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The Use of X-Ray Absorption Spectroscopy for 
Detection of Metal- Metal Interactions. Application to 

Copper-Containing Enzymes 

ROBERT A. SCOTT and MARLY K. EIDSNESS 
Departments of Chemktry and Biochemistry and 

Center for Metalloenzyme Studies, 
University of Georgia, 

Athens, Georgia 30602 

The use of the extended x-ray absorption fine structure (EXAFS) technique for 
the identification of metal-metal distances in biomacromolecules is discussed. The 
Cu EXAFS data for a number of structurally characterized copper-containing bi- 
nuclear complexes are analyzed to determine the viability of detecting a Cu...M 
(M = Cu, Fe) scattering interaction at -3 A in the presence of Cu...C interactions 
at approximately the same distance (deriving from the outer-she11 atoms of het- 
erocyclic ligands). The techniques developed are then applied to the oxidized and 
reduced forms of the copper-containing enzyme dopamine P-hydroxylase. Although 
in principle the EXAFS technique has the ability to distinguish C from M scatterers, 
based on differences in the backscattering amplitude and phase, in the absence of 
a priori knowledge of the distribution of C atoms about the Cu site, often no 
unambiguous determination of the presence or absence of a Cu.-.M interaction 
can be made. It is suggested that caution be used in attempting to assign Cu...M 
distances based on the analysis of outer-shell Fourier-transform peaks. 

Key Words: EXA FS, metalloenzyrnes, binuclear sites, metal-metal distance, active 
site structure 

The extended x-ray absorption fine structure (EXAFS) technique 
has proven extremely useful in directly determining the local co- 
ordination environment of a selected element (usually a metal) in 
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amorphous samples. One important application of this technique 
is in examining active site structures of metallobiomolecules and 
a number of reviews of recent progress in this field are avail- 

Although EXAFS is often used to examine only the rel- 
atively low atomic number atoms directly coordinated to the metal, 
the photoelectron scattering that is responsible for the EXAFS is 
also observed from atoms in the “outer coordination spheres” (i.e., 
atoms that are not directly bonded to the metal). In particular, 
the presence of a heavy atom (e.g., another metal) in the vicinity 
of the absorbing atom should give rise to enhanced photoelectron 
scattering and, for this reason, it is often said that the EXAFS 
technique is well-suited to the determination of metal-metal in- 
teractions (e.g., in multinuclear sites of metalloenzymes). 

In fact, the use of EXAFS in determining a metal-metal distance 
(thus confirming the existence of a multinuclear site) has experi- 
enced limited success. The utility of EXAFS in this regard may be 
evaluated by its ability to identify the presence of a metal scatterer 
in the vicinity of the absorbing metal atom in the absence of in- 
dependent evidence for the existence of a multinuclear site. The 
Fe EXAFS of Fe-S cluster-containing proteins can hardly be con- 
sidered an appropriate test, since much independent information 
had already led to a very good approximate structure for such 
clusters. In addition, Fe-S clusters represent a best-case example 
of metal-metal scattering, since the relatively rigid nature of these 
clusters holds the Fe atoms close together (-2.7 A) yielding strong 
Fe.-.Fe scattering. Fe EXAFS did yield a reasonable distance for 
the Fe...Fe separation in various forms of herner~thrin,~-’ but it 
was already clear that the binuclear site was present; only the 
precise metrical details were missing. 

A better test case involves the Cu EXAFS of the deoxy form 
of hemocyanin. The existence of a binuclear site in the oxy deriv- 
ative was required to explain the magnetism of the site, but at the 
time of two independent EXAFS investigations, nothing was known 
about the structure in the deoxy derivative. One group of inves- 
tigators calculated a Ca(I)-..Cu(I) distance of 3.4 A,S while the 
other group claimed that the two Cu(1)’s were >4 A a~ar t .~JO A 
recent deoxyhemocyanin crystal structure seems to support a shorter 
Cu(I)--.Cu(I) distance.l’ A similar situation exists with the Cu..-Fe 
binuclear 0,-interaction site of cytochrome c oxidase. One group 
of investigators calculates a Cu,..-Fe,, distance of -3.0 while 
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the other group reports a value of -3.8 A . 1 3  Although, in this 
particular case, there is still some question about whether real 
structural differences among various enzyme preparations are re- 
sponsible for the contradictory results, it is disconcerting that the 
EXAFS technique has not yielded more definitive answers. 

The seemingly poor performance of the EXAFS technique in 
detecting metal-metal scattering is not related to an inherent flaw 
in the ability of EXAFS to identify scattering atom types (i.e., 
atomic numbers, Z ) .  It is a direct result of the presence of other 
scattering atoms at radial distances near the metal-metal distance. 
In an ideal world, the absorbing metal is coordinated by low-2 
atoms at distances of -2 A and the otential second metal is some 

form (FT) would show two peaks, the second one of which would 
exhibit scattering characteristics (amplitude envelope shape, phase) 
of only the second metal, which would then be easily identifiable. 
In the real world, the ubiquity of histidine imidazoles as metal 
ligands places shells of C and N atoms at distances of -3 and -4 
A from the absorbing metal which yield scattering that combines 
and interferes with scattering from a second metal in that distance 
range. Other biological ligands (e.g., cysteine, methionine, tyro- 
sine, etc.) also contribute such “second shell” C atoms in this 
region. Discrete FT peaks are often still observed but the question 
changes from “Does this F T  peak have the scattering character- 
istics of a metal?” to “Can this F T  peak be simulated by a distri- 
bution of C atoms or does the inclusion of a metal scatterer sig- 
nificantly improve this simulation?” The presence of the word 
“significantly” in this latter question makes the assignment of a 
metal scatterer considerably more subjective. 

In order to determine the true capabilities of the EXAFS tech- 
nique in detecting metal-metal interactions, we describe here Cu 
EXAFS of structurally characterized Cu compounds containing 
only “second-shell’’ C atoms or additionally containing a second 
metal (either Fe or Cu). Three different methods are explored to 
test our ability to detect Cu...M interactions. These test cases serve 
to illustrate the difficulties involved in deciding whether a metal- 
metal interaction exists based on outer-shell EXAFS scattering. 
As a biological example, this analysis is then applied to the oxidized 
and reduced forms of the Cu-containing enzyme, dopamine p- 
hydroxylase. 

longer distance away (perhaps 3-4 w ). The EXAFS Fourier trans- 

237 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
2
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



DATA ANALYSIS 

Our usual data reduction and analysis techniques were used.' The 
analysis makes use of the plane-wave, single-scattering EXAFS 
expression (Eq. (l)), where the EXAFS quantity x is described as 
a function of photoelectron wave vector k. N ,  is the number of 
identical scatterers in a particular shell, R,, is the absorber-scat- 
terer distance, and uas is the rms deviation in distance. The scat- 
tering characteristics of a particular shell of atoms are given by a 
scattering amplitude [B,(f,(.rr,k)(] and phase [aas(k)]. Differences 
in these quantities allow one to distinguish a low-2 scatterer (e.g., 
C) from a high-Z scatterer (e.g., a metal). 

x(k) = 2 BsNs'sp'k)' exp( - 2a2,k2) sin[2kRa, + a,,(k)] (1) 
s W a s  

For example, theoretical Cu-C and Cu-Cu backscattering am- 
plitudes and phases are compared in Fig. 1. In Fig. la,  the theo- 
retical scattering functions calculated by Teo and Lee14 were used 
to compare the simulated Cu EXAFS (weighted by k3) of a shell 
of four carbons with that from a shell of one copper (both at a 
distance of 3.0 A). As expected, backscattering from a heavy scat- 
terer (Cu) results in a k3x(k) contribution that maximizes at a 
significantly higher k than backscattering from a light scatterer 
(C). This difference in backscattering amplitude envelope shape 
can be exploited to distinguish Cu...C and Cu--Cu (or other Cu...M) 
scattering. A convenient method for making this comparison of 
the shape of these envelopes (Method 1, vide infru) is to compare 
the relative height of lT peaks generated by Fourier transfor- 
mation with k" weighting of X(k) (varying n). In Fig. lb ,  the the- 
oretical phases [a,(k)] are compared for Cu-C and Cu-Cu back- 
scattering. Although it is not clear whether the phase difference 
observed in Fig. l b  is sufficient to allow a distinction to be made, 
in principle phase comparison is another method (Method 2, vide 
infra) that could be used to distinguish heavy and light atom scat- 
tering. Of course, standard EXAFS curve-fitting techniques rely 
on differences in both backscattering amplitude and phase to sim- 
ulate the EXAFS contribution from Cu...C or Cu-..M interactions. 
Method 3 consists of using standard curve-fitting optimizations to 
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determine the necessity of a Cu..-M component for properly sim- 
ulating a filtered outer-shell FT peak. 

Method 1: k"-Weighted Fourier Transformation. It is common 
practice to use k"X(k) (n  = 2,3) instead of just X(k) as the function 
to be Fourier transformed in EXAFS analysis. The k" weighting 
function highlights the EXAFS oscillations at high k (relative to 
those at low k), thus effectively serving as a resolution enhance- 
ment function in the Fourier transform. An EXAFS contribution 
from Cu..-M scattering maximizing at higher k is expected to yield 
an FT peak, the height of which is more strongly dependent on n 
than one resulting from Cu...C scattering (see Fig. la) .  For ex- 
ample, comparing FTs in which the weighting functions k3, k4, k5 
are used should yield a Cu.--Cu FT peak with increasing height as 
n increases from 3 to 5 ,  but a Cu.-.C FT peak height that is not 
dependent on n .  One problem with such an approach is that the 
k" weighting function affects the overall size of FT peaks and so 
some scaling must be done to directly compare the peaks. Often, 
FT peak heights for outer-shell peaks are compared relative to the 
height of the first-shell FT peak. This may not be the best scaling 
procedure, since the first-shell F T  peak is also expected to have 
some k" dependence which may vary from one compound to an- 
other. An alternative scaling procedure (used here) is to correct 
for the k" weighting function by choosing some k, (independent 
of the compound being examined) and dividing the F T  magnitudes 
by k," before comparing them. The choice of k, is somewhat ar- 
bitrary, but we find that k, = 8 k' gives the desired effect. For 
example, Fig. 2 shows k"-weighted FT comparisons for the sim- 
ulated data in Fig. 1. For Cu...C only (solid line in Fig. la) ,  Fig. 
2a shows no monotonic trend of k"-weighted FT peak height with 
n. However, for Cu..Cu (dashed line in Fig. la) ,  Fig. 2b shows 
the expected monotonic increase of k"-weighted FT peak height 
with increasing n. Unfortunately, if a real-world situation of a 
combination of Cu.-.C and Cu-..Cu interactions at similar dis- 
tances is simulated, then the EXAFS may lose most of the distin- 
guishing backscattering amplitude envelope shape (Fig. lc)  and, 
consequently, the monotonic dependence of k"-weighted lT peak 
height on n (Fig. 2c). This behavior will of course depend on the 
actual distances, coordination numbers, and Debye-Waller factors 
for the Cu...C and Cu...Cu shells, but we should at least expect 
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4 

-4 
5x 

b 
0 I , , .  

3.0 5.0 7.0 9.0 11.0 13.0 

k (A-I) 
FIGURE 1 Simulated Cu EXAFS using theoretical Cu-C and Cu-Cu scattering 
functions. (a) Calculated scattering from 4C @ 3.0 8, (-) and 1 Cu @ 3.0 8, (- 
- -). (b) Theoretical phases [a,(k), see Eq. (l)] for Cu-C (--) and Cu-Cu (- 
- -) scattering. (c Calculated scattering from 4 C @ 3.0 8, (-) and 1 Cu @ 3.0 
8, + 4 C @ 2.9 B (- - -). In (a) and (c), all uar values were chosen as 0.05 A. 
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ks-weighted (x 64) a 

---- k *-weighted (x 8) 
........ k 5-weighted 

Q 
2 - .- c 

1100 

. .  ' .  - k3-weighted (x 64) 
, .  

b 

1100 

C k3-weighted (x 64) 
- - -_ k 4-weighted (x 8) 
........ k s-weightd Q 

0 1.5 3.0 4.5 6.0 7.5 

R' (4 
FIGURE 2 Fourier transforms (lTs) of simulated Cu EXAFS in Fig. 1.  All FT 
ranges are k = 3-13 A-'. (a) k"-weighted FI% (n  = 3-5) of solid line in Fig. la,  
4 C @ 3.0 A. (b) k"-weighted I T S  ( n  = 3-5) of dashed line in Fig. la ,  1 Cu @ 
3.0 A. (c)  k"-weighted FI's ( n  = 3-5) of dashed line in Fig. lc, 4 C @ 2.9 A + 
1 Cu @ 3.0 A. 
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difficulty in using this method to confidently detect Cu--.M inter- 
actions in the presence of Cu...C interactions. 

Method 2: Phase Comparison. The phase shift a,,(k) [see Eq. 
(l)] should be different for Cu...Cu and Cu...C backscattering. 
For a particular outer-shell FT peak, the effective phase shift may 
be extracted by complex Fourier back-transformati~n,~.~~ given a 
knowledge of R,, [so that the 2kR,, term may be removed from 
the sine argument in Eq. (l)]. In practice, one makes a comparison 
between the phase shift extracted from a FT peak from a (model) 
compound known to contain only Cu...C backscattering and the 
phase shift of a FT peak being tested for the presence of Cu...M 
scattering. This comparison should be restricted to FT peaks oc- 
curring at the same R', using the R,, from the model for the phase 
shift extractions in both cases. Observation of a significant differ- 
ence between the extracted phase shift of the unknown and model 
is then taken as evidence that some scatterer other than C (or N, 
0) is contributing to the FT peak in question. Determination of 
what is a significant difference may be accomplished by comparing 
the phase shifts of a number of model compounds with only Cu..*C 
backscattering at the distance being examined. 

Method 3: Curve Fitting. This method takes advantage of the 
differences in both backscattering amplitude and backscattering 
phase components for Cu--.M versus Cu...C scattering. It is more 
difficult to apply because it requires quantitative knowledge of the 
actual backscattering functions for Cu--.C and Cu...M . (The other 
methods simply depend on observation of qualitative differences 
in either amplitude or phase.) The theoretical scattering functions 
of Teo and Lee14 cannot be depended upon a priori, but may be 
useful in connection with a FABM-like in which 
structurally characterized compounds are used to extract scale fac- 
tors [B, and B,, see Eq. (l)] and AE, values [AE,(C) and AE,(M)] 
for Cu...C and Cu...M backscattering. This is substantially more 
difficult for outer-shell (compared to first-shell) scattering, since 
a significant amount of disorder in Cu..-C distances is common 
and since Cu--.M scattering is never observed (in a relevant model) 
in the absence of Cu-..C interference. 

Given a good set of backscattering functions for Cu.--C and 
Cu...M, the curve-fitting approach usually involves Fourier filter- 
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ing of the FT peak in question, followed by 2- (or 3-) shell curve 
fitting of the resultant filtered EXAFS data. For a copper site of 
unknown structure, it is reasonable to expect disorder in C u - - C  
outer-shell distances (e.g., from tilted imidazoles, or other outer- 
shell carbons in addition to imidazoles), so that a typical compar- 
ison may be between a two-shell Cu...C, Cu.--C’ fit and a two- 
shell Cu...C, Cu..-M fit. The Cu...C, Cu...M fit must be judged 
significantly better in order to claim identification of a Cu-.*M 
interaction. 

RESULTS AND DISCUSSION 

Cu EXAFS data from a number of structurally characterized Cu 
mononuclear and Cu-M (M = Cu, Fe) binuclear compounds have 
been analyzed to test the ability of the three methods described 
above to identify Cu-M scattering. All of these compounds (Table 
I) exhibit first coordination spheres of N-, 0-, or S-containing 
ligands and many have imidazole or imidazole-like ligands making 
them reasonable models for scattering that might be observed in 
a metalloenzyme copper active site. 

Method 1. A particularly useful FT comparison is the homolo- 
gous series of Cu, Cu-Cu, and Cu-Fe derivatives of the [(fsa),en] 
ligand shown in Fig. 3. Comparing first only the k3-weighted FTs 
(solid lines in Fig. 3), the mononuclear compound (C3, Fig. 3b) 
exhibits an unsymmetrical peak at R’ = 2.6 A due to scattering 
from a disordered set of carbons in the ligand. This FT peak is 
enhanced (relative to the first-shell FT peak) in the Cu-Cu bi- 
nuclear derivative (CC3, Fig. 3a), attributable to the additional 
presence of Cu...Cu scattering (the C u - - C u  distance is 2.94 AZ3). 
In contrast, the Cu-Fe binuclear derivative (CF3, Fig. 3c) exhibits 
a much reduced intensity of the IT peak at R’ = 2.7 A (as well 
as enhanced FT intensity at R’ -2.2 A). Since the structure of the 
Cu-Fe derivative20 confirms the same set of outer-shell carbons 
as in the other derivatives and a similar Cu...Fe distance of 3.03 
A, the explanation for the reduced F T  intensity must involve de- 
structive interference between Cu.-.Fe and Cu...C backscattering 
components. Thus, the presence of a Cu...Fe interaction at -3.0 
A may be almost completely masked by the presence of Cu..-C 
interactions. 
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CC6 [Cu,(bpeac)(N,)]" 

24 

25 

CFl {C~[(prp)~en]Fe(hfa)~}+ (n = 2) 

CF2 {C~(prp),pn]Fe(hfa)~]+ (n  = 3) 

26b 

26h 

CF4 {[Cu(l ,3-prnS)]ZFe(H,0)z}2 + 

20 

26b 

"References are to crystal structures unless otherwise noted. 
bCrystal structures have not been published. 
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a k3-weighted (x 64) 
k4-weighted (x 8) . 

. . . .'. . . . k S-weighted 

1.5 3.0 4.5 6.0 7.5 
R' (4 

FIGURE 3 k"-weighted FTs (n = 3-5, k = 3-13 A-') of Cu EXAFS for com- 
pounds CC3 (a), C3 (b), and CF3 (c). 
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The height of the R‘ = 2.7 A FT peak due to Cu...C, Cu- .Cu  
scattering in Fig. 3a exhibits the expected dependence on k” weight- 
ing (i.e., the FT peak height increases with increasing n ) ,  but a 
somewhat similar trend is also observed for the mononuclear de- 
rivative in Fig. 3b in the absence of any Cu.--M scattering. This 
type of “false positive” result is more clearly demonstrated in the 
k“-weighted FTs of the mononuclear [Cu(imidH),DAPI2+ (Cl) 
shown in Fig. 4a. Using the criterion of increasing FT peak height 
with increasing n (in k“-weighted FTs), one would have to conclude 
that the R‘ = 2.5 A FT peak in Fig. 4a contains some Cu...M 
contribution, when in fact none exists. The behavior of this FT 
peak is the result of an EXAFS backscattering amplitude envelope 
that maximizes at relatively high k,  not because a heavy (M) scat- 
terer is involved but because of a significant static disorder in the 
Cu...C shell. As shown in Fig. 4b, a statically disordered Cu-.*C 
shell does not always result in a “false positive” result. The height 
of the R‘ = 2.6 A peak in the FT of {C~[2,2’-(imid),biphenyl],)~+ 
(C2, Fig. 4b) is virtually independent of n ,  as might be expected 
for solely Cu...C scattering. 

Figure 5 shows that other Cu-..Cu binuclear compounds with 
Cu...Cu distances in the 3.0-3.2 A range also exhibit FT peaks 
(at R‘ = 2.7-2.8 A) with heights that increase as n increases. For 
[CU,(L‘)(OH)]~+ (CCI, Fig. 5a), the interpretation is slightly con- 
fused by the presence of a FT peak at R; = 2.2 A that also follows 
this trend. However, a peak at this position could not realistically 
contain a (nonbonded) Cu...M contribution, since the Cu.-.M dis- 
tance would have to be -2.6 A. 

The results on binuclear compounds with longer (3.4-3.8 A) 
Cu-.-Cu distances are not encouraging. [CU,(L-E~)(OAC)]~+ (CC4, 
Fig. 6a) shows an FT peak at R‘ = 3.1 A that must contain the 
Cu...Cu scattering (the Cu-..Cu distance is 3.46 AZ4), but that 
shows only a very weak trend with k“ weighting. The Cu...Cu FT 
contribution for [Cu,(L-Et)(N,)]’+ (CC5, Fig. 6b) is virtually non- 
existent but might be contained in the R‘ -- 3.3 A FT peak (the 
Cu...Cu distance being 3.62 A glance at the FT of [Cu,- 
(bpeac)(N,)I2+ (CC6, Fig. 6c) would suggest a Cu.-.Cu contri- 
bution to the R’ = 2.8 A FT peak, although the crystallographically 
determined distance is 3.76 AZ5, making the R‘ = 3.3 A FT peak 
the best candidate for the Cu.-.Cu scattering. 
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700 I I I I I 

1006 

n 

I I 1 I 

U 

0 1.5 3.0 4.5 6.0 7.5 
R' (4 

FIGURE 4 k"-weighted FTs (n  = 3-5, k = 3-13 k' )  of Cu EXAFS for com- 
pounds C1 (a) and C2 (b). 

The closely related Cu-Fe binuclear compounds {Cu[(prp),en] 
Fe(hfa),}+ (CF1, Fig. 7a) and {C~[(prp),pn]Fe(hfa)~}+ (CF2, Fig. 
7b) are expected to have Cu...Fe distances very similar to CF3 
(Fig. 3c). The FTs of all three of these compounds show very little 
outer-shell scattering, indicating that the destructive interference 
of Cu.-.Fe and Cu--.C scattering for Cu..-Fe distances of -3.0 A 
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800 

al 
73 
3 
*-. .- 
$ 400 
2 
t 

I I I 1 

a __- k 3-weighted (x 64) 
_ _ _ _  k4-weighted (x 8) 
. - . . - . k 5-weighted 

'*+ 

1100 

t 

n 
U 

0 1.5 3.0 4.5 6.0 7.5 
R' (4 

FIGURE 5 kn-weighted FTs (n = 3-5, k = 3-13 kl) of Cu EXAFS for com- 
pounds CCl (a) and CC2 (b). 

is a common phenomenon. This is contrasted by the FT of the 
trinuclear (Cu,Fe) compound {[Cu( 1,3-prnS)],Fe(H,0),}2+ (CF4, 
Fig. 8a), which is again expected to have a similar Cu...Fe distance 
of -3.0 A. The FTs of the Cu EXAFS of this compound exhibit 
peaks at R' = 2.7 A, the heights of which show the expected trend 
with k" weighting. Figure 8b shows the FTs for a trinuclear (CuFe,) 
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R' (4 

FIGURE 6 k"-weighted lTs ( n  = 3-5, k = 3-13 k') of Cu EXAFS for com- 
pounds CC4 (a), CC5 (b), and CC6 ( c ) .  
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FIGURE 7 k"-weighted FTs (n =3-5, k = 3-13 A-' )  of Cu EXAFS for com- 
pounds CFl (a) and CF2 (b). 

compound with a long Cu . . .Fe  dis tance (-3.9 A), 
[(TPP)Fe(mnt)Cu(mnt)Fe(TPP)] (CFS). Although the IT peak (at 
R' = 3.5 in Fig. 8b) containing the Cu...Fe scattering (in this 
case from two Fe scatterers) does show the expected trend with 
k" weighting, so does the FT peak at R' -- 2.9 A. 

In summary, the detection of Cu.-.M interactions by examina- 
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_ - _ -  k 4-weighted (x 8) 
_._.___ - k 5-weighted 

FIGURE 8 k"-weighted FTs (n = 3-5, k = 3-13 A - I )  of Cu EXAFS for com- 
pounds CF4 (a) and CF5 (b). 

tion of the n-dependence of FT peak heights in k"-weighted FTs 
does not succeed. Although the expected trends are sometimes 
observed, there are too many counterexamples of peak heights 
increasing with increasing n for FT peaks that contain no Cu...M 
interaction (e.g., C3, Fig. 3b; C1, Fig. 4a; CC6, Fig. 6c; CF5, Fig. 
8b) or of Cu...M containing FT peaks that do not show this trend 
(e.g., CC5, Fig. 6b; CC6, Fig. 6c; CF1, Fig. 7a). Even more prob- 
lematic is the virtual disappearance of outer-shell FT peaks in CuFe 
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a" 

4n 

2n 

I I I I 

- _ - _ -  

cc3 
~ cc2 

.......... 

n l  I I I I ., 
3.0 5.0 7.0 9.0 11.0 13.0 

k @-I)  

FIGURE 9 Effective backscattering phases [a , , (k) ,  see Eq. (l)] extracted from 
outer-shell FT peaks of the indicated compounds by complex Fourier back-trans- 
formation. For each extracted shell, the position of the FT pea,k ( R ' )  and the 
distance used for the phase extraction ( R J  were: C3, R' = 2.27 A, R,, = 2.9 A; 
C2, R' = 2.64 A, R,, = 2.9 A; CF4, R' = 2.69 A, R,, = 3.0 A; CC3, R' = 2.67 
A, R,, = 3.0 A; CC2, R' = 2.69 A, R,, = 3.0 A. 

compounds with R(Cu.-.Fe) = 3.0 A due to the destructive inter- 
ference of Cu...Fe and Cu...C scattering (e.g., CF3, Fig. 3c; CF1, 
Fig. 7a; CF2, Fig. 7b). 

Method 2. In order to test the possibility of using the backscat- 
tering phase as an indicator of scatterer type (i.e., C u - - C  or Cu--.M), 
a representative group of Cu mononuclear and Cu-M (M = Cu, 
Fe) multinuclear compounds were compared. The effective appli- 
cation of this method is difficult, since it is expected to be important 
to compare FT peaks from different samples that fall at very similar 
R' (since the multiple scattering and inelastic scattering will be 
different for shells at different distances). Given the available data, 
we were able to compare phases extracted from FT peaks occurring 
at R' = 2.7 k 0.1 A (i.e., real distances of -2.9-3.1 A) and these 
phases [a,(k), see Eq. (l)] are displayed in Fig. 9. Another tech- 
nical problem with this method involves the ability to successfully 
extract a single IT peak. The presence of shoulders on the filtered 
FT peak arises from significant disorder in distances, which is 
reflected in beat patterns in the EXAFS. At a beat in the EXAFS, 
the phase goes through a (sometimes poorly resolved) disconti- 
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nuity, giving rise to inflection points in some of the phases plotted 
in Fig. 9. This makes the comparison even more difficult. 

For the phase comparison method to be a viable means of iden- 
tifying Cu-..M scattering, all the phases for FT peaks containing 
Cu..-M scattering should occur outside a tightly grouped subset of 
phases from FT peaks containing only Cu.--C scattering. Figure 9 
clearly illustrates that this is not the case. The phase differences 
between two Cu mononuclear compounds (C2 and C3) are easily 
as large as the differences between these and the phases from the 
Cu..-Cu (CC2, CC3) and Cu...Fe (CF4) compounds. This type of 
phase comparison is apparently not a reliable method of detecting 
Cue * *M scattering. 

Method 3. Since quantitative knowledge of both Cu...C and 
Cu-.-M backscattering functions is required for the use of curve 
fitting to detect Cu...M interactions, the first task is to generate 
these functions. For this illustration, it is useful to restrict our 
attention to scatterers in shells -3 A from the Cu. Cu...C back- 
scattering functions can be extracted from the two structurally 
characterized copper mononuclear compounds, C1 and C2, and 
can then be used to help define Cu...Cu backscattering from Cu- 
Cu compounds that contain both Cu...C and Cu-..Cu interactions. 

Both mononuclear compounds C1 and C2 have two separate 
groups of Cu...C interactions (at -2.85 A and -3.1 A) so that a 
series of optimizations was required to define a Cu . .C  scale factor 
(B,) and AEo(C). For each compound, the FT‘ peak at R’ = 2.6 
A was Fourier-filtered (see Fig. 10a,d) and the resulting x’(k) data 
were curve-fit using the Teo and Lee theoretical functions14 for 
two shells of Cu..-C scatterers. Coordination numbers for both 
shells were fixed at the crystallographic values, initial B, and AEo(C) 
values were guessed and kept fixed at the same value for both 
shells, and R,, uas were optimized. A set of such optimizations 
were done, choosing a different Bc value each time to “manually” 
optimize B,. AEo(C) was then “manually” optimized by a similar 
set of optimizations in which AEo(C) was changed and B, was 
held constant at its optimized value. Performing an identical series 
of optimizations for both compounds resulted in best average val- 
ues for B ,  and AE,(C) of 0.30 and + 5  eV, respectively. (Recall 
that Eo = 9000 eV was used when defining the k-scale.) Fits of 
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.'JO ' 516 ' 712 ' 818 ' 1i.4 ' 110 4.0 5.6 7.2 8.8 104 12.0 

k (A-'1 k (A-') 

FIGURE 10 Curve-fitting results for Cu...C shells of Cu EXAFS for compounds 
C1 and C2. (a) k3-weighted FT from k = 3-13 k' (dashed line) and filter window 
(dotted line) used to generate the Cu...C shell FT data (solid line) of compound 
C1 which gives rise to the filtered data in (b) and (c) (solid lines). The dashed lines 
in (b) and (c) are simulated data from fits 2A and 2B, respectively. (d) Fourier- 
filtering of the Cu...C shell for compound C2 [as in (a)]. The dashed lines in ( e )  
and (f) are simulated data from fits 2C and 2D, respectively. 

the filtered X'(k) data for compounds C1 and C2 using these values 
are compared in Fig. lOc,f. Figure 10b,e shows that two shells of 
Cu*..C scatterers are required to adequately fit the data. 

The numerical fit results are tabulated in Table 11. The theo- 
retical phase functions are able to reproduce the crystallographic 
distances within the expected accuracy ( -+ 0.02 A), except for the 
longer Cu.-.C shell of compound C1 (Fit 2B, Table 11), where the 
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TABLE I1 

Curve-fitting of second-shell Cu..C interactions in structurally characterized copper mononuclear compounds 

CU...C Cu...C' 

2.82 0.0900 - - - 0.247 
2.84 0.0000 (6) 3.19 0.1071 0.054 

[2.84] 

3.17 0.0881 - - - 0.173 

[2.86] [3.15] 

Compound Fit Ns R (A) 0,s (A) N, R:, (A) 0,s (4 f Ib 
c1 2A (10)' 

2B (4) 

c2 2c (16) 
2D (4) 

[3.09) 

2.84 0.0585 (12) 3.16 0.0731 0.021 

"Distances in brackets below curve-fitting results are the crystallographic averaged distances. 
is a goodness-of-fit statistic normalized to the overall magnitude of the k3x(k) data: 

f, = {W3(X"b.d(i) - xca,c~~~~12~"'* 

(k3X)max - (k3X)m,n 
where N is the number of data points fit. 
'Coordination numbers (in parentheses) were selected as the crystallographic numbers and not varied during optimizations. 
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Cu*..C distance is overestimated by 0.1 A. This could be the result 
of our treatment ignoring multiple scattering. Also, for this optim- 
ized B,, uas for the shorter Cu...C shell of compound C1 (Fit 2B) 
is very small, indicating a structurally rigid environment. The car- 
bons contributing to this shell are part of a 5-membered chelate 
metallacycle (see Table I), a structure that should not occur in 
biological systems. Indeed, the short Cu...C shell of compound 
C2 (Fit 2D) exhibits a much less rigid environment (higher uas), 
as is to be expected for the much larger (and more biologically 
relevant) chelate ring. 

For Cu...Cu scattering, the structurally characterized com- 
pounds CCl, CC2, and CC3, exhibiting respective Cu.-.Cu dis- 
tances of 3.08,21 3.18,22 and 2.94 A,23 were analyzed. In each case, 
at least two shells of Cu...C interactions also contribute to the FT 
peak containing the Cu...Cu scattering. The approach to deter- 
mining Cu...Cu scattering functions was completely analogous to 
the approach described above for Cu--.C, the scale factor (B,J 
and AEo(Cu) being manually optimized individually in curve fits 
that used B, = 0.30 and AE,,(C) = + 5 eV for the Cu-..C shells, 
while allowing R,, and uas to vary for all shells. The curve-fitting 
results summarized in Table I11 yield optimized values of B,, = 
1.0 and AEo(C) = +20 eV. Figure 11 shows the Fourier filtering 
for these three compounds (Fig. l la,d,g) as well as the best curve 
fits using these optimized parameters (Fig. l l c  for CC1, l l f  for 
CC2, and l l i  for CC3). 

This application of the FABM m e t h ~ d ' ~ - ~ '  for outer-shell Cu.-.C 
and Cu..-Cu interactions results in EXAFS-determined distances 
that are sometimes different from the crystallographically deter- 
mined ones. For the shorter C u . . C  interactions (-2.8-2.9 A), 
the distances are underestimated by an average of 0.03 8,, whereas 
longer Cu...C distances (-3.1-3.3 A) are overestimated by an 
average of 0.08 A (see Tables I1 and 111). Cu...Cu distances near 
3 8, are underestimated by an average of 0.07 A, with the under- 
estimation becoming more pronounced at longer distances (cf. fits 
3E and 3G). For Cu...C interactions, part of the reason for these 
systematic errors may be our simplified arrangement of a very 
disordered set of Cu--.C interactions into two discrete subshells 
(i.e., the pairwise distribution functions within these subshells are 
decidedly non-Gaussian); but for both Cu...C and Cu..-Cu inter- 
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TABLE 111 
Curve-fitting of second-shell Cu...C + Cu..Cu interactions in structurally characterized copper binuclear compounds 

CCI 3A (7)' 

(4) 

cc2 

cc3 

2.94 
[2.94] 
3.42 
[3.20] 
3.09 
3.43 
2.85 
3.09 
3.44 
3.24 
3.62 
2.92 

[2.96] 
3.28 

2.87 
3.22 

[3.29] 

0.0770 (1) 

0.0021 

0.0672 - 
0.0000 
0.0635 - 
0.0292 
0.0249 

0.0506 
0.1292 (1) 

0.0485 ' (1) 

0.0000 

0.0002 - 
0.0000 

3.01 0.0860 0.051 
(3.081 

- - 0.108 

0.036 - - 

3.33 0.0743 0.051 

3.08 0.0700 0.027 
[3.18] 

- - 0.104 

3G (5) 2.80 0.0000 (1) 2.90 0.0723 0.065 
(2.941 [2.89] 

(2.5) 3.36 0.0000 
[3.28] 

3H (5) 
(2.5) 

- - - 3.01 0.0000 0.096 
3.36 0.0000 

"Distances in brackets below curve-fitting results are the crystallographic averaged distances. 
hf' is defined as in Table 11. 
'Coordination numbers (in parentheses) were selected as the crystallographic numbers and not varied during optimizations. 
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Application to Copper Enzymes. EPR spectra of dopamine p- 
hydroxylase (DBH) in its oxidized [Cu(II)] state are typical of 
mononuclear type 2 C U ( I I ) . ~ ~ - ~ ~  However, the catalytic reaction 
(conversion of dopamine to norepinephrine) requires reduction of 
DBH to Cu(1) and the kinetics suggest the possibility of a binuclear 
site in the Cu(1) form.33 Our Cu EXAFS data on the ascorbate- 
reduced enzyme collected at 10 K34 give rise to FT peaks in the 
positions expected for Cu.-.C scattering arising from histidine im- 
idazole ligation (see Fig. 12a). We can use the curve-fitting pro- 

6 -  . , . , , , . , . 
a 

' 0  1 5  3 0  4 5  6 0  7 5  
R (A) 

l . l l l . l . l l l . l . l . l . l l l . l  
h.0 5.6 7.2 8.0 10.4 120 '4.0 5.6 7 Z k I A , , 8 . 8  10.4 12.0 

k (A '1 

I .  I .  I . , .  I . ] . I . ,  . 1 . . .  I .  I 
'4.0 5.6 7.2 8.8 10.4 12.0 h.0 5.6 7.2 8.8 10.4 12.0 

k (A.') k (A-') 

FIGURE 12 Curve-fitting results for outer shells of Cu EXAFS for the reduced 
(a, b, c) and oxidized (d, e, f) formsof dopamine P-hydroxylase (DBH). (a) Fourier- 
filtering of the outer shell for reduced [Cu(I)] DBH (see caption for Fig. 10a). The 
dashed lines in (b) and (c) are simulated data from fits 4A and 4C, respectively. 
(d) Fourier-filtering of the outer shell for oxidized [Cu(II)] DBH. The dashed lines 
in (e) and (f) are simulated data from fits 4D and 4E, respectively. 
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cedure described above to test for the presence of Cu...Cu scat- 
tering in the FT peak at R' = 2.6 A (Fig. 12a). 

The results of curve fitting of the Fourier-filtered EXAFS data 
from extraction of this IT peak (shown as solid lines in Fig. 12b,c) 
are summarized in Table IV. In these fits, we have assumed the 
presence of two imidazoles bound to the Cu(I), consistent with 
our analysis of the first-shell data and the edge spectrum.34 As- 
suming a static disorder in imidazole ligation (e.g., tilting of the 
imidazoles) allows a reasonable fit of the filtered data with two 
sets of Cu...C distances and no Cu---Cu scattering (Fit 4A, Fig. 
12b). Fit 4B shows that a single Cu...Cu shell in the absence of 
any Cu..-C scattering can fit the data almost as well. This points 
out the folly of comparing only goodness-of-fit cf ' )  values, since 
the presence of the FT peak at R' = 3.4 8, (Fig. 12a) confirms the 
presence of imidazoles which must then contribute some Cu...C 
scattering to the R' -- 2.6 8, FT peak. Also, usingf' as a guide, 
fit 4C would be considered the best, indicating the presence of 
Cu--.Cu scattering with two shells of Cu. -C scattering. However, 
the Debye-Waller was for the Cu..-Cu shell of this fit is very large 
compared to values seen for structurally characterized models (see 
Table 111), making this a physically unreasonable structure. 

Thus, for ascorbate-reduced DBH, we conclude that there is 
probably not a Cu...Cu interaction around 3.2 A, unless it is a 
very weak interaction (giving rise to the large cas in fit 4C). Very 
few structurally characterized Cu(I)...Cu(I) binuclear compounds 
with short Cu(I)..Cu(I) distances are available to determine whether 
this large uas is reasonable or not. 

It is instructive to compare these results with the results for the 
oxidized form of DBH, the Cu EXAFS F T  of which also shows a 
peak at R' 2 2.7 A of about the same magnitude (Fig. 12d; note 
the difference in scales on the ordinates of Fig. 12a,d). As already 
mentioned, oxidized DBH with two coppers per subunit exhibits 
a type 2 EPR signal, the quantitation of which accounts for all of 
the Thus, it is extremely unlikely that a binuclear site 
with a Cu...Cu distance of -3-3.5 A occurs in this derivative. 
Assuming three imidazoles per one can obtain a barely 
adequate fit assuming two shells of Cu..-C interactions (fit 4D). 
Adding a Cu...Cu shell improves f' by more than a factor of 4, 
although a fairly large uas for the Cu-..Cu shell and an uneven 
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TABLE IV 

Curve-fitting of second-shell interactions in the copper-containing enzyme dopamine P-hydroxylase 

DBH, 
oxidized 

4D (3) 

2.94 
3.34 

2.95 
3.36 

2.97 
3.32 
3.00 
3.36 
2.98 
3.28 
3.40 

- 

0.0362 - - - 0.089 
0.0549 

- 3.22 0.1222 0.125 
0.0369 (1) 3.17 0.1608 0.058 
0.0847 

0.0936 - - - 0.111 
0.0538 
0.0360 (1) 3.15 0.1488 0.023 
0.1007 
0.0683 - - - 0.048 
0.0000 
0.0378 

(1) 

4f' is defined as in Table 11. 
bCoordination numbers (in parentheses) were not varied during optimizations. 
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distribution of Cu*..C interactions are required (fit 4E). Some, but 
not all, of this improvement can be explained simply by the increase 
in the degrees of freedom, since a fit with three separate Cu..*C 
(and no Cu...Cu) shells (fit 4F) is significantly better than the two 
Cu.*.C shell fit (4D). 

The structural results from the Cu...Cu, Cu...C fits for the ox- 
idized and reduced forms of DBH are strikingly similar (cf. fits 
4C, 4E). Since it is clear from EPR that a Cu...Cu distance of 3.15 
A in oxidized DBH is virtually impossible, the curve-fitting results 
of fit 4E must be artifactual. If this is true, then the presence of 
a Cu.-Cu component in fit 4C could also be an artifact, suggesting 
that the EXAFS curve fitting provides no real evidence for a Cu.--Cu 
interaction in reduced DBH. 

It is somewhat disturbing to note that in the absence of any 
independent knowledge about the copper site structure in oxidized 
DBH, the Cu EXAFS curve-fitting results (fits 4C, 4E) could easily 
have been interpreted as indicating a Cu-..Cu separation of -3.2 
A in both oxidized and reduced forms of DBH. (The large uas 
values could be rationalized as due to microheterogeneity or to a 
binuclear structure considerably less rigid than the doubly-bridged 
model compounds examined herein.) It is very unlikely that this 
is the case. We are forced to conclude that this curve-fitting ap- 
proach is not only subject to “false negative” results (not identi- 
fying a Cu-.Cu interaction known to be present-fit 3C) but also 
to “false positive” results (detecting a Cu...Cu interaction when 
none exists-fit 4E). 

CONCLUSIONS 

The purpose of this exercise was to discover not the failures but 
the limitations of the EXAFS technique in sensing longer distance 
scattering atoms. It should be reemphasized that the problems 
encountered are not due to an inherent flaw in the EXAFS tech- 
nique, but arise because of the complexity of the highly unsym- 
metrical structural environment typically found in biological metal 
sites. Thus, the overlapping of a large number of scattering con- 
tributions from different atoms at slightly different distances results 
in an inability to identify a unique structural solution using EXAFS 
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curve-fitting techniques. This overlapping of scattering contribu- 
tions apparently also sufficiently alters the effective backscattering 
amplitude envelope and phase derived from the composite FT peak 
so that amplitude envelope and phase comparisons (Methods 1 
and 2, vide supra) also fail to uniquely identify the presence of a 
metal scatterer. 

The curve-fitting approach described here relies on Fourier fil- 
tering of the Cu EXAFS data to isolate the scattering components 
of interest (i.e., the scattering components in a limited R’ range 
of the FT). It must be remembered that such an isolation procedure 
does not necessarily yield all the scattering components in a sim- 
ilarly limited R range (i.e., in a real distance range). F T  peaks 
cannot be completely separated from neighboring peaks due to 
overlap. Perhaps more importantly, since the FT’s used for the 
filtering process were derived from k3x(k) data, the FT peaks 
appear more resolved (due to the artificial resolution enhancement 
of the k3 weighting function) than they really are. Thus, a given 
peak in a k3-weighted FT does not necessarily reflect a true “shell” 
of scattering atoms. The filtering process may then distort the 
scattering components by selecting out the smaller R‘ range sug- 
gested by the resolution-enhanced FT peak. The usual justification 
for using this Fourier-filtering procedure is that the curve fitting 
uses scattering functions that are derived from similar filters of 
similar k3-weighted FTs of “model” compound EXAFS data. This 
may compensate for the distortion of the scattering components 
for shorter distances (“first-shell”) scatterers, but for very disor- 
dered outer shells, the different distribution of scattering compo- 
nents in the “model” compared to the “unknown” makes appro- 
priate compensation extremely unlikely (unless the “model” 
compound structure is very similar to the “unknown” structure). 

A potential solution to this problem is to perform the curve 
fitting on raw (unfiltered) EXAFS data. Unfortunately, even given 
appropriate scattering functions, for the type of structures exam- 
ined herein, simulation of the raw EXAFS would require about 
six shells of scatterers. Since the fits we describe on Fourier-filtered 
data were often equally good with and without a Cu...M compo- 
nent, one would certainly expect no significant change in the qual- 
ity (f’) of a fit in which most of the EXAFS is contributed by first- 
shell scatterers. In other words, the underlying difficulty in de- 
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tecting Cu...M scattering in the cases we have described is the 
small overall contribution of the Cu...M scattering to the EXAFS, 
as well as the ability of other potential scatterers to mimic (replace) 
the Cu-..M scattering component in the simulation. 

Our results suggest that identification of M...M scattering at 2 3  
A in metallobiomolecules is fraught with difficulties and ambiguity. 
It is possible that better scattering functions or treatment of mul- 
tiple scattering effects will improve the situation, but it should be 
realized that evidence for EXAFS simulations being unique should 
always be a required part of a structural determination, particularly 
when dealing with outer-shell scatterers. 
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