (Hc), the oxygen-carrying protein of molluscs 
and arthropods,3-5 although colorless in its deoxy form, con­
tains copper and binds one oxygen molecule per two copper 
atoms, with the generation of a blue color and a rich electronic 
spectrum.6,7 Resonance Raman studies in the visible region8,9 

have established that the bound dioxygen O-O stretch is at a 
frequency, 744-749 c m - ' , characteristic of peroxide, implying 
essentially complete transfer of two electrons to O2 on binding, 
and an active-site composition that can be formulated as 
Cu22+C>22-, the deoxy form containing Cu+ . The oxyprotein 
is not detectably paramagnetic,'0-12 however, indicating that 
the Cu2 + ions are antiferromagnetically coupled. With respect 
to the copper coordination group, an electron paramagnetic 
resonance (EPR) study of nitric oxide treated hemocyanin 
indicated at least two nitrogen ligands,13 and there is much 
chemical evidence for imidazole coordination.14"16 There is 
evidence against bound carboxylate,14 and both for7,15,17 and 
against18,19 bound tyrosine. Cysteine sulfur has also been 
suggested as a ligand,'7 but runs counter to chemical20 and 
photoelectron spectroscopic21 evidence. 

Not only are these characteristics intriguing in and of 
themselves, but they bear on the general mechanism of diox­
ygen activation by metalloproteins. Tyrosinase, a copper-
containing enzyme which utilizes dioxygen in the hydroxyl-
ation of monophenols and the dehydrogenation of ortho di-
phenols, has characteristics that are quite similar to those of 
hemocyanin,13,22-24 and UV resonance Raman spectroscopy 
has recently demonstrated that the binding site structure of 
oxytyrosinase from Neurospora crassa is essentially the same 
as that of oxyhemocyanin.25 The copper-containing terminal 
oxidases, laccase and ceruloplasmin, also contain antifer­
romagnetically coupled Cu2 + pairs (type 3 copper), which may 
be at the oxygen binding site.26 Finally, cytochrome oxidase, 
the dioxygen terminus of the mitochondrial electron transport 
chain, contains two copper atoms, although in this case one 
Cu 2 + and one heme Fe3 + appear to be antiferromagnetically 
coupled27 and may be involved in dioxygen binding. 

Further structural characterization of the Hc binding site 
is clearly desirable. X-ray crystal-structure determinations are 
in progress28,29 but are hampered by the complexities of the 

Hc subunit structure.29b In this study and the succeeding one1 

we have studied the Hc active site using two independent and 
complementary physical techniques: extended X-ray absorp­
tion fine structure (EXAFS) and resonance Raman (RR) 
spectroscopy. EXAFS provides a method for probing the 
surroundings of an X-ray absorbing atom from the modulation 
of the absorptivity above the edge (K edge) due to the photo-
electron backscattering from the surrounding atoms.30a 

The EXAFS absorptivity modulation depends directly on 
interatomic distances as: 

y(k) = y -Hi\fi{v,k)\ /x 2a:lk2 

X sin [IkR1 + ai(k)) (1) 

where the sum runs over distinct distances R, relative to the 
absorbing atom, N,- is the number of atoms of the same type 
at R,, A is the photoelectron mean free path,/}(7r,/c) is the ith 
atoms backscattering amplitude, 07 2 is the mean square dis­
placement in R/, and on(k) is an energy-dependent phase shift 
in the photoelectron wave introduced by the molecular po­
tential, k, the magnitude of the photoelectron wavevector, is 
given by: 

k = (2mt(E - E0)V
1Ih (2) 

where me is the electron mass and £0 is the threshold energy. 
Analysis of the EXAFS can thus provide information about 
the radial distribution of atoms around the X-ray absorber. In 
addition, the structure of the edge itself, reflecting electronic 
transitions to bound states below the dissociation limit, can 
sometimes provide information about the oxidation and 
chemical state of the absorber. EXAFS has been applied to the 
determination of bond lengths and neighboring atom types and 
numbers in iron-sulfur proteins,3la,b heme proteins,32 mo­
lybdenum-containing proteins,33a,b,c copper proteins,33d and 
zinc proteins.34 

For randomly oriented molecules, the EXAFS technique 
provides radial distance information only; structural ar­
rangement of atoms must be deduced. Resonance Raman 
spectroscopy measures molecular vibration modes of metal-
ligand bonds in metalloproteins coupled to resonantly laser-
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excited electronic transitions.35 The frequencies and intensities 
of these modes are sensitive to geometry as well as to ligand 
type. Consequently, EXAFS and resonance Raman spec­
troscopy are capable of providing complementary and mutually 
supportive information, as demonstrated here for Hc. 

Experimental Section 

Hc from a mollusc, Busycon canaliculatum, was chosen for in­
vestigation because of its ease of preparation and because mollusc Hc 
has a higher copper concentration (0.25-0.26%) than arthropod Hc 
(0.17—0.18%).3_5 Also, the UV resonance Raman spectrum is better 
resolved for mollusc than for arthropod Hc.1-36 Busycon canalicu­
latum specimens were obtained from Marine Biological Laboratories, 
Woods Hole, Mass. The shells were fractured to expose the cardiac 
chamber, and the hemolymph was drained by heart puncture. Protein 
samples were centrifuged at low speed to remove shell fragments and 
other debris, and were exhaustively dialyzed against distilled water. 
Zinc, which interferes with the EXAFS measurements, was removed 
from the samples either by dialysis against several changes of 25 mM 
EDTA and then against distilled water, or by passage through a 10 
X 100 mm Chelex 100 ion exchange column. The Hc was pelleted by 
centrifuging for 4-6 h at 45000g to separate out lower molecular 
weight protein contaminants. Hc concentrations were determined 
from the absorbance at 345 nm (« = 10 000 McT1 cm-'). EXAFS 
measurements were carried out on lyophilized samples prepared with 
a quantity of sucrose equal to the weight of the protein, to prevent 
denaturation. For oxyHc, the powder was exposed to air after removal 
from the vacuum to ensure complete oxygenation. For deoxyHc, the 
protein sucrose solution was deoxygenated by equilibration with 
water-saturated argon, lyophilized, stored under argon, and main­
tained at liquid nitrogen temperatures to prevent oxygenation. Au­
thentic oxyHc optical spectra were obtained upon dissolving the ir­
radiated powders in oxygenated water. Concentrated solution samples 
were employed for edge studies, deoxyHc being obtained by dithionite 
addition. 

Model Complexes. Several copper complexes were used to model 
and calibrate various aspects of the X-ray data—(1) aqueous cop­
per^!) imidazole: 10~3 mol of CuS04-5H20 was dissolved in 1OmL 
of a 5 M solution of imidazole in distilled water; (2) aqueous copper(I) 
imidazole: the solution from the above preparation was reduced by 
the addition of excess sodium dithionite; (3) Cu1'[Im]4-SO4 (Culm):37 

40 mL of 1 M imidazole and 10 mL of 1 M CuS04-5H20 were mixed, 
and the deep blue crystals were obtained by slow evaporation; (4) 
Cu11IIm]3-H2O-SO4:

38 30 mL of 1 M imidazole and 10 mL of 1 M 
CuSO4-SH2O were mixed, and the pH was adjusted to 6.5 by the 
addition of 0.1 N H2SO4; deep blue crystals were obtained by slow 
evaporation; (5) aqueous copper(I) cyanide: 2 X 10-3 mol of 
CuSO4-5H2Oand0.1 mol of KCN were dissolved in 10 mL of distilled 
water; (6) copper(l) n-butylmercaptide: 10~3 mol of CuS04-5H20 
and 0.02 mol of sodium «-butylthiolate were dissolved in 10 mL of 
distilled water; (7) copper(II) tetraphenylporphine (CuTPP) was 
prepared as described in the literature;39 (8) Cu"(gly)2-H20: bis-
(glycinato)copper(II) monohydrate was prepared as described in the 
literature;40 (9) [bpyCu"0H]2-S04-5H20 (Cubpy):41 5OmL of 0.1 
M NaOH was added to a suspension of 1.43 g of CuS04-5H20 and 
0.89 g of 2,2'-bypyridyl in 20 mL of water; the solution was heated 
to boiling, then cooled to 4 CC to precipitate the complex, which was 
recrystallized from water and washed with dry ether; (10) [tmen-
Cu11OH]2Br2

42 (Cutmen): tmen (JV.JV.JV.W-tetramethylethyl-
enediamine) was added (~20 mL total) dropwise to a solution of 10 
g of CuBr2 and 80 mL of H2O until the initial green precipitate re-
dissolved; the solution was concentrated over a steam bath and allowed 
to evaporate and dry in air; dark burgundy colored crystals were ob­
tained; (1 1) [2-picCu"]2Br2:43 excess 2-pic (2-methylpyridine) was 
added to a solution of CuBr2, and the solution was heated to near 
boiling; the crystals obtained upon cooling were recrystallized from 
absolute methanol; (12) Cu11ICH3COO]2-H2O (CuAc): copper(II) 
acetate monohydrate was obtained from Fisher Scientific Co. and used 
without further publication. 

X-ray measurements were conducted at the Stanford Synchrotron 
Radiation Laboratory, during June and November 1976 and De­
cember 1977, at SPEAR energies in excess of 3 GeV. The model 
complexes and copper metal were measured in transmission using the 
EXAFS I beam line,44 while protein data was obtained with a nine-
element array of scintillation counters to monitor the Cu Ka fluo-
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Figure 1. Copper K edge absorption spectra of oxyHc and aqueous cop-
per(ll) imidazole. 

rescence. The samples were mounted in Plexiglass sample holder 
windows, sufficiently large to avoid interference with the X-ray beam, 
and contained by Kapton or Mylar film. Low-temperature data for 
deoxyhemocyanin and copper metal were obtained at 77 K. 

Prior to analysis, the experimental data were converted from the 
monochromator angle (Bragg angle) scale to an X-ray photon energy 
scale, standardized to the sharp 4p peak (8996 eV) in the absorption 
edge of CuCl2-2H20. The reported energy values are accurate to 
within the ±0.5 eV resolution of the crystal monochromator. 

Results 

Absorption Edges. Figure 1 shows the X-ray absorption 
spectrum in the region of the Cu K edge for oxyhemocyanin 
and aqueous copper(II) imidazole, while Figure 2 shows 
spectra for deoxyhemocyanin and aqueous copper(I) imidaz­
ole. The absorption edge maximum in each case corresponds 
to the allowed Is —>- np (n ^ 4) transitions which merge into 
the continuum at higher energy. Below the maximum are 
subsidiary peaks and shoulders reflecting transitions to empty 
orbitals,45a e.g., Is —» 3d and Is —* 4s. Their intensities are 
expected to be governed by dipole selection rules, Is —* 3d and 
Is —• 4s being weaker than Is —• 4p. Strong Is —»• 4p and 
weaker Is -» 4s transitions can be discerned at 8992 and 8982 
eV for Cu(I) compounds (Figure 2) and at 8992-9002 and 
8987 eV for Cu(II) complexes (Figure 1). The similarity in the 
Cu(II) and Cu(I) energies is consistent with detailed edge 
studies by Blumberg et al.,46b which show considerable overlap 
in the observed energy ranges for these transitions in complexes 
which are formally Cu(I) and Cu(II). 

A comparison of the relative transition intensities can yield 
useful chemical information. In the first place, only Cu(II) can 
give rise to a Is —• 3d transition, the 3d levels being filled in 
Cu(I). 

A very weak feature at 8978 eV is observable for Cu(II) 
complexes, being absent in the Cu(I) complexes (Table I), and 
is reasonably assigned to the 1 s —*• 3d transition. This feature 
can be observed in the oxyhemocyanin spectrum and confirms 
the Cu(II) oxidation state in this protein. The Is —• 4s transi­
tion is seen distinctly for Cu11TPP and for copper(II) acetate, 
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Figure 2. Copper K edge absorption spectra of deoxyHc and aqueous 
copper(l) imidazole. 

but is indistinct for aqueous copper(II) imidazole, and is 
likewise unresolved for oxyhemocyanin. For the Cu(I) com­
plexes, the I s - * 4s transition (the first peak in the spectra of 
Figure 2) is more intense than it is for the Cu(II) complexes, 
consistent with the proclivity of Cu(I) for geometries, e.g., 
trigonal or distorted tetrahedral, which allow s-p mixing. 
Copper(I) imidazole shows a Is —• 4s peak which is about half 
the height of the I s - * 4p maximum, as does deoxyhemocy-
anin. Dithionite reduction demonstrates that this shoulder 
height is characteristic of a totally reduced species in both the 
model and protein. Subsequent exposure to air decreases the 
shoulder height in both samples until the Cu(II) edge spectra 
(Figure 1) are again obtained. The close similarity of the edge 
structure of oxy- and deoxyhemocyanin with Cu(II) and Cu(I) 
imidazole, respectively, is consistent with imidazole coordi­
nation in both forms of the protein. 

In the Cu(II) complex spectra, multiple peaks and shoulders 
are observed in the high absorption region corresponding to 
Is —>• 4p transitions, consistent with coordination geometry 
inequivalencies of px, py, and pz . Strong anisotropy is expected 
for the tetragonal coordination geometry typical of Cu(II)(px 

= p^ > pz in energy). Less structure is seen in the I s - * 4p 
region of the Cu(I) complex spectra, consistent with more 
isotropic character. For oxyhemocyanin the Is -* 4p absorp­
tion is broad but unstructured, suggesting a somewhat irregular 
coordination geometry. 

EXAFS Analysis. The CuTPP, copper metal, other Cu-N 
and Cu-Cu model compounds, and signal averaged protein 
X-ray absorption data were converted to EXAFS modulation 
spectra employing a cubic spline fit background subtraction.303 

Although the zinc contamination of the protein samples was 
considerably reduced in magnitude by the procedures described 
in the Experimental Section, a zinc edge was still apparent in 
the spectra. Consequently, the protein data were truncated 
directly below the zinc edge, at k = 13.5 A - 1 , prior to back­
ground subtraction. In practice, the EXAFS signal was neg­
ligible beyond the cutoff. Figure 3 shows the Fourier trans­
forms of the EXAFS.30"'b 

Table I. K Edge Peak Positions and Approximate Widths at Half-
Height for Hemocyanins and Copper Model Complexes0 

complex 

aq Cu(Il) imidazole 

Cu11TPP 
Cu1HgIy)2-H2O 

Cu1HCH3COO)2-H2O 

oxyhemocyanin 

aq Cu(I) imidazole 

aq Cu(I) rt-butylmercaptide 

aq Cu(I) cyanide 

deoxyhemocyanin 

X-ray photon energy, eV 

A A-

— A KH hH I— 
KH hHI— A — A —I 
HH 1-xH I—A~A—I 
M I A 

hxH l A 
h*H I—A—l 
HH H A H 
M I A 1 

8970 8980 8990 9000 9010 

a O, Is — 3d; X, Is — 4s; A, Is -* 4p. 

Table II. Protein Parameters from First-Shell Fourier-Filtered 
EXAFS Data 

CuTPP reference for protein 
parameter0 

R(k)± 
0.03 

N± 1.5 
A<r2 

1.96 

3.5 
0 

oxyHc 

1.96 

3.2 
7.3 X 10-4 

1.95 

2.0 
0 

deoxyHc 

1.95 

1.4 
-3.0X 10-3 

" Symbols: R, average distance; N, number of scattering atoms; 
A(r2, change in mean square displacement (Debye-Waller factor) 
relative to the reference. In each case, the change in edge energy rel­
ative to the reference was small (<~1 eV). 

First Coordination Shell. The most prominent peak in the 
Fourier transform arises from nearest neighbor scattering. This 
peak, when isolated using Fourier filtering, and transformed 
back to k space, closely resembles the first shell (Cu-N) 
EXAFS for CuTPP and Culm. Since the number of nearest 
neighbor atoms (four) and their distances46 are known for these 
two model compounds, the Fourier-filtered model data were 
used as references for the protein data, employing the concept 
of chemical transferability of phase.47 The filtering technique 
is described in detail elsewhere.30 

In this work we used a curve-fitting technique to analyze the 
filtered data. First, empirical amplitude and phase information 
was extracted from the model compound data.30a We then 
tried to fit filtered protein data with the empirical data, al­
lowing the overall amplitude N, threshold energy E0, distance 
R, and Debye-Waller a2 to vary. Thus, at most four adjustable 
parameters were used in a fit. By comparing experimental data 
with model data in this way, only the ratio of amplitudes 
( A y A y , the change in threshold energy (AEQ), the change 
in R (AT?), and the change in CT2(ACT2) are significant. The 
parameter ACT2 is positive if the model compound data had to 
be amplified for large k values to fit the protein data. Since 
CT2 contains information about both static structural disorder 
and thermal vibrations,3"3 a positive ACT2 as a fitting result is 
an indication that something is wrong, since in the models we 
used, both the static disorder and the thermal vibrations were 
small, as estimated from X-ray diffraction results and vibra­
tional spectrum information, with the net value of CT being 
about 0.05 A. 

For each fit an eigenvalue-eigenvector analysis was done 
to discover any parameter correlation effects and to get an 
estimate of the sensitivity of the fit to the various parameters 
and hence error estimates for the parameters.30cd In this way 
we determined that the change in distance A/? is essentially 
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Figure 3. Fourier transforms of EXAFS data for oxy- and deoxyHc. 

uncorrelated with the amplitude determining parameters 
N\/Nj and Aa2, and only slightly dependent on AEQ. Also, the 
amplitude ratio and the change in a2 were somewhat corre­
lated, thus increasing the error bars on N\/N2-

Table II lists the resulting parameters. Model compounds 
for Cu-N distances showed no changes in distance and little 
change in Debye- Waller factor between room and liquid ni­
trogen temperatures. A satisfactory fit was obtained using a 
fixed Debye-Waller factor correction of zero when comparing 
CuTPP and the proteins; the fit was improved somewhat by 
allowing the Debye-Waller factor to vary. This variation had 
a negligible effect on the average distances, 1.96 A for oxyHc 
and 1.95 A for deoxyHc. It had a substantial effect on the es­
timated number of nearest neighbors, N, since both a2 and N 
directly affect the amplitude of the EXAFS modulation. The 
number of backscattering atoms is much less certain than the 
average distance. The calculated numbers do indicate, how­
ever, that there is a substantial increase in the Cu coordination 
number between deoxy- and oxyHc. 

Copper-Copper Distances. The Hc Fourier spectra also show 
distinct outer shell peaks, marked 4 for oxyHc and 3 for 
deoxyHc in Figure 3, which are logical candidates for the ex­
pected Cu-Cu interaction. (The additional, weaker features 
cannot confidently be distinguished from noise or truncation 
errors.) 

In order to compare model compounds with these outer 
protein shells, the outer shells of the model compounds must 
be examined for mean free path effects and comparison of Aa2 

with the first shell. In both CuTPP and Cu metal, successive 
outer shells could be satisfactorily fit to the first shell with Aa2 

= O and average distances and numbers of scattering atoms 
the same within fitting error as those obtained from X-ray 
crystallography. Accordingly, the outer shell data were ref-

Figure 4. Back-transformed filtered EXAFS data for first shells of CuTPP 
(Cu-N) and of Cu metal (Cu-Cu). 

Table III. Protein Parameters from Outer-Shell Fourier-Filtered 
EXAFS Data 

oxyHc 
protein 

deoxyHc 

parameter0 
Cu metal (77 CuTPP 

Cu metal (77 K) ref K) ref ref 

3.68 tf(A)± 
0.05 

N ±0.2 1.4 
Aa2 0 

3.68 

.0 

3.39 3.44 

-3.4 X 10-3 
0.99 1.7 

-7.3 X 10-3 2.4.X 10-3 
a Symbols are as in Table 11. I n each case, the change in edge energy 

relative to the reference was small (<~1 eV). 

erenced to the first shell spectrum of Cu metal, with the results 
shown in Table III. For oxyHc a satisfactory fit was obtained, 
which improved on allowing Aa2 to vary. As with the first shell, 
this variation had a negligible effect on the distance, 3.67 A, 
but an appreciable effect on N, which decreased to the ex­
pected value of 1.0. For deoxyHc a satisfactory fit could only 
be obtained with a decrease in Aa2, relative to Cu metal; the 
expected N value, 1.0, was obtained. 

The question arises whether the outer shell peak could result 
from backscattering by atoms in the protein other than Cu. 
This was examined by plotting the amplitude function of the 
filtered EXAFS data, since it is expected48 to maximize at 
higher k for heavy atoms than for light atoms. As shown in 
Figure 4, the amplitudes maximize at ~ 5 and ~ 10 A, respec­
tively, for the first shell data of CuTPP (Cu-N) and Cu metal 
(Cu-Cu). Figure 5 gives the outer shell back-transformed data 
for the proteins. For oxyHc, the outer shell amplitude maxi­
mizes at k ~ 9 A, confirming a dominant Cu-Cu contribution. 
For deoxyHc, however, the amplitude function is broad, with 
a maximum near 7 A. 

Consistent with this difference, the oxyHc outer shell data 
could not be fit with a Cu-N structure with CuTPP as refer­
ence, but it was possible to fit deoxyHc in this way, with the 
parameters shown in Table III. Both A' and Aa2 are satisfac­
tory. The distance, 3.44 A, is essentially the same as that es­
timated for a Cu-Cu structure. It is about 75% larger than a 
normal Cu-N bond distance (approximately 2.0 A). Con­
ceivable candidates for the interaction are the ring atoms of 
imidazole groups involved in Cu ligation.37-38 As illustrated 
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Figure 5. Back-transformed filtered EXAFS data for oxy- and 
deoxyHc. 

in Figure 6, however, 3.44 A lies half-way between the second 
and third shell distances expected for coordinated imidazole. 
The third shell distances might be decreased somewhat by 
tilting of the imidazole ring, but the degree of tilt required to 
reduce them to 3.44 A is excessive. In order to investigate this 
situation further, several model compounds having different 
distances and kinds of bridges between Cu atoms were inves­
tigated. These copper outer shells were then fitted by Cu-N 
amplitude and phase, using CuTPP as a model, and the re­
sulting parameters are given in Table IV. In each case a posi­
tive ACT2 is required for a satisfactory fit, and the average dis­
tance [R) is slightly larger (although generally within the 
error). In Cutmen and Cubpy the number of scatters (AO is 
also too large. On the other hand, using Cu metal as a model 
produces agreement with crystallographic data with reasonable 
Ac2 values. These trends of large N, R, and positive Aa2 are 
observed for the deoxyHc outer shell fit to a Cu-N reference 
(Table III), while the Cu metal fit is very similar to that of the 
model compounds. 

These considerations make a Cu-Cu assignment of the outer 
shell deoxyHc peak much likelier than a Cu first-row atom 
assignment, but the distinction cannot be made by EXAFS 
criteria alone, at the present level of data quality. 

Discussion 

The present EXAFS analysis allows the following inferences 
about the hemocyanine binding site: 

1. The Cu-Cu distance in oxyHc is 3.67 A, which is short 
enough to allow O2 to bind as a bridging ligand. This distance 
appears to decrease slightly, to 3.39 A, upon deoxygenation. 

Figure 6. Cu-N and Cu-C distances for coordinated imidazole; average 
of seven observed distances in Cu11Im4-SO4 and Cu11IrTIj-H2OSO4. 

Table IV. Model Compound Parameters 

compd 

CuTPP 
1st shell* 
(1.984, 4)38 

Culm 
1st shell* 
(2.01, 4)37 

Cu metal (300 
K) 
1st shell* 
(2.55, 12)56 

Cu metal (77 K) 
1st shell* 
(2.55, 12)56 

Cutmen 
outer shell 
(3.00, I ) 4 2 

Cubpy 
outer shell 
(2.89, I)41 

CuAc 
outer shell 
(2.64, I)5 7 

parameter0 

R(A) ±0 .03 
N ± 0 . 5 
AtT2 

R (A) ± 0.03 
yV±0.5 
A(T2 

R (A) ± 0.03 

N± 1.8 
A(T2 

R (A) ±0 .03 
/V ± 1.8 
A(T2 

R (A) ± 0.04 
/V ± 0 . 3 
A(T2 

R (A) ± 0.04 
N ± 0 . 3 
A(T2 

R (A) ± 0.04 
/V ± 0 . 4 
Aa2 

CuTPP ref 

1.98 
4.0 

-1 .2 X 10~5 

2.01 
3.3 

-3 .1 X 10-3 

2.53 

8.35 
7.4 X IO-3 

3.06 
1.4 
7.0X IO"3 

2.97 
1.87 
1.0 X IO"2 

2.67 
0.46 
9.2 X IO"3 

Cu metal (300 
K) ref 

2.00 
2.7 

-7 .4 X IO"3 

2.00 
5.3 

-1 .1 X IO"2 

2.55 

12.0 
- 7 . 0 X IO"6 

2.55 
13.7 
6.8 X IO"3 

3.03 
1.0 

- 2 . 0 X IO-4 

2.93 
1.2 
8 X IO"4 

2.63 
0.48 
2.8 X IO"3 

" Symbols are as in Table II. In each case the change in edge energy 
relative to the reference was small (<~4 eV). * Distance (A) and 
number of atoms are given in parentheses; successive outer shells of 
CuTPP and Cu metal could be satisfactorily fit with the first shell for 
Aa2 = 0 (see text). 

This result would imply that there is no large-scale confor­
mation change of the active site upon oxygen binding. A less 
likely interpretation of the deoxyHc data is that the 3.4-A in­
teraction is due to some atom other than Cu. 

2. The edge structures are consistent with Cu(II) and Cu(I) 
bound to imidazole in oxy- and deoxyHc, respectively. 

3. The average nearest neighbor distance is essentially the 
same, 1.96 and 1.95 A in oxy- and deoxyHc, respectively. The 
number of nearest neighbors, however, decreases substantially. 
First-shell data fitting gives N = 3.2-3.4 for oxyHc and 1.4-2.0 
for deoxyHc, although large uncertainties are associated with 
these estimates. 

The apparent 30-50% decrease in coordination number 
between oxy- and deoxyHc suggests that two ligand atoms are 
lost upon deoxygenation. Loss of the dioxygen molecule itself 
might account for the decrease, if both oxygen atoms are 
equidistant from each of the Cu atoms in oxyHc. (EXAFS is 
monitored for both copper atoms, and the intensity measure­
ments are on a per copper basis.) This would require that the 
dioxygen molecule lie across the copper-copper vector at an 
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angle of 90°. Sideways binding of dioxygen to metal ions is well 
known, and is in fact characteristic of peroxide bound to mo­
nonuclear transition metal complexes.49 It has not been ob­
served, however, in binuclear complexes, for which the 0 - 0 
bond is generally found at a fairly acute angle to the metal-
metal axis, as in [(NH3)5CoIII(02)CoIII(NH3)5

4+].50 On the 
other hand, most known binuclear peroxo adducts are cobalt 
complexes, and may not be apt models for the binuclear copper 
site in hemocyanin. The Co-Co distance in the pentaammine 
complex50 is 4.5 A, 0.8 A longer than the Cu-Cu distance in 
oxyHc. The requirement for 90° orientation is quite stringent 
if both oxygen atoms are to contribute to the first-shell peak. 
We calculate that a deviation of over 5° would produce over 
a 0.1-A difference in the distances of the two oxygen atoms 
from either copper atom, which should begin to produce ap­
preciable broadening of the first peak. A deviation of over 10° 
would increase the difference to above 0.2 A, sufficient to re­
move one of the oxygen atoms altogether from the peak. 

An alternative interpretation is that only one of the O2 atoms 
contributes to the first shell peak, and that an additional ligand 
atom is lost upon deoxygenation. This might be an atom that 
bridges the Cu(II) ions in oxyHc, but that does not bind to the 
Cu(I) ions of deoxyHc. A bridging ligand in addition to O2 is 
suggested7-51 by the fact that it is possible to prepare an oxi­
dized form of Hc, metHc,3-57 that contains no dioxygen, yet 
in which the Cu(II) ions are still antiferromagnetically coupled. 
Since this coupling implies the presence of a non-02 bridge in 
metHc, it is plausible, although by no means required, that the 
same bridge be present in oxyHc, which can in some cases be 
prepared from metHc by addition of peroxide.51 A prime 
candidate for the extra bridging ligand is tyrosine,7 since an 
absorption shoulder in low-temperature spectra is observable 
for both oxy- and metHc at ~400 nm, a reasonable energy for 
a phenolate to copper charge-transfer transition. Dissociation 
of the bridging tyrosine upon deoxygenation would make sense 
chemically since the "soft" Cu(I) ion is not avid for oxygen 
ligands. On the other hand, the bridging atom need not move 
far away (itO.2 A) to be lost from the first-shell peak. 

If the loss of two ligand atoms per Cu between oxy- and 
deoxyHc is accepted, then plausible coordination numbers are 
six and four, five and three, or four and two for oxy- and 
deoxyHc, respectively. Six-coordinate Cu(II) is well known, 
but the complexes are always tetragonal with two axial bonds 
that are substantially longer (>0.2 A) than the four equational 
bonds. It is unlikely that two axial atoms could contribute 
appreciably to the first-shell EXAFS Fourier peak. Prelimi­
nary experiments indicate that tetragonal Cu(II) complexes 
give first-shell intensities corresponding to four coordination. 
Five-coordinate Cu(II) is also well known, both trigonal- and 
square-based pyramidal geometries being common. Although 
the spread in distances between axial and equatorial or basal 
bonds is often substantial, there is precedent for Cu(II) with 
five distances within a range of 0.08 A.52 If this were the sit­
uation in oxyHc, all five ligand atoms would be expected to 
contribute to the first-shell EXAFS Fourier peak. For Cu(I), 
four, three, and two are all well-established coordination 
numbers.53 

The EXAFS nearest neighbor numbers are most consistent 
with four-coordinate Cu(II) and two-coordinate Cu(I), but 
they may well be in error by one or more units. The UV reso­
nance Raman spectrum of oxyHc is most straightforwardly 
interpreted in terms of three imidazole ligands;1 this number 
also accords with the imidazole photooxidation stoichiome-
try 16,17 Consequently, we think it likely that the coordination 
number is five for oxyHc (three imidazoles, O2, and the put­
ative extra bridging ligand) and three for deoxyHc, the three 
imidazoles presumably remaining bound to Cu(I). The oxyHc 
resonance Raman spectra suggest that one of the copper-
imidazole bonds has a lowered stretching frequency, and 
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DeoxyHc 

N 

V \ 
Cu 

1 A 
N 

Figure 7. Suggested model for the Hc binding site. 

presumably a slightly larger bond distance, than the other 
two. 

These considerations lead us to construct a model of the 
oxyHc active site, as shown in Figure 7. This model is similar 
to that which has been emerging from the various physico-
chemical studies of hemocyanin (cf, e.g., Amundsen et al.'7) 
but is more specific in structural detail. Several of its features 
are suggested by the recent work of Solomon and co-work­
ers. 7.5i.54,55 Each Cu(II) ion is drawn as having a square-
pyramidal coordination group, the basal plane being defined 
by the bridging dioxygen and tyrosine oxygen atoms and two 
of the imidazole ligands,54 the third imidazole forming the 
slightly weaker axial bond. The angle of the oxygen-oxygen 
bond with respect to the copper-copper axis cannot be deter­
mined from the available data. It could be as small as 0° or as 
large as 80°. It could also be 90°, but in that case we would 
remove the bridging tyrosine from the model and rearrange 
the basal plane to contain both the oxygen atoms of the diox­
ygen molecule. Upon deoxygenation, the bridging tyrosine is 
suggested to be removed to a nonbonding distance, leaving 
Cu(I) bound to the three imidazoles, presumably in a trigo­
nal-planar arrangement.52 The copper atoms are slightly closer 
than in oxyHc, but the 3.4-A separation is an adequate non-
bonded distance and poses no particular steric problem. There 
must, however, be a fairly special protein architecture to pre­
pare the two Cu(I) centers in just this manner. 

The symmetry of the Hc site need not be as high as indicated 
in Figure 7. Although a square-based pyramid has been chosen 
for the Cu(II) coordination group because of the evidence from 
electronic spectroscopy that the Cu(II) ions are basically te­
tragonal,7'54 appreciable angular deviations from the basal 
plane could, no doubt, occur. The 16O-18O resonance Raman 
study by Loehr and co-workers56 established that the two ends 
of the bound dioxygen molecule are equivalent, in contrast to 
the situation found in hemerythrin,57 so that the two Cu(II) 
ions cannot be too dissimilar electronically. Nevertheless, 
appreciable geometric differences between the two copper 
coordination groups could probably be tolerated and are not 
inconsistent with the UV resonance Raman spectra.1 
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