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We report a procedure, through difference comparison of X-ray absorption 
edge spectra, for the quantitative determination of Cu(I) content in copper 
corrlplexes of mixed oxidation state composition. This technique is tested on 
copper model systems and then used to quantitatively determine that untreated 
T2L Rhus lactase contains 70?15% Cu(1). Whereas excess ferricyanide is 
demonstrated not to alter the Cu(I) content of the untreated T2D, aqueous 
peroxide and nitrite at pH 6.0 are shown to oxidize the cuprous type 3 site 
and generate met T2D protein forms. 

An important derivative of Rhus lactase 11) (one Blue or Tl, one normal 

or T2 and one coupled binuclear or T3 center) has been prepared [2] in which 

thr T2 copper is selectively removed (type 2 depleted: TZD). Chemical 

perturbation and spectroscopic study of this simplified protein form have 

enz.bled us to further prepare and define a series of stable T3 binuclear 

collper derivatives of this T2D lactase. In the presence of an oxidized Tl 

cerlter, protein forms are now accessible wherein the T3 coppers are reduced 

131, mixed valent [4], and oxidized [3], which are defined, in analogy to 

hemocyanin and tyrosinase chemistry L5.61, as untreated or deoxy, half-met, 

ant' met 1'2D, respectively. However, anion binding studies [4,7j of these 

derivatives have indicated that, in strong contrast to hemocyanin and 

tyrosinase, exogenous ligands do not appear to bridge at the coupled binuclear 

copper site in lactase. 

Procedural variations, which apparently relate to pH [81 and perhaps 

extent of metal removal [S-IO], by different groups in preparing the 
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simplified T2D protein form have added significant complication to this 

derivative. The 

chemical reactiv 

resultant T2D forms display different physical properties and 

ity [2,8,10-13 

the problem. 

in understand 

, the incomplete characterization of which has 

Determination of copper ion oxidation state is 

ng these initial differences in T2D, as both 

further confused 

a critical point 

Cu(I) and the coupled binuclear cupric T3 site lack characteristic optical and 

EPR spectral features. In our preliminary X-ray absorption spectroscopy (XAS) 

edge studies [3], this was accomplished on the T2D derivative, which we 

prepare in 0.05 M NaOAc at pH 5.2, following the procedure of Graziani et al. 

121 (untreated T2D) and which exhibits physical properties and reactivity as 

described in their literature [2,8,10.11,14]. XAS canbe used to directly probe co1 

per ion oxidation state[3], and showed this T2D protein to contain a reduced T3 

site and an oxidized Tl site. 

Herein we develop a procedure which, under certain circumstances, allows 

us to quantitatively determine Cu(I) concentrations in samples of mixed Cu(I)/ 

Cu(II) composition. This technique is tested on copper model systems and then 

used to quantitate Cu(I) content in a number of important reactions of this 

well characterized (T3:[Cu(I)Cu(I)]; Tl:]Cu(II)] ) untreated TZD lactase 

derivative. Aqueous H202 and HNO2 at pH 6.0 are shown to oxidize the cuprous 

T3 site in T2D and generate met proteins forms containing coupled binuclear 

cupric centers. Finally, 3- while reaction of TZD with excess Pe(CN)6 has been 

reported [13] to result in a fully oxidized T2D lactase form, quantitative 

3- edge analysis demonstrates that Fe(CN)6 does not alter the -10% Cu(I) 

composition of the untreated T2D. 

MATERIALS AND METHODS 
All XAS edges were measured at the Stanford Synchrotron Radiation 

Laboratory using a Si[220] double crystal monochromator. To ensure consistent 
energy determinations, the internal calibration method [lS] was used. TO 

allow proper normalization, the absorption was measured for at least 300 eV 
below and 200 eV above the Cu K edge. At least two scans were averaged for 
each sample, after which the pre-edge region was fitted with a second-order 
polynomial which was subtracted from the data to correct for residual 
absorption. 

Lactase was purified (12,161 from the acetone powder (Saito and 
Co.,.Japan) of Rhus vernicifera. Type 2 copper was removed by the modified 
[lo] procedure of Graziani [z]. Reagent grade chemicals were used in 0.1 M 
potassium phosphate buffer, pH 6.0. 
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RESULTS AND DISCUSSION 
Quantitative XAS Edge Analysis: Technique and Application to Plodel Complexes. 

Copper complexes in the +l oxidation state show an intense transition at 

-8984 eV which is absent for complexes in the +2 oxidation state [17j. While 

this change in edge shape relates to geometric and electronic structural 

differences which are yet to be fully elucidated, it can be used as a 

qualitative indicator of the presence of Cu(I) in a variety of metalloproteins 

13.18-211. However, due to difficulties in normalization, background removal, 

anti effects of instrumental resolution on edge structure, there have been few 

attempts to use X-ray absorption edges quantitatively 1221. 

In the absence of EXAFS effects, the absorbance above the edge would be 

prcsportional to [Cu] in a sample and could be used to normalize edge spectra 

[le,]. Rather than normalize based on the absorbance at a single energy, we 

fit a straight line to the EXAFS region (starting at -9050 eV) and extrapolate 

this line to 9000 eV to avoid any error caused by incomplete background 

removal. The data are normalized by scaling the pre-edge subtracted data to 

gi\,e an extrapolated absorbance of 1.0 at 9000 eV. This linear fit removes any 

potential normalization errors due to the EXAFS modulations. 

Background removal is necessary since the 8984 eV transition is not 

resolved., but occurs as a shoulder on a rapidly increasing absorption back- 

ground. The apparent area of the 8984 eV transition thus depends on the 

bal:kground which is used to model the intense transition. Our difference 

te.:hnique, avoids this difficulty by not requiring calculation of this area. 

Resolution has been suggested as being responsible for apparent 

differences in the edge structure of nominally identical samples 1231. Since 

the current data were all collected with significantly better resolution 

(-1eV) than the width of the 8984 eV transition (FWHM - 5eV), small resolution 

differences between data sets should not affect our results. 

Examination of the properly normalized edges reveals that in addition to 

the 8984 eV transition, Cu(1) edges differ from Cu(II) edges by having a 

wenker peak absorption at -9000 eV. Subtraction of a typical Cu(II) edge from 

a 1Cu(1) ledge thus yields the characteristic derivative pattern shown in Fig. 1. 
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Fig. 1 Normalized difference edge spectra for one Cu(1) model (N2,S 

coordination) minus a variety of Cu(II) models (N4,Ol (-,--.); N2,02 
(---); and N2,O 

$ 
,S (+ coordinations). Similar shapes and amplitudes 

were obtained or several Cu(1) and Cri(I1) coordinations. 

The values ~1 and s2 are defined to be the normalized absorbance of Cu(I) 

and Cu(II), respectively. A sample containing mole fraction f  of Cu(I) will 

thus have a normalized absorbance E given by fel + (1-f)E2. For samples X and 

Y with mole fraction Cu(I) of fX and fY respectively, the normalized 

difference of X-Y, AE, will be given by 

AE = (f X - fy) (El - E2) (1) 

Thus, from a knowledge of (~1 - E*) one can determine change in % Cu(I), 

(fX-fy), from a measurement of AE. Although expression (1) will be valid for 

all points on the absorption edge, the most accurate results will be obtained 

for the maximum values of (E1-~2), e.g. at -8984 eV and -9000 eV (Fig. 1). 

This analysis implicitly assumes that ~1 is a constant for all Cu(1) 

edges (and similarly for ~2). Although this is not strictly true, we find 

that for a wide variety of Cu(1) and Cu(I1) ligation and site structures, the 

differences (~1 - ~2) at -8984 and -9000 eV are surprisingly constant, the 

relative variation being -10%. 

As shown in Fig. 2, the absorption edges are nearly identical for two 

samples, each containing an -1:4 mixture of Cu(I):Cu(II). The difference edge 
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Fig. 2 Normalized edge spectra for two different oxidation state mixtures of 
a Cu model complex. Inset shows the difference edge spectrum (upper 
edge - lower edge), indicating A% Cu(I) = 6%. Using Eq. 1 and a 
Cu(II) reference, the upper spectrum represents a 26:74 mixture of 
Cu(I):Cu(II), the lower, a 2O:gO mixture. 

(see insset), however, clearly reveals the different compositions. This 

sensitivity suggests that an important application may be the detection of 

photo-reduction or photo-oxidation. We estimate that single scans of -1mM 

protein samples have a sufficiently large signal/noise ratio to allow 

detection, by comparing the first and last scans, of a 5% change in [Cu(I)] 

during data collection. 

T2D Lactase and Its Reactivity with Potential Exogenous Oxidants -- 

Through difference edge analysis, comparing protein edges to those of 

Cu(I1) model compounds, the untreated T2D form studied here and in 131 is 

clearly defined to contain 70*15% Cu(1). As EPR and optical data indicate Tl 

Cu(II), this requires that >90% of the T3 centers are reduced in deoxy T2D. 

Thus, O2 does not reoxidize the binuclear coppers in the TZD lactase form (as 

prepared in references 2-4,7-B, and 10-11). However, >95% of the cuprous 

binuclear copper is reoxidized by peroxide (met T2D, data not shown) as also 

demonstrated in our initial qualitative X-ray absorption edge work [3J. 

741 
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Before presenting further quantitation of Cu edge results, it is 

important to consider conditions under which the difference edge technique 

could be in error. Extremely covalent Cu(II) complexes have features at -8Y84 

eV which resemble those found in Cu(I) edges [lYl. As there is no apparent 

Cu(I) signal in the peroxide treated TZD sample, none of the Cu(II) sites in 

lactase appear to be sufficiently covalent to cause interference. A 

Z-coordinate Cu(I) complex is also known which exhibits an unusually intense 

8984 eV transition 1241. While complications due to very low coordination 

number at the T3 site in T2D cannot be conclusively excluded, the presence of 

2-coordinate Cu(I) would at most reduce the estimate of Cu(1) percentages to 

70% of the calculated values [24]. Since edge structure does depend on 

absorber geometry (251, unusual geometries (e.g. tetrahedral Cu(I1)) must be 

tested before applying this technique. In the absence of other information 

regarding coordination geometry, this problem can be addressed by examining 

the fully oxidized and fully reduced forms of a given sample in order to 

"fine-tune" AE to that particular sample. The difference edge method is 

expected to achieve highset accuracy when the samples being compared have 

nearly identical structures, although this is not essential (cf. Fig. 1). 

Difference edge analysis (Fig. 3A) of the reaction of 25X ferricyanide 

with the untreated T2D indicates 70+15 % Cu(I) and shows no significant change 

in Cu(I):Cu(II) composition relative to that of the untreated T2D. Thus, the 

binuclear cuprous site is inert to ferricyanide oxidation. Peroxide addition 

to this ferricyanide-treated T2D, however, does yield an exclusively cupric 

edge spectrum (Fig. 3C), difference analysis of which indicates <5% Cu(I), 

consistent with our results for peroxide on untreated T2D. Excess NOi also 

oxidizes the untreated T3 site, but whereas no detectable Cu(1) was found in 

the peroxide oxidized samples, Fig. 3B represents 11?5 % Cu(1) which we 

attribute to -40% of the binuclear sites being [Cu(I)Cu(II)J through one 

electron reduction subsequent to the two electron oxidation (vide infra). 

Direct reduction of met T2D [T3:Cu(II)Cu(II); Tl:Cu(II)] by nitrite [26J 

or by ferrocyanide [4] produces 45t5 % half-met T2D, as determined from 

142 
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Fig. 3 Normalized difference edge spectra for lactase samples referenced to 
a Cu(II) (N ,0 ,S coordination) model. A) Untreated TZD + 25 
protein equlva ents K Fe(CN) 2 z . B) Untreated T2D + 100 protein equiv- 
alents NaN02, 20hr. C 3 P Samp e A, in ferricyanide + 30 protein equiv- 
alents H202. Analysis at the marked energies indicates that these 
difference edges correspond to 7Ot15, 11*5 and Ok5 W Cu(I), respect- 
ively. [Protein] is -1.7&t in O.lM potassium phosphate, pH 6.0. 

difference edge analyses (data not shown) and double integrated EPK 

intensities [4,26]. Furthermore, difference edge analyses of deoxy and met 

T2D derivatives treated with excess nitrite show identical Cu(I) compositions 

(Fig. 3B), which with our chemical and spectroscopic studies [26], indicate 

that NO; reacts with deoxy T2D and met T2D to generate indistinguishable half 

met-NO; protein derivatives. 

In parallel with the reactivity of the coupled binuclear copper site in 

hemocyanin [5]. 2e- oxidation of T2D to form met T2D and the le- reduction of 

met T2D to generate half met T2D presumably occur via the NO derived from 

aqueous nitrite at pH <?.O. This suggests that the lack of T3 reoxidation in 

the generally prepared T2D forms by O2 is not due to neutral, small molecule 

inaccessibility [27j. Moreover, it is not clear how this NOi/NO chemisty 

relates to earlier NO studies 1281 which were on the TZD Khus lactase prepared 
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under the conditions of [12] and which report no perturbation of the T3 site. 

The correlation of this work to other derivatives produced by variation in 

preparative conditions and to the products obtained via reaction of these 

derivatives requires analogous direct spectroscopic quantitation of the 

oxidation states of the copper sites, and a further systematic correlation of 

reaction conditions to those specified here. 
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