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Binding of chloride to reduced bovine copper-zinc superoxide dismutase (CuzZn2SOD) and chemically modified derivatives was 
monitored by the line width at half-height of the CI- resonance as measured by 35CI nuclear magnetic resonance (NMR) 
spectroscopy. Reduced arginine-modified and reduced lysine-modified Cu,Zn2SOD (at concentrations of 2. I4 X IO4 M) caused 
less broadening of the CI- resonance line width of 0.1 M NaCl solutions than did reduced native protein when measured under 
the same conditions; CI- broadening with all protein derivatives decreased drastically in  the presence of 0.05 M phosphate. The 
C-H and N-H proton resonances of histidyl imidazoles of reduced native and reduced lysine-modified Cu,Zn,SOD were shifted 
by addition of CI- (with apparent affinity constants of 12 and -2 M-I, respectively) whereas this anion had less effect in the 'H 
N M R  spectrum of reduced arginine-modified Cu,Zn2SOD (affinity constant <2 M-]) under the same conditions. Phosphate caused 
relatively smaller changes on the 'H NMR resonances of all reduced protein derivatives. The competition measured by IH NMR 
spectroscopy between chloride and phosphate for anion binding sites in the neighborhood of the Cu' ion was much less than that 
for nonspecific CI- binding monitored by "C1 NMR spectroscopy. We conclude from these experiments that, in addition to the 
weak anion binding at or near the CUI ion, Arg-141, Lys-120, and Lys-I34 serve as major anion binding sites in the reduced native 
protein. Thus, electrostatic interactions between the positively charged arginine and lysine side chains and the substrate, superoxide 
anion, are presumably present in the reduced state of native Cu2Zn2SOD and may play a role in its mechanism of superoxide 
disproportionation. 

Introduction 
Bovine erythrocyte copper-zinc superoxide dismutase (Cu2- 

Zn2SOD) has two identical subunits in its oxidized form, each 
subunit containing one Cull ion and one Zn" ion. This protein 
is an extremely efficient catalyst of superoxide dismutation (202- 
+ 2H+ - O2 + H202), and it has been proposed that this activity 
is its primary physiological function in vivo.2 The reactive site 
is the Cu ion, which undergoes alternate reduction and oxidation 
during the catalytic cycle. A great deal of structural information 
is available for this protein in that both its amino acid sequence3 
and X-ray crystal structure (oxidized form only) a t  2-A resolution4 
are known. The Cu" ion is coordinated to four imidazole nitrogens 
from histidines-44, -46, -61, and -1  18 and to a water molecule, 
making the overall geometry five-~oordinate.~ The ZnlI ion is 
coordinated to imidazoles from histidines-61, -69, and -78 and 
the carboxylate group from aspartate-8 1 in an approximately 
tetrahedral geometry. The structure of the active site of bovine 
Cu2Zn2SOD in its oxidized form is unique among structurally 
characterized metalloproteins in that the imidazole ring of his- 
tidine-61 is deprotonated and bridges the Cu and Zn binding sites. 
There are eight histidine residues per subunit. The two remaining 
ones are histidine-19, which is known from the X-ray studies to 
be accessible to solvent, and histidine-41, which is less accessible 
since it is buried in the @-barrel structure of the protein. 

Bovine Cu2Zn2SOD in its oxidized form has a high affinity for 
anions, and it is clear from spectral changes observed upon anion 
binding that the major anion binding site is the CUI[ ion.5 
Phosphate, unlike other anions, does not bind to the Cull iom6s7 
However, phosphate interacts with the protein via the positively 
charged side chains of Arg- 141, Lys-120, and Lys- 1 34,697 which 
are located in the vicinity of the active site, 5, 12, and 13 A, 
respectively, away from the Cull ion.4 

In the case of the reduced protein, i.e. C U ~ ~ Z ~ ~ ~ ~ S O D ,  there 
is considerable evidence indicating that anions interact with the 
protein,*-I0 but the exact nature of the anion binding site is still 
u n k n o ~ n . ~  Fee and Ward* concluded from 35Cl NMR studies 
carried out with reduced bovine Cu2Zn2SOD and apoprotein that 
an open coordination site existed on one of the two metal ions in 
the reduced protein, the most likely site being the CUI ion. The 
binding of halides to reduced yeast Cu2Zn2SOD was also studied 
by high-field IH NMR ~pectroscopy.~ The yeast protein contains 
six histidines per subunit (as opposed to eight for bovine 
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Cu2Zn2SOD) and, since all six are in the metal binding sites,I0 
the yeast protein is particularly well suited for IH NMR studies 
of the metal binding region. Five resonances were assigned to 
C-2 protons of histidyl imidazoles in the reduced protein, and three 
of these resonances were observed to shift upon addition of halide 
ions. Although these observations are consistent with coordination 
of halide ions to the CUI ion in reduced yeast C U ~ Z ~ , S O D , ~  they 
can also be interpreted as binding of halide ions to a protein side 
chain close to the metal binding r e g i ~ n . ~  Rig0 et al." reported 
that the binding constants for anions calculated from measure- 
ments of the effect of anions on T I  relaxation times of aqueous 
solutions of oxidized bovine Cu,Zn.$OD were generally lower than 
those measured from the degree of inhibition of SOD activity. 
Since the former method involved binding only to the oxidized 
form whereas the latter involves both the oxidized and reduced 
forms, these authors suggested higher binding constants for anions 
to the reduced form than to the oxidized form of the protein. 

In this paper, we reevaluate these data in light of the present 
understanding of electrostatic interactions in bovine Cu2Zn2SOD. 
It has been shown from the SOD activity and anion affinity of 
proteins chemically modified at Arg-141 with phenylglyoxal12J3 
or at Lys- 120 and Lys- 134 with succinic anhydride, acetic an- 
hydride, or cyanatel4-I7 that these residues are important anion 
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binding sites in t h e  oxidized p r ~ t e i n . ~ * ' , ~ ~ * ~ ~  We report  here  3sCI 
NMR and high-resolution 'H NMR studies on the  binding of Cl- 
t o  reduced native and reduced chemically modified proteins. 
Interaction of phosphate  to the above-mentioned forms of SOD 
were also investigated by high-resolution 'H N M R  spectroscopy. 
These  s tudies  support  t h e  conclusion t h a t  in reduced bovine 
C u 2 Z n 2 S O D  Arg-141, Lys-120, a n d  Lys-134 serve a s  anion 
binding sites in addition to  anion binding sites in t h e  immediate  
neighborhood of t h e  CUI ion. 
Experimental Section 

Bovine liver Cu2ZnzSOD was purchased as lyophilized powder from 
Diagnostic Data, Inc. (Mountain View, CA). Phenylglyoxal, succinic 
anhydride, sodium dithionite, H E P E S  [4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid], xanthine, xanthine oxidase (grade I), and 
horse heart cytochrome c (type Il l )  were supplied by Sigma; potassium 
phosphate dibasic trihydrate and sodium chloride were from Mallinck- 
rodt, Inc.; zinc nitrate was from J.  T. Baker Chemical Co.; and deuterium 
oxide (99.8% and 99.95%) was supplied by Cambridge Isotope Labora- 
tories and Chemical Dynamics Corp., respectively. All were used as 
received. 

Bovine Cu2ZnzSOD was chemically modified at  Arg-141 with phe- 
nylglyoxal and purified by the method of Malinowski and Fridovich.I2 
Succinylation of lysine residues of bovine Cu2ZnzSOD was carried out 
according to Marmocchi et a1.l' The purified arginine- and lysine- 
modified proteins were dialyzed against distilled water and lyophilized. 
The purity of the modified protein derivatives was confirmed by IH 
N M R  spectra (Figures 3-5) that showed complete disappearance of the 
characteristic signals of the reduced native protein. Protein concentra- 
tions were determined by Lowry assay'8 or weight of lyophilized powder 
to be dissolved. SOD activity of arginine- and lysine-modified proteins 
was approximately 15% and 20% of that of native protein as measured 
by the xanthine oxidase-cytochrome c assay system.I9 Reduced proteins 
were obtained by addition of small amounts of solid sodium dithionite 
until the color of the protein was bleached. Apo-SOD was prepared 
according to Lippard et a l a  and stored in 50 mM acetate buffer, pH 5.5. 
Samples of apo-SOD prepared for N M R  work were obtained by dia- 
lyzing extensively against 0.25 M HEPES buffer, pH 7.3, or 0.05 M 
phosphate buffer, pH 7.4. The concentration of the resulting apo-SOD 
solutions was determined by the Lowry method.I8 Samples of E2Zn,- 
SOD2' for N M R  work were obtained by addition of 2 equiv of Zn" per 
dimer to apo-SOD solutions at room temperature. Metal analysis of the 
E2ZnzSOD preparations by atomic absorption photometry (Perkin-Elmer 
Model 603 instrument) showed that the Zn" ion concentration was the 
same as that of the native, while the metal content of the apo-SOD 
preparations was less than 5%. As shown previously,a addition of 2 equiv 
of Zn" per dimer to a p S O D  resulted in full incorporation of Zn" at the 
zinc site of the protein. 

' T I  N M R  measurements (UCLA) were made at 8.73 MHz on a 
JEOL FX9OQ N M R  spectrometer equipped with a multinuclear probe. 
These measurements were carried out a t  both the ambient probe tem- 
perature (32 "C) or at higher temperatures with a variable-temperature 
unit. The samples were contained in IO-mm N M R  spinning tubes. 
N M R  spectra were measured with 2000-Hz spectral width by using 4K 
data points. Prior to Fourier transformation, exponential filtering was 
applied to the FID (free induction decay) to enhance signal-to-noise ratio 
and the resultant line broadening (4.0 Hz) was subtracted from the 
observed line widths. 

The 'H N M R  spectra were recorded on a Bruker AM500 N M R  
spectrometer (UCLA) at 500 MHz and on a Varian VXR-400 N M R  
spectrometer (Northwestern University) at 400 MHz. Preliminary IH 
N M R  spectra were also obtained at 500 MHz on a Bruker WM500 
N M R  spectrometer at the Southern California Regional N M R  Facility 
at California Institute of Technology, Pasadena, CA. Typical spectra 
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Figure 1. (A) pH dependence of the 35CI- N M R  resonance of 0.1 M 
sodium chloride in the presence of 2.14 X lo4 M reduced native SOD 
(X), reduced arginine-modified SOD (A), reduced lysine-modified SOD 
(O) ,  Zn-only SOD (e), and apo-SOD (0) in 0.25 M HEPES. (B) Same 
experimental conditions as in (A) with the exception that the buffer 
solution is 0.05 M phosphate. 

consisted of about 2000 scans with 32K data points over a wide enough 
bandwidth to cover all the protein signals. Line broadening of 2 Hz was 
employed for the spectra taken in H 2 0  solutions. Resolution enhance- 
ment of the spectra obtained in DzO solutions was accomplished by 
applying convolution difference9 to the FIDs using approximately 1 5 - H ~  
line broadening. Temperature was maintained at  25 OC. DSS (4,4-di- 
methyl-4-silapentane- 1-sulfonate) was used as an internal reference. 
Solutions for IH N M R  spectroscopy were prepared by dissolving the 
protein in DzO (99.8%) or in neat HzO at room temperature. Insoluble 
matter, if any, was removed by Millipore filtration. Selective excitatiofi 
of the reduced protein derivatives in water was recorded unlocked by 
using the 1-3-3-T (UCLA) or I-T (Northwestern University) hard pulse 
sequences.22 The maximum excitation was centered around the signals 
of interest, while the null was set on H 2 0 .  

The pH of the solutions was measured directly in the N M R  tube with 
an Orion pH meter. A semimicro Polymark combination electrode or 
a MI 412 microcombination pH probe was used for 10- or 5-mm N M R  
tubes, respectively. NaOD and DCI solutions (Aldrich) were used for 
pH adjustments in the D 2 0  solutions. Thus, pH* values quoted for the 
D 2 0  solutions are not corrected for the deuterium isotope effect. 

Results 
Binding of CI- to  reduced native bovine Cu2ZnzSOD and protein 

derivatives was monitored by t h e  line width a t  half-height of t h e  
CI- resonance a s  measured by 3sCI N M R  spectroscopy. Figure 
IA shows t h a t  t h e  CI- line width in solutions containing 0.1 M 
N a C l  a n d  reduced native C u 2 Z n 2 S O D  (2.1 X M) in 0.25 
M HEPES in t h e  p H  range  5.0-7.0 is approximately 80 Hz. 
Similar  experiments  carr ied out  with equivalent concentrations 
of N a C l  a n d  reduced arginine- or lysine-modified SOD, in t h e  
s a m e  p H  range, gave CI- line widths of approximately 55 and  35 
Hz, respectively. 

Different buffer concentrations (0.25 M HEPES a n d  0.05 M 
phosphate) were used in experiments in the  absence and  presence 
of phosphate (Figure IA,B) so that  a similar contribution toward 

(22) Hore, P. J .  J .  Magn. Reson. 1983, 54, 539. 
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Figure 2. Temperature dependence of the 35Cl- N M R  resonance of 0.1 
M sodium chloride in the presence of 2.14 X 10-4 M reduced native SOD 
(X), reduced arginine-modified SOD (A), reduced lysine-modified SOD 
( O ) ,  and Zn-only SOD (+) in 0.25 M HEPES buffer, pH 5.30. The 
apoprotein was not studied by this method, as this protein derivative is 
known to denature in this temperature range.28 

ionic strength was obtained. It was important to ensure tha t  ionic 
strength remained constant during anion binding studies of this 
protein, as it had been previously shown that the SOD activity 
and anion affinity of bovine Cu2Zn2SOD were highly dependent 
on ionic strength.6*’6 We showed previously that phosphate  in- 
teracted with oxidized native bovine Cu2Zn2SOD via the positively 
charged side chains of Arg- 141, Lys- 120, and Lys- 1 34.6,7 Figure 
1B indicates that the CI- line width in the presence of reduced 
native or reduced chemically modified proteins in 0.05 M phos- 
phate buffer is almost as sharp as that of free CI- in solution and 
virtually independent of pH. We interpret the sharpness of the 
C1- resonance as being due to competition between phosphate and 
chloride for the same binding sites. In HEPES solutions and at 
high pH, the CI- resonance line widths become sharper, suggesting 
that OH- ions may be competing effectively with CI- for the same 
binding sites. Alternatively, deprotonation of lysine residues would 
lead to an increased overall negative charge on the  protein, which 
could be responsible for the decreased anion affinity at alkaline 
pH.23,24 At high pH and in the modified proteins, the C1- affinity 
for the proteins drops to zero. It is unlikely that the overall charge 
on the protein determines the CI- affinity for the reduced proteins, 
since it is known that the dependence of anion binding and su- 
peroxide activity of CuzZn2SOD on ionic strength6J6 indicates 
that specific charged residues, rather than the overall charge on 
the protein, control the electrostatic interactions between anions, 
including the superoxide substrate, and Cu2Zn2SOD. 

The decrease in CI- line width observed with increasing tem- 
perature for reduced native SOD, reduced arginine-modified SOD, 
reduced lysine-modified SOD, and E2Zn2SOD shown in Figure 
2 is indicative of fast exchange between free chloride in solution 
and protein-bound c h l ~ r i d e . ~ ~ ~ ~ - ~ ~  Moreover, the 35Cl- chemical 
shift of a 0.1 M NaCl solution is the same in t h e  presence or 
absence of 2.14 X 1 O4 M reduced native or chemically modified 
protein. Exchange broadening cannot therefore account for the 
larger C1- line broadening observed in the case of chloride solutions 
of reduced native SOD. 

Decreased chloride line widths were also observed in sample 
solutions containing Zn-only SOD (E2Zn2SOD) and apo-SOD 
relative to  solutions of reduced native SOD (see Figure 1A). These 
results indicate a lowering of the affinity of the protein for chloride 
when copper is removed. In the case of the apoprotein, phosphate 
apparent ly  displaces chloride, but in t h e  case of E2Zn2SOD,  t h e  
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1987. 26. 3224. 
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mocchi, F.; Natoli, G.; Rotilio, G. Eiochem. J .  1988, 251, 41. 

(25) Ward, R. L.; Culp, M. L. Arch. Biochem. Biophys. 1972, 150, 436. 
(26) Lindman, B.; Forsen, S .  In NMR Basic Principles and Progress; Diehl, 

P., Ruck, E.. Kosfeld, R., Eds.; Springer-Verlag: New York, 1976; Vol. 
12, p I .  

(27) Forsen, S.; Lindman, B. Merhods Eiochem. Anal. 1981, 27, 289. 
(28) Roe, J .  A.; Butler, A.; Scholler, D. M.; Valentine, J. S.; Marky, L.; 
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Table I. IH NMR C-H Chemical Shifts (6, ppm from DSS) of 
Reduced Derivatives of Bovine Cu’,Znl’,SODPC 

resonance no. 
form of SOD 1 2 3 4 5 6  

native 8.63 8.60 8.49 8.44 8.09 7.73 
native + CI- 8.64 8.70 8.49 8.62 8.30 7.73 
L ys-modified 8.52 8.50 8.31 8.23 7.81 7.58 
Lys-modified + CI- 8.55 8.55 8.34 8.45 8.13 7.63 
Arg-modified 8.61 8.57 8.48 8.48 8.08 d 
Arg-modified + CI- 8.64 8.69 8.49 8.64 8.26 d 

[SODIo = 0.5 mM, pH* 6.5, [CI-] = 0.57 M except for Arg-mod- 
ified samples where [CI-] = 0.89 M. bResonances 1-6 are due to C-2 
histidyl imidazole protons that have been assigned for the reduced na- 
tive p r ~ t e i n . * ~ * ~ ’ J ~  Resonances 2 and 4 are due to Cu ligands whereas 
3 and 6 are due to Zn ligands. Resonance 1 was assigned to His-41, 
and 5, to His-19. His-41 and His-19 are not in the metal binding re- 
gion. However, only His-I9 is accessible to solvent and this is why the 
chemical shift of resonance 5 is sensitive to small pH changes.35 eThe 
signal assignments for the reduced native and reduced lysine-modified 
derivatives were made by tracing the individual resonances during CI- 
titration. A CI- titration was not performed for reduced arginine- 
modified SOD due to the small affinity constant (see text). The signal 
assignment for this derivative was made by analogy to the other re- 
duced proteins. dResonance 6 of reduced arginine-modified SOD is 
buried under the resonance envelope of phenylglyoxal and could not be 
assigned unambiguously. 

Table 11. ‘H NMR N-H Chemical Shifts (13, ppm from DSS) of 
Reduced Derivatives of Bovine Cu’2Zn*12SODPC 

resonance no. 
form of SOD 7 8 9 IO IO’ 11 11’ 

native 15.31 13.96 13.49 12.82 12.56 12.48 12.20 
native + CI- 15.35 13.96 13.46 12.86 12.56 12.49 12.21 
Lys-modified 15.30 13.89 13.39 12.84 12.57 12.48 12.20 
Lys-modified + CI- 15.35 13.96 13.49 12.83 12.59 12.50 12.22 
Arg-modified 15.38 13.91 13.36 12.83 d 12.55 12.29 
Argmodified + CI- 15.40 13.96 13.42 12.83 d 12.57 12.32 

“[SODIo = 0.5 mM, [CI-] = 0.57 M except for Arg-modified samples 
where [CI-] = 0.89 M. bResonances 7-1 1 are due to N-1 and N-3 protons 
of histidyl imidazoles that have been assigned for the reduced native pro- 
teh30 Resonances 7 and 9 have been tentatively assigned to metal-bond 
N-3 protons of either His-44 or His-69, while 8 and 10 have been assigned 
to N-3 and N-l protons of His-41, respectively.30 The assignment for res- 
onance 11 is still unknown.30 ‘The signal assignments for the reduced na- 
tive and reduced lysine-modified derivatives were made by tracing the in- 
dividual resonances during CI- titration. A CI- titration was not performed 
for reduced arginine-modified SOD due to the small affinity constant (see 
text). The signal assignment for this derivative was made by analogy to the 
other reduced proteins. dResonance IO’ of reduced arginine-modified SOD 
is not resolved. 

chloride line width is substantially broadened relative to free 
chloride in the presence of phosphate. 

Figure 3 shows the effect of C1- on the C-H proton resonances 
of histidyl imidazoles for reduced native and reduced lysine- 
modified SOD in D20.  Addit ion of C1- changed t h e  chemical 
shifts of active-site C-H histidyl reSOnanceS for both reduced native 
and reduced lysine-modified SOD. Figure 4 indicates that the  
changes in t h e  N-H signals from reduced native SOD in HzO 
were very pronounced in that two new signals at 12.49 and 12.21 
ppm were resolved upon addition of C1-. T h e  appearance of two 
new N-H resonances upon addition of CI- to reduced native 
protein is probably due to  decreased lability of N-H protons. By 
contrast, smaller changes were observed in t h e  ‘H NMR spectra 
of reduced arginine-modified SOD in DzO and HzO (Figure 5 
and Table  I) upon addition of high concentrations of CI-. A C1- 
concentration dependence s tudy of C-H chemical shifts yielded 
apparent  C1- affinity constants of approximately 12 and 52 M-I, 
respectively, for reduced native a n d  reduced lysine-modified 
proteins. Detectable changes in the IH NMR spectrum of reduced 
arginine-modified C u 2 Z n 2 S O D  occurred a t  much higher CI- 
concentrations, suggesting an affinity constant of <2 M-’ for this 
protein derivative. 

Tables I and 11 show t h e  effect of CI- on  t h e  chemical  shifts 
of C-H and N-H histidyl imidazole proton resonances. Reso- 
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Figure 3. 'H N M R  spectra (500 MHz; 25 "C)  of (A) reduced native 
SOD, (B) reduced native SOD + 0.57 M Cl-, (C) reduced lysine-mod- 
ified SOD, and (D) reduced lysine-modified SOD + 0.89 M CI-. All 
protein samples at 0.5 mM concentration were prepared in D 2 0  and were 
unbuffered (pH* was approximately 6.5). For assignments of resonances 
1-6, see Table I .  

nances 2 and 4 from the reduced native protein were previously 
assigned to Cu ligands.29 The assignments of N-H proton res- 
onances for the reduced native protein, based on a previous study,M 
are given on Table 11. Both the C-H and N-H proton resonances 
from active-site histidines of reduced native and of reduced 
modified proteins were shifted upon C1- addition. Resonances 
2 and 4, assigned to histidines in the copper site, were most 
affected. However, the C-H and N-H resonances of reduced 
modified Cu2Zn2SOD, and in particular those from the argi- 
nine-modified derivative, were only shifted at  much higher C1- 
concentrations, consistent with their lower affinities for chloride 
binding. IH NMR spectra of reduced native and reduced chem- 
ically modified protein samples in 0.15 M phosphate were also 
recorded (data not shown). In apparent contradiction to results 
described earlier where chloride line width measurements in the 

(29) Cass, A. E. G.; Hill, H. A. 0.; Bannister, J. V.; Bannister, W. H.; 
Hasemann, V.; Johansen, J. T. Eiochem. J .  1979, 183, 127. 

(30) Stoesz, J.  D.; Malinowski, D. P.; Redfield, A. G. Eiochemisfry 1979, 
18, 4669. 
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Figure 4. IH N M R  spectra (500 MHz; 25 " C )  of (A) reduced native 
SOD, (B) reduced native SOD + 0.57 M CI-, ( C )  reduced lysine-mod- 
ified SOD, and (D) reduced lysine-modified SOD + 0.70 M CI-. The 
experimental conditions were the same as for Figure 3 except that the 
protein samples were dissolved in H 2 0 ,  as opposed to D 2 0 ,  enabling the 
detection of N-H histidyl imidazole resonances. For assignments of 
resonances 7-1 1, see Table 11. 

presence of 0.05 M phosphate indicated that phosphate displaced 
chloride from the protein (vide supra), C-H proton resonances 
of histidyl imidazoles of reduced native and reduced lysine- 
modified Cu2Zn2SOD were shifted less by phosphate than by 
chloride upon addition of similar anion concentrations. C-H 
resonan= 2 and 4 were shifted by 0.05 ppm or less upon addition 
of phosphate, while shifts of approximately 0.20 ppm were induced 
by the addition of a similar concentration of chloride. When both 
chloride and phosphate were added to the reduced native protein, 
the C-H resonances were shifted by approximately 0.2 ppm, 
indicating that phosphate does not compete effectively with Cl- 
for anion binding sites in the neighborhood of the metal. The weak 
competition between C1- and Pi measured by ' H  N M R  spec- 
troscopy is in contrast with the strong anion competition monitored 
by 3sCl N M R  spectroscopy (Figure 1). Similarly to what was 
observed with C1- binding, phosphate had a smaller effect on the 
'H N M R  spectra of reduced arginine-modified Cu2Zn,SOD 
relative to the other reduced protein derivatives. 

Chemical modification of native bovine Cu2Zn2SOD at Arg- 141 
with phenylglyoxal or a t  Lys-120 and Lys-134 with succinic an- 
hydride resulted in changes at  the active site of both reduced 
chemically modified proteins as manifested by shifts of the C-H 
and N-H proton resonances (cf. Figures 3A, 3C, and 5A and 
Figures 4A, 4C, and 5C, respectively). We had noted previously 
that chemical modification of Arg-141 with phenylglyoxal shifted 
the environment of the CUI' ion to a more nearly axial coordination 
geometry.13 We can now conclude that the chemical modification 
of Arg-141 with phenylglyoxal affects the active-site structure 
of both the oxidized and reduced forms of the protein. Although 
the chemical modification of lysine residues with succinic anhy- 
dride apparently does not affect the active-site structure of the 
oxidized form,I4J5 our IH NMR results indicate that the active-site 
structure of the reduced protein does change upon succinylation. 

PPM 
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Figure 5. 'H N M R  spectra (500 MHz; 25 "C)  of (A) reduced argi- 
nine-modified SOD (0.5 mM) in D20,  (B) sample A + 0.89 M CI-, (C) 
reduced arginine-modified SOD (0.5 mM) in H 2 0 ,  and (D) sample C 
+ 0.89 M CI-. 

Discussion 
NMR has been applied extensively to a large number of 

water-soluble protein systems to monitor CI- interactions with 
 protein^.^^^^^ Fee and Ward8 first showed that 3sCl NMR spec- 
troscopy could be used to study the binding of CI- to reduced 
bovine Cu2Zn2SOD. The physical basis of this experimental 
approach is the large difference in the line widths of bound and 
free chloride: the line width of protein-bound chloride is typically 
more than IO4 times that of free chloride in s ~ l u t i o n . ~ '  When 
chloride is in fast exchange between protein binding sites and 
solution and no chemical shift change occurs upon its binding to 
proteins, the observed line width of the CI- resonance is a weighted 
average of protein-bound and free ~ h l o r i d e . ~ ~ , ~ '  Because of the 
relatively small concentration of bound chloride (in our experi- 
ments, the [SOD]/[total CI-] ratio is of the order of the 
observed 35CI NMR resonance is still reasonably sharp and its 
line width is not far from that of free chloride in solution. 

Figure 1 A indicates that the CI- resonance line width of 0.1 
M NaCl solutions containing 2.14 X lo4 M reduced native bovine 

(31) Falke, J .  J.; Chan, S. 1.; Steiner, M.; Oesterhelt, D.; Towner, P.; Lanyi, 
J .  K .  J .  Biol. Chem. 1984, 259, 2185. 

Cu2Zn2SOD is approximately 1.5 and 2.3 times greater than the 
Cl- line width measured, under the same concentration conditions, 
for solutions containing reduced arginine-modified or reduced 
lysine-modified protein. This decrease in the CI- resonance line 
width indicates that the reduced chemically modified proteins have 
lower affinities for chloride binding in the order reduced native 
> reduced arginine-modified > reduced lysine-modified. The CI- 
association constants for reduced native and reduced modified 
proteins obtained from CI- titrations of the IH NMR spectra (see 
Results) confirmed the reduced anion affinities for the modified 
derivatives, but in this case the apparent order is reduced native 
> reduced lysine-modified > reduced arginine-modified. The 
observation that phosphate, which is known to interact with bovine 
Cu2Zn2SOD in the oxidized6q7 and reduced states via the arginine 
and lysine residues and not through the metal center, drastically 
decreases the CI- resonance line width in solutions containing either 
reduced native or reduced chemically modified proteins to ap- 
proximately the same value (see Figure 1 B) suggests the possibility 
that the bulk of chloride binding is to the arginine and lysine 
residues. Moreover, phosphate had a smaller effect than chloride 
on the histidyl proton C-H resonances, and the weaker competition 
between the two anions as measured by ' H  N M R  spectroscopy, 
relative to that measured by CI- line broadening, indicates only 
weak anion binding in the immediate neighborhood of the CUI 
ion. 

Fee and Wards also studied the binding of CI- to apo-SOD by 
j5CI NMR spectroscopy and found that the line width of the CI- 
resonance in the presence of apoprotein solutions was approxi- 
mately 2.5 times less than that observed in the presence of reduced 
native Cu2Zn2SOD and that addition of excess CN- to the latter 
lowered the CI- line width to a value typical of CI- solutions in 
the presence of apo-SOD. Those authors interpreted their results 
as being due to CI- binding to the CUI ion and suggested that the 
effect of CN- was to bind to CUI, thus displacing CI- from the 
coordination position. Evidence for interaction of CN- with ox- 
idized bovine Cu2Zn2SOD comes from an X-ray absorption study 
that showed that addition of CN- to the oxidized protein resulted 
in changes at  the Cu binding site.32 Unfortunately, there is no 
X-ray absorption edge data on halide binding to reduced SOD. 
Thus, the CI- broadening data do not rule out the possibility of 
Cl- binding to a side chain on the protein close to the CUI ion from 
which it may be displaced by CN- binding to CUI or directly to 
the side chain. There are precedents for this type of interaction 
between CI- and arginine side chains. For instance, it was reported 
for band 3 protein, a membrane system present in red blood cells 
whose function is to exchange CI- for HC03- ions, that CI- 
competes with the chemical modification of an arginine residue 
with phenylg ly~xal .~~ Another precedent for CI- binding to 
proteins via amino acid side chains has been found in hemoglobin." 

We also studied the interaction of CI- with apo-SOD and 
E2Zn2SOD in the presence and absence of phosphate and found 
that the CI- line width in the presence of apo-SOD was sharper 
than that in the presence of E2Zn2SOD, which in turn was sharper 
than the CI- line width observed in the presence of reduced native 
Cu2Zn2SOD. We also observed that the presence of phosphate 
reduced the CI- affinities of both apo-SOD and E2Zn2SOD but 
that removal of chloride from E2Zn2SOD was incomplete. We 
conclude from this observation that the mode of chloride binding 
is different in  E2Zn2SOD. It seems likely to us that the histidyl 
imidazoles of the empty copper site when protonated would very 
likely provide a local region of positive charge that might bind 
chloride. It was shown previously that the Zn" ion plays a 
structural role in bovine Cu2Zn2SOD from the observation that 
addition of 2 equiv of ZnI1 ion per subunit to apo-SOD gives a 
'H NMR spectrum which is very similar to that of reduced native 
bovine Cu12Zn11zSOD.Z0*29~35 The same 'H NMR studies showed 

(32) Blackburn, N. J.; Strange, R.  W.; McFadden, L. M.; Hasnain, S. S. J .  
Am. Chem. SOC. 1987, 109, 7162. 

(33) Falke, J .  J.; Chan, S. I .  Biophys. J .  1984, 45, 91. 
(34) Brumen, M.; Gal, V.; Svetina, S. Physiol. Chem. Phys. 1978, I O ,  139. 
(35) Cass, A. E. G.; Hill, H. A. 0.; Bannister, J.  V.;  Bannister, W.  H. 

Biochem. J .  1919, 177, 411. 
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that the structure of apo-SOD is significantly different from that 
of E2Zn2SOD. It is likely therefore that this conformational 
change is bringing the copper site histidines into close proximity. 
Whatever the cause for the reduced CI- affinities of apo-SOD and 
E2Zn2SOD, it is apparent from our 3sCl N M R  results that it is 
not possible to decide for certain from CI- binding studies on these 
protein derivatives whether or not the CUI ion itself or anion 
binding sites in the immediate neighborhood of the CUI ion con- 
tribute toward anion binding in reduced native bovine CuzZnz- 
SOD, in addition to the arginine and lysine residues. 

To investigate further the nature of chloride binding to reduced 
native and reduced chemically modified proteins, we carried out 
a study using 'H NMR spectroscopy. Assignments of C-H proton 
resonances of histidyl imidazoles for reduced native yeast and 
bovine SOD were made previously by Cass et a1.9*29-36 Similar 
assignments have been made for the histidyl imidazole N-H 
resonances of reduced bovine C U ~ Z ~ , S O D . ~ ~  Three of the five 
resonances assigned to C-2 protons of histidyl imidazoles in re- 
duced yeast Cu2Zn2SOD shifted upon addition of halide ions 
(including Cl-), and these results were interpreted as being due 
to coordination of halide ions to the CUI ion. Figures 3-5 and 
Tables I and I 1  indicate that CI- shifts the position of the C-H 
and N-H proton resonances of reduced native, reduced lysine- 
modified, and reduced arginine-modified SOD. However, there 
appears to be little pattern in the magnitude and direction of the 
chemical shifts. These results suggest that chloride binding to 
the protonated histidine-61 residue or to the N-H histidyl protons 
of the other copper ligands, which are known to participate in 
hydrogen bonding to other residues, may occur. CI- binding could 
substantially perturb the hydrogen bonding interactions around 
the CUI site, leading to the observed small chemical shift changes. 
This weak anion binding in the immediate neighborhood of the 
CUI ion may be responsible for the small shifts observed in the 
' H  N M R  experiments, in  addition to direct chloride binding to 
the CUI ion. Since the reduced protein derivatives are diamagnetic, 
the small shifts observed by ' H  N M R  spectroscopy could be also 
due to direct binding to CUI ion. A metal-based technique, rather 
than a ligand-based technique, will be required to differentiate 
between the binding at  or near the CUI ion. 

The possibility that chemical modification of Arg-141 is 
blocking the access of anions to the CUI ion cannot be ruled out. 
However, it is not likely, since it has been shown that oxidized 
arginine-modified Cu2Zn2SOD retains SOD activity and affinity 
for small anions, such as CN-, N3-, and phosphate, although both 
of these are decreased to a similar extent upon chemical modi- 
f i ~ a t i o n . ~ J ~ J ~  Recent ' H  NMR studies on oxidized human SOD 
mutants3' showed that replacement of the arginine residue by 
amino acids of approximately the same size (lysine, isoleucine, 
and glutamate) resulted in a decrease in azide affinity. The mutant 
data indicate the importance of the arginine residue for anion 
binding and suggest that steric hindrance caused by phenylglyoxal 
modification is less significant than blockage of electrostatic in- 
teractions between the arginine side chain and anions. Although 
the CI-affinity constant shows the trend reduced native > reduced 
lysine modified > reduced arginine modified, the 'H NMR 
spectrum of the reduced arginine modified protein does change 
upon addition of high CI- concentrations. Moreover, the small 
changes observed in the ' H  N M R  spectra of all three types of 
reduced proteins during CI- titrations are indicative of common 
CI- binding site(s) in these proteins, which are most likely in the 
immediate neighborhood of CUI ion or on the CUI ion itself. 

The 'H NMR signals of the histidines in the metal binding site 
of the reduced proteins are not affected significantly by phosphate 
relative to chloride suggesting that phosphate may not bind to 
the reduced proteins at the CUI site. The fact that the apparent 
affinities for chloride binding follow different orders and that the 
degree of competition by phosphate is different in the two types 
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of NMR experiments suggests that most of the chloride is bound 
to the protein at  sites other than the CUI ion. Thus, we conclude 
that the bulk of chloride binding, which is responsible for the 
increased 3sCl- line width, occurs a t  sites not in the immediate 
neighborhood of the CUI ion and follow the binding order reduced 
native > reduced arginine-modified > reduced lysine-modified 
SOD, consistent with the magnitude of the change in the overall 
charge of the protein, and is completely displaced by phosphate. 
We conclude further that the small fraction of chloride binding 
which occurs a t  or near the CUI ion is responsible for the shifts 
in the 'H NMR spectra, follows the binding order reduced native 
> reduced lysine-modified > reduced arginine-modified SOD, and 
is less readily displaced by phosphate. These results lead us to 
speculate that, in the case of reduced bovine Cu2Zn2SOD, there 
is probably only weak binding of CI- near or directly to the CUI 
ion. This is in agreement with the low affinity of N3- and CN- 
for the CUI ion on the basis of redox equilibrium data between 
Cu"/Cul in bovine CuzZn2SOD and Fe(CN)64-/Fe(CN)64- in the 
presence and absence of anions.38 Steady-state kinetic studies 
of C U ~ Z ~ ~ S O D ~ ~  also indicate that N3- inhibition of enzyme 
activity involves a stronger interaction of this anion with the 
oxidized rather with the reduced form of the enzyme. 

The results of the anion binding studies of reduced native bovine 
Cu2Zn2SOD described here have implications for the mechanism 
of superoxide disproportionation by this protein, since the substrate, 
02-, is also an anion and is known to react with the enzyme in 
both oxidized and reduced forms.39*@ Most of the characterization 
of bovine Cu2ZnzSOD has been on the oxidized form. The reasons 
for this are the air-sensitivity of the reduced form, the availability 
of the crystal structure of the oxidized form: and the utility of 
electronic spectral techniques and ESR spectroscopy for char- 
acterization of Cu" compared to the spectral silence of CUI. But 
the properties of the reduced protein are obviously just as im- 
portant as those of the resting (oxidized) protein for an under- 
standing of the mechanism of superoxide disproportionation. For 
instance, the reduction of the oxidized form by superoxide is a 
simple one-electron reduction of a metal by superoxide, a type 
of reaction that has been observed for superoxide in a number 
of low molecular weight metal c~mplexes.~ '  By contrast, the 
oxidation of the reduced protein by superoxide, which is known 
to occur with a rate at or near the diffusion is a type 
of reaction of superoxide that is not well understood and for which 
there are relatively few  precedent^.^^^^^ 

Reduced native CuzZnzSOD is believed to have a structure in 
which the imidazolate bridge present in the oxidized form has been 
cleaved and the imidazolate ring protonated on the side facing 
Cu. Observations in favor of this proposal are (1) the association 
of the reduction of native Cu1I2Zn1IzSOD with the uptake of one 
prot0n,4~.~ (2) the similarity of the visible spectra of CU'~CO"~SOD 
and EzCo11zSOD,21~45-48 ( 3 )  the similarity of the 13Cd N M R  
spectra of CulzCdllzSOD and E2Cd112SOD,49*50 (4) the similarity 
of the IH N M R  spectra of CU'~CO"~SOD and E2C0112SOD,5'v52 

(36) Cass, A. E. G.; Hill, H. A. 0.; Smith, B. E.; Bannister, J .  V.; Bannister, 
W. H. Biochemistry 1977, 16, 3061. 

(37) Banci, L.; Bertini, I . ;  Luchinat, C.; Hallewell, R. A. J .  Am. Chem. Soc. 
1988, 110, 3629. 
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Fee, J .  A.; Bull, C. J .  Biol. Chem. 1986, 261, 13000. 
Klug, D.; Rabani, J.; Fridovich, I. J .  Biol. Chem. 1972, 247, 4839. 
Sawver. D. T.: Valentine. J .  S. Acc. Chem. Res. 1981. 14. 393. 
Bull,-C.; Fee, J. A.; ONeiil, P.; Fielden, E. M. Arch. Bi&heh. Biophys. 
1982, 215, 551. 
Fee, J.  A.; DiCorleto, P. E. Biochemistry 1973, 12, 4893. 
Lawrence, G. D.; Sawyer. D. T. Biochemistry 1979. 18. 3045. 
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Calabrese, L.; Rotilio, G.; Mondovi, B. Biochim. Biophys. Acta 1972, 
263, 827. 
Rotilio, G.; Calabrese, L. In Superoxide and Superoxide Dismutase; 
Michelson, A. M., McCord, J .  M., Fridovich, I., Eds.; Academic Press: 
London, 1977; p 193. 
Calabrese, L.; Cocco, D.; Morpurgo, L.; Mondovi, B.; Rotilio, G. Eur. 
J .  Biochem. 1976,64, 465. 
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(5) the three isotopically shifted imidazole proton NH signals due 
to the coordinated histidines in the zinc site of 
and C U ' , N ~ ~ ~ , S O D , ~ ~  where one of the N H  signals is due to the 
protonated formerly bridging His-61, and (6) the similarity of 
the X-ray absorption edge spectra of Zn" in both oxidized and 
reduced Cu2Zn2SOD, suggesting that the imidazole ring of his- 
tidine-61 is coordinated to zinc in both  specie^.)^.^^ 

The configuration of the Cu binding site in CU'~ZII"~SOD is 
still not known. In general, cuprous ion can form either linear, 
trigonal, or tetrahedral complexes.55 It seems likely from ' H  
NMR studies of reduced native protein that histidine-44, -46 and 
- 1 18 remain coordinated to Cu1.20330*36 It was previously proposed 
that there was a coordination site available on Cu' in the reduced 
native protein and that this was thought to be the site that bound 
anions as well as the substrate, s u p e r ~ x i d e . ~ ~ ~ J ~  It was therefore 
proposeda that reduction of superoxide by CU'~Z~" ,SOD requires 
binding of 0,- to the CUI ion prior to electron transfer. This 
mechanism avoids the formation of the energetically unstable 0:- 
ion, since a proton can be readily donated by histidine-61 to the 
coordinated 022- ion and the imidazolate bridge reformed. In this 
paper, we show evidence suggesting that Arg-141 plays a major 
role in enhancing chloride binding to the active-site region in 
reduced native Cu2Zn2SOD, and therefore we propose that 
electrostatic interactions between the substrate 02- and the 
positively charged side chain of Arg-141 are present not only i n  

(53) Ming, L.-J.; Valentine, J. S. J .  Am. Chem. SOC. 1987, 109, 4426. 
(54) Blumberg, W. E.; Peisach, J.; Eisenberger, P.; Fee, J.  A. Biochemistry 

1978, 17, 1842. 
(55)  Cotton, F. A.; Wilkinson, G .  In Advanced Inorganic Chemistry, 5th ed.; 

Wiley Interscience: New York, 1988. 

the oxidized form6,7*13-16 but also in the reduced form of native 
Cu2Zn2SOD. This anion binding scheme for the reduced protein 
is in agreement with that proposed in two recent theoretical 
s t ~ d i e s . ~ ~ ~ ~ ~  In these two studies, it was suggested that the close 
proximity of Arg-141 to the metal center leads to the formation 
of a stable superoxide-Cu" intermediate that can oxidize another 
superoxide to oxygen with a simultaneous reduction of the Cu 
center. According to the mechanism proposed by Osman and 
B a ~ c h , ~ ~  the resulting reduced form of the complex accepts a 
proton from Arg-141 and undergoes a charge distribution that 
leads to a new complex between Cu" and a hydroperoxide anion. 
Addition of a second proton from the bridging histidine residue 
leads to release of the hydroperoxide anion in the form of hydrogen 
peroxide. Bertini's proposed mechanisms7 for superoxide reduction 
is different in that two protons (one from Arg-141 and the other 
from the bridging histidine residue) are added to the reduced form 
of the superoxide-enzyme complex causing an increase in the 
Cu-0 distance prior to electron transfer. Both of these models 
of enzyme action suggest the importance of Arg-141 in the reduced 
form of native Cu2Zn2SOD. Our NMR data provide direct 
evidence that anion, and presumably substrate, binding to reduced 
CuzZn2SOD involves the Arg-141 residue. 
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The Lewis acids BX, (X = C1, Br), BH,, B-CI-I)-BBN, and PhBCI, react with (~-H),OS,(CO)~(~,-BCO) (I ) ,  a ketenylidene 
analogue, apparently through electrophilic attack at the oxygen of the unique carbonyl. Reactions of I with BX3 (X = CI, Br) 
result in an exchange of B and C atom positions in the BCO unit to form a vinylidene analogue, (~-H),OS,(CO)~(~,-CBX,) .  
Boron- IO-labeling experiments indicate that this transformation occurs through an intramolecular interchange of the boron and 
carbon atom positions. The ketenylidene analogue (p-H),Os,(CO),(PPh,)(p,-BCO) reacts similarly with BCI, to produce 
(p-H),Os,(CO),(PPh3)(p3-cBCl~). The nucleophiles PMe,, PPh,, and NMe, add to the tricoordinate boron of (p-H),Os,- 
(C0)9(p3-CBC12). Above -10 OC the NMe, adduct is converted to the salt [NMe,H] [(p-H)20s3(CO)9(p,-CBC12)] and the PMe, 
adduct dissociates. The PPh, adduct decomposes above 30 OC. The reaction of (p-H)30s3(CO)9(p,-BCO) with THFeBH, produces 
(p-H),Os3(C0),(p,-BCH2), a second type of vinylidene analogue. In this case the boron and carbon atoms do not change positions. 
Alkyne analogues, (~-H),OS,(CO)~[~,-~~-C(OBC,H,,)B(CI)] and (p-H)30s3(CO)9[p,-q2-C{OB(Ph)Cl}B(Cl)] are obtained from 
reactions of (~H),OS,(CO)~(~,-BCO) with E-CI-9-BBN and PhBCI,. These compounds react wi th  BCI, to produce (p-  
H)30s,(CO)9(p3-CBC12). They alsb react with HCI to produce (p-H),Os,(CO),(p,-CH). 

Introduction 
Metal ketenylidene clusters possess a rich and diverse chemistry. 

Cationic,lJ [Co3(C0),(p3-CCO)],' [C~MCCO~(CO)~(~,-CCO)]+, 
and (p-H)2M3(CO),(p3-CCO) (M = Ru, Os), kete- 
nylidenes react with nucleophilic reagents. The most extensively 

( I )  (a)  Seyferth, D. Ado. Organomet. Chem. 1976, 14, 97. (b) Hallgren, 
J.  E.; Eschbach, C. S.; Seyferth, D. J .  Am. Chem. SOC. 1972, 94, 2547. 
(c) Seyferth, D.; Hallgren, J. E.; Eschbach, C .  S .  16id. 1974, 96, 1730. 
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Organomet. Chem. 1986, 303, 361. 
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Holmgren, J .  S.; Shapley, J. R. Ibid. 1984, 3, 1322. 

(4) (a) Shapley, J. R.; Strickland, D. S.; St. George, G. M.; Churchill, M. 
R.; Bueno, C. Organometallics 1983, 2, 185. (b) Sievert, A. C.; 
Strickland, D. S.; Shapley, J. R.; Steinmetz, G .  R.; Geoffroy. G. L. Ibid. 
1982, 1 ,  214. 

studied of these clusters, [Co,(CO),(p,-CCO)]+, has been shown 
by Seyferth and co-workers' to undergo nucleophilic attack ex- 
clusively at the @-carbon atom of the CCO unit. Monoanionic 
ketenylidenes, [ F ~ , C O ( C O ) ~ ( ~ , - C C O ) ] -  and [ ( ~ - H ) R u , ( C O ) ~ -  
(p3-CCO)]-, exhibit similar r e a ~ t i v i t y . ~ , ~  

Shriver and c o - w o r k e r ~ ~ - ~  have demonstrated that the group 
VI11 dianionic ketenylidenes [M,(CO),(C(~-CCO)]~- (M = Fe, 
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1988, 7 ,  892. 
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