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arc  all substantially larger than the calorimetrically determined 
value for the first Mo=O bond dissociation energy in Mo(O),- 
(EI,dIc), of  96 f 3 k ~ a l / m o l . ~ '  The molybdenum value seems 
low, in comp;irison with the avcrape D(M-0) i n  MOO, (p)  of 
141 kcul/mo136 and given tha t  Mo(O)(Et,dtc), will quantitatively 
deoxjgcnatc Ph3As0 for which D(As=O) = 103 f 7.38.39 

I t  is intcrchting to notc that Me,SO will oxidize both Re(ll1) 
(7) iind Re(V) ([2]CI) and t h a t  PPh, will reduce both Re(VI1) 
([3]BPh4) and Rc(V) ([llBPh,). This contrasts with molybdenum 
oxo sysicms such ;is Mo(O),dtc, in which PPh, will reduce Mo(VI) 
but not Mo(lV).?  Similarly, WCI2(PMePh2), appears to bc a 
much more avid oxygen :itom acceptor than W(O)Cl,( PMePh2)3.40 
Reaction 3 cannot. however, bc used to estimate a bond strength 
in the rhcnium(Vl1) species because [2]CI - [3]C1 requires both 
an oxqgcn at0111 and an oxidc ion. Similarly, [3]CI - [2]CI 
requires both iin oxygen atom acceptor and a Lewis or protic acid 
to accept an oxidc ion. (Of course, thc rhenium itself can act as 
thc acid H i t l i  thc formation of dimers or clusters.) I n  csscncc. 
thc redox stoichiomctry (two electron change) does not match the 

29. 4867-4873 4867 

Glidewell. C. Inora. Chim. Acta 1977, 24, 149-157. E x .  for WO1 ( i n  
kcal/mol): D(0,W-O) = 143; D(OW-O) = 147: D(W-6) = 161. -The 
avcragc binding cncrgy of a n  oxygen atom i n  Re,O, is 150 kcal/mol, 
calculated by dividing A H o  for Re20,(g) - 2Re(g) + 70(g) by seven, 
but this is not ;I meaningful value because there are six multiple bonds 
and two singlc bonds in  RqO,. 
Watt. F. D.; McDoniild. J .  W.: Newton. W. E. J .  Le.rs-Common Met. 
1977. 54. 415-423. 
( a )  Barnes. D. S.: Burkinshaw. P. M.; Mortimer. C. T. Thermochim. 
Acta 1988. 131. 107-1 13. ( b )  D(As-0) has also been determined to 
bc 106 f 6 bv Tsvetkov. V.  G.: Aleksandrov. Y .  A,: Glushakova. V. N.: 
Skorodumov;. N A Kol'yikori. G M J Gen Chem USSR (Engl 
Tronr l )  1980. SO.  198-201 
The discrepancy between D( M-0) and D(As=O) has been noted by 
Holm.* who suigested that the arsenic-oxygen bond strength mi h t  be 
in  error. However. the  second determination of D(P~,AS=O)~'~ and 
the gas phasc value for MOO, suggest that the actual molybdenum value 
may lic toward thc  high end of thc reported error range. 
Su. F:M; Bryan .  J. C.: Jang. S.; Mayer, J .  M. Polyhedron 1989, 8. 
1261-1277. Scc ;IIW rcf 35. 

oxo stoichiometry (monooxo -2 trioxo). This may be the reason 
why [3]CI is reduced by "BuNC only in the presence of Me3SiCI 
as a Lewis acid.23 The noncomplementarity of oxygen and electron 
stoichiometrv is a common occurrence in oxo chemistry and  i s  
n reason for the often complex mechanisms o b ~ e r v e d . ~ '  

The oxidation of [ l ]CI  to Re(VII) by aqueous nitric acid re- 
quires more than 30 days a t  80 "C, while [2]CI is oxidized within 
a n  hour at 25 'C. This dramatic difference in the ease of oxidation 
is difficult to understand because the metal complexes differ only 
in that 1 has the Me,tacn ligand and 2 has tacn. The driving force 
for oxidation should be similar for the two compounds, indicating 
a kinetic effect. The oxidation of [l.]CI is accelerated by the 
presence of Ag+. suggesting chloride dissociation, although the 
faster rate for the complex of the smaller ligand (tacn vs Me,tacn) 
i h  not typical of dissociative processes. A conjugate base mech- 
anism involving deprotonation of an N-H proton (common in 
cobalt(ll1) chemistry42) is ruled out by the observation that the 
oxidation of [ZICI is faster i n  acid than in base. The tacn N-H 
groups might enhance the rate by directing the solvent water to 
assist i n  CI- dissociation, as  suggcsted i n  other cobalt ammine 
chemistry.J? I t  is also possible that oxygen atom transfer to [2]CI 
is associative in character, which is prevented by the larger 
Mqtacn ligand in [ l ]Cl .  Further studies are in progress to probe 
thc influence of ancillary ligands on the kinetics and thermody- 
namics of oxygen atom transfer. 
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The ' H  NOE's on bovine erythrocyte Cu(ll)zCo(ll)z superoxide dismutase in the presence of saturating amounts of azide have 
been measured and compared with those in the absence of azide. The interproton distances involving the histidines coordinated 
to coppcr(l1) ;ire quitc similar. Efforts are made to minimize the errors in distances i n  order to obtain a reliable picture of the 
reciprocal positions of the above histidines. The conclusion that the histidine positions do not change upon anion binding is extended 
to t h c  c;iscs of CN-, NCO-, NCS-. and F-. Within this frame the essential disappearance of the hyperfine coupling between the 
protons of histidinc-48 and the unpaired electron on copper( 11)  upon wide binding and the large variations of circular dichroism 
spcctra Lire accounted for on the busis of an angular overlap treatment. The same model is used to discuss the spectral variations 
occurring in t h c  cyanidc and cyanate derivatives. I t  is proposed t h a t  the copper-nitrogen (His-48) distance increases upon anion 
binding i15 ;I rssult of ;I movcmcnt of the copper ion. The fluoride and thiocyanate derivatives are included in the present general 
modcl 

Introduction 
Steady-state 'H nuclear Overhauser effects ( N O E )  i n  para- 

magnetic metalloproteins can nowdays be measured,'-3 and they 
potentiall) provide \tructural information in solution. We have 
measured ' H  NOE'\  on copper-cobalt superoxide dismutase 
(Cu2Co,SOD) and successfully related the X-ray interproton 
distances with those obtained from ' H  N M R  ~pectroscopy.~ The 
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main result was the full assignment of the hyperfine-shifted signals 
i n  the ' H  N M R  spectra, which, when performed through the 
analysis of 7, and T ,  data,5 could lead to some misassignment. 

( I )  Thnnabal. V . ;  de Ropp. J .  S.; La Mar,  G .  N .  J .  Am.  Chem. Soc. 1986, 
108. 4244. 
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Table 1. Ligand Atom-Copper(l1) Distances and Angles for the Coordinated Residues in Bovinc 
dist. 8, angle, deg 

Cu(l1)  His-46 NAl His-48 Ne2 His.120 Nc2 His-63 Nc2 HZO 
His-46 Ndl  2.04 
Hi\-4X Nf2 2.14 
I i i v  I20 Nf2 2.04 
I l i \ - 6 3  N f ?  2.06 
11,o 2.8  

I40 93 77 I24 
I17 82 93 

I57  69 
100 

His - 

H i s .  120 
B 

Figure 1 .  Schematic drawing o f  the copper(l1) and zinc(l1) binding sites 
in  SOD as deduced from the X-ray structure of the bovine i ~ o e n z y m e . ' ~ . ' ~  
The numbering of  the residues is that  of the human isoeniyme. 

The TI and T2 data are determined by ligand-centered effects that 
change from one proton to a n ~ t h e r . ~  We  are now using the IH 
N O E  measurements in order to obtain structural information on 
the anion derivatives. 

The anion binding mode has been a matter of debate owing 
to tlic varLibiIity of the anion--copper interaction. CN-. N<. and 
NCO- display relatively high affinity and change the electronic 
and EPR parameters, whereas NCS- and F- have little affinity 
and cause small changes i n  the spectral parameters.6-'6 

Copper(l1) in S O D  is bound to four histidines, a5 shown i n  
Figure 1. according to the X-ray Angles and bond 
distances are reported i n  Table I . "  I t  appears that copper(l1) 

Bnnci. 1~ : Bcrtini. 1.: Luchinat. C : Scozzafava. A J A m .  Chem. SOC. 
1987. 109. 2 3 2 8 .  
Fee. . I .  A I n  O.yyen and Oxy-Radicals in Chemistry and Biology: 
Rodgcrh, M. A .  J. .  Power. E. I... Eds.; Academic Press: New York. 
1981. 
Valcntine. J .  S.: Pantoliano. M. W. I n  Copper Proteins: Spiro. T .  G..  
Ed.: Wilcq: New York. 1981: Vol. 3,  Chapter 8 .  
Banci. L.: Bertini. I . :  Luchinat. C.: Piccioli. M. Coord. Chem. Rei>. 1990. 
100, 67 
Fcc. J .A: Gabcr, B. P. J .  B i d  Chem. 1972. 247, 60. 
Rotilio. G.:  Morpurgo. L.: Giovagnoli. C.: Calabrese. L. :  Mondovi, B. 
Bioi,hcuri.<tr), 1972, / I .  2187 .  
Rotilio. G. :  Finarri-Agr6. A,: Calabrese. L.: Bossa. F.: Guerrieri. P.: 
Ilonduvi. B. Eiochemisrr), 1971. 10, 616. 
Bcrtini. I.: Borghi. E.: Luchinat. C.: Scozzafava. A.  J .  A m .  Chem. SOC. 
1981. 103. 7779. 
Banci. L.: Bertini. I.: Luchinat. C.: Scozzafava. A,;  Turano. P. Inorg. 
C h e m  1989. 28. 2377. 
Bcrtini. 1 . :  Luchinat. C.: Scorrafava. A .  J .  A m .  Chem. SOC 1980. 102. 
7349. 
Licbcrnun. R .  A,:  Sands, R.  H.;  Fee. J .  A.  J .  B i d  Chent. 1982. 257, 
336. 
Hudgwn. E K . :  Fridovich. I .  Eiochenrisrr), 1975. 14. 5294. 
Tainer. _) .  .A : Getroff. E. D.: Beem. K .  M.: Richardson. J .  S.: Rich- 
udson. D. C .  J .  Mol. B i d  1982. 160. 181 

A : Getroff. E. D :  Richardson. J .  S.: Richardson. D. C .  
,Xuturc 1983, 306. 284. 
Richardson. J .  S.: Richardson, D. C .  Private communication. See also 
rcf 17 

is exposed to solvent with a water molecule loosely bound.I8 The 
C u - 0  distance may vary from 2.8 8, obtained from an X-ray 
structure"-'' to 2.5 8, estimated2' from water IH N M R  TI-l 
measurementsZ1 to 2.25 A obtained from EXAFS measure- 
m e n t ~ . ~ * . ~ ~  The ' H  N M R  spectra of the Cu2C02 derivative have 
shown that H i ~ - 4 8 ~ ~  has smaller hyperfine shifts for the ring proton 
s ignak2 j  

In order to monitor possible geometric variations of the histidine 
ligands one with respect to the other upon anion binding, we have 
performed a 'H N O E  study of the Cu2C02SOD-N,- derivative 
and we have compared the data with those obtained in the absence 
of azide.4 The cyanide derivative is similar in structure to the 
azide This is also confirmed by some sample NOE 
measurements performed during this study (data not shown). On 
the other hand, NCS- and F have relatively little  effect^'^,*^ on 
the IH L M R  spectrum of Cu2C02SOD, and in light of the results 
obtained on the N3- derivative, we believe that NOE's among 
signals do not change in the case of the latter derivatives. Since 
the stereochemical disposition of the ligands appears from the ' H  
NOE measurements to be similar for the native and azide de- 
rivatives, we have tried to improve the quality and the interpre- 
tation of the IH N O E  measurements in order to restrict the 
uncertainty of the stereochemical variations. The aim is to set 
the limit for the detection of structural changes. For this reason 
we have extended the NOE's network including some signals in 
the diamagnetic region, overlooked up to now, but actually 
meaningful to relate the histidine positions to the protein frame. 
Finally, we have discussed the possibilities that make consistent 
the dramatic spectral changes observed for some anion deriva- 
t i v e ~ ' - ' ~  with the essentially unaltered histidine positions. 

Experimental Section 

Bovine erythrocyte CuzZn,SOD was purchased from Diagnostic Data 
lnc., Mountain View. CA,  and used without further purification. Human 
SOD was a gift from R .  A .  Hallewell: i t  has been obtained from a gene 
expressed in yeast, according to a previously reported p r o c e d ~ r e . * * ~ ~ ~  All 
reagents were of analytical grade. Cu2C02SOD was obtained according 
to the reported p r o ~ e d u r e . ~ ~ , ~ '  All samples have been prepared in IO m M  

Bertini, 1.: Briganti, F.: Luchinat, C.: Mancini, M.: Spina, G.  J .  Magn. 
Reson. 1985, 63. 41 
Gaber, P.: Brown, R. D., I l l :  Koenig, S. H.: Fee, J .  A. Biochim. Bio- 
phys .  Acta 1972, 271,  I, 
Blackburn, N .  J.: Hasnain, S. S.; Diakun, G. P.; Knowles. P. F.: Binsted, 
N.: Garner, C.  D.; Biochem. J .  1983, 213, 765. 
Blackburn. N. J . :  Strange, R. W.; McFadden. L. M.: Hasnain, S. S. J .  
Am.  Chem. Soc. 1987, 109, 7162. 
Throughout this article we numbered the amino acid residues by fol- 
lowing the human isoenzyme sequence, although all the NMR data have 
been collected on the bovine isoenzyme, for which the X-ray structure 
is known. Such numbering permits an easier comparison with the many 
data obtained on the human derivative and its mutants. 
Bertini. I . :  Lanini, G.: Luchinat. C.: Messori. L.: Monnanni, R.:  Scoz- 
zafava, A. J .  Am.  Chem. SOC. 1985, 107, 4391. 
Banci, L.: Bertini, I.: Luchinat, C.; Scozzafava, A. J .  B id .  Chem. 1989, 
264. 9742. 
Banci. L.: Bertini, I.: Luchinat, C.: Monnanni, R.: Scozzafava, A. Inorg. 
Chem 1988. 27. 107. . .., ~ . ~ 
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Randolph, A.: Sanchez-Pescador, R.; Scandella, C. F.; Smith, B.; 
Steimer. K.: Miillenbach. G.  T .  Nucleic Acids Res. 1985, 13, 2017. (b) 
Hallewell. R .  A.; Mills, R.: Tekamp-Olson. P.: Blacher, R.; Rosenberg, 
S.: Otting. F.: Masiarz. F. R.;  Scandella. C. F. Eiorechnology 1987, 5, 
363. 
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Sei. 1988. 542, 3 7 .  
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phosphate buffer at pH 7S, by using either H 2 0  or D20 as solvent. 
Solutions of sodiuiii ilzidc in phosphate buffer at pH 7.5 were prepared 
i n  D20,  Titration of Cu2C02SOD with sodium azide solution was per- 
formed in order to obtain a Cu2C02SOD adduct with a saturating amount 
of azide, according to previously reported data.l' 

'H NMR experiments have been performed by using a Bruker MSL 
200 instrument. T ,  values have been obtained by using either an in-  
version rccovcry or it modified DEFT pulse ~equence.'~-'~ All the 'H 
NOE cxpcrimcnts havc been carried out with the previously reported 
mcthodology4 or by saturating a signal with a selective pulse. The water 
signal was Pupprcsscd by a superWEFT pulse sequence.'s Reported 
spsctra tqpicallq consiat of 300000-1 000000 scans; they have been 
colloctcd bj block averaging of cach 32768 scans. Exponential multi-  
plication of thc frcc induction decay to improve the signal-to-noise ratio 
was  such to C:IUSC :I 20-H7 line broadening. The limit of detection for 
NOE signals ranges from 0.277 to I % ,  depending on the signal-to-noise 
ratio and on thc signal linc width. 

The classical angular overlap model was used for thc prcscnt sys- 
t e~n . '~~"  The calculation program included spin-orbit coupling with A 
= 820 cm-I and a Steven reduction parameter of the orbital contribution 
equal to 0.7R.38 Together with the energy levels. the g values and 
direction5 wcrc calculatcd. Finally the A values and directions were 
calculntcd ;tccording to the formalism previously de~cribed'~ by using P 
= 0.027 cm-I and K I P  = 0.29.36 where K is the Fermi contact constant 
and P is cquiil to gcgNgsfiN(r-3), , .  

Results and Discussion 
'H NOE Experiments and Theoretical Considerations. The 

exchange between free and bound N3- is fast on the N M R  time 
sculc. and therefore the positions of the signals of the N< adduct 
can bc rclatcd to thosc of the native enzyme. The titration has 
been pcrfornicd i n  thc presence of 10 m M  phosphate buffer, i.e. 
undcr noninhibitory conditions@ and anyway a t  a concentration 
much smnller than the reciprocal of the apparent affinity constant 
of phosphatc for thc  c n ~ y m c . ~ '  

NOE is defined as the percent variation of the intensity of a 
signal when another signal is s a t ~ r a t c d . ~ * , ~ ~  The NOE values 
can be uscd to obtain interproton distances. Under steady-state 
conditions (irradiation time of signal J > ST, of the observed signal 
I) the homonuclcar NOE is given by 

where uIJ is the cross-relaxation between the two protons I and 
J and pI is the selective relaxation rate of the observed proton I.  
In  the present system pI is equal to the actual T,-l measured 
through nonselective techniques, as  TI-] is essentially determined 
by thc hyperfine coupling with the unpaired  electron^.^-^^^.^^ In  
turn, thc cross-rclaxation tcrm, uIJ. is given, i n  the slow-motion 
limit that holds in the case of macromolecules, by 

(31) Pantoliano. M. W.: Valentine. J .  S.; Nafie, L.  A. J .  A m .  Chem. Soc. 
1982. 104. 63 I O .  
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Figure 2. Representative 200-MHz 301 K 'H  NOE difference spectra 
of the bovine Cu2C02SOD-N< adduct: (a) reference spectrum with 
signals labeled according to the assignment shown in Figure I ;  (b-f) 
difference spectra obtained by saturating signals A (b), C (c), G (d), M 
( e ) ,  and R ( f ) .  I n  the insets the vertical scale is expanded I O  times. All 
thc spectra have been recorded in  H20. NOE experiments in both H20 
and D20 have been used for quantitative estimation of NOE values. 

where T,  is the reorientation time of the vector connecting protons 
I and J and the other symbols have the usual meaning. As uIJ 
is proportional to the square of the dipolar coupling energy, it is 
proportional to rlJ+ and depends on the correlation time T,. This 
treatment holds for the approximation of an isolated two-spin 
system. W e  have checked the validity of the approximation for 
all the signals of interest by performing a relaxation matrix 
calculation and found that the differences are negligible with one 
exception that is discussed later.46 

The correlation time is provided by the tumbling rate or by any 
other movement that causes the reorientation of the two spins on 
a faster time scale. The tumbling time can be estimated, by 
assuming a globular shape of the protein, through the Stokes- 
Einstein equation 

4ir7)r3 
7, = - 

3kT ( 3 )  

where r is the average radius of the molecule and 7 is the solvent 
viscosity. 

We have previously shown4 that the anisotropy in T, due to  the 
nonspherical shape of the molecule is not so severe. W e  have, 
however, faced the problem that the correlation time depends on 
the protein concentration. This is due to changes in microviscosity 

(46) Banci. L.; Bertini, I. :  Luchinat. C.; Piccioli, M. PEBS Lerr., in press. 



4870 Inorganic Chemislry, Vol, 29, No, 24, I990 Banci et al. 

Table I I .  TI and NOE Values and Calculated Distances from ' H  NOE Measurements at 200 MHz and 301 K on the Native' and Azide-Bound 
Bovine Cu2C02SOD Dcrivaiivcs 

TI ,"  m\ -7.6 7% calcd dist 
satd signal obsd signal na t  +N,- nat +N,- nat +Nj- 

h (l lh?(tl i~-63)) L (HK2( His-48)) 4.3 8.2 0.9 * 0.1 1 . 1  f 0.2 2.7 i 0.2 2.9 f 0.2 
/I (tldl(His-63)) K (H61(His-48)) 8.0 17.5 0.6 f 0.2 1 . 1  * 0.2 3.2 * 0.3 3.3 * 0.2 

0.2 f 0.1 0.3 f 0.1 3.3 f 0.3 3.2 i 0.3 
B ( t  Iril (His-120)) H (Htl  (His-120)) I .8 2.6 1.0 f 0.2 0.9 f 0.2 2.3 f 0.2 2.5 i 0.2 
C ( t l t 2 (  tiis-46)) G ( H 6 2 (  His-46)) 3.5 3.8 1.4 f 0.2 2.1 f 0.2 2.4 f 0.2 2.3 * 0.2 
C (llt2(tlih-46)) M (HcI(His-46)) 2 . 7  2.9 0.9 f 0.1 0.8 f 0.2 2.5 f 0.2 2.5 f 0.2 
G (t162(Hi+46)) C (HcZ(His-46)) 4.2 4.4 1.7 f 0.4 1.4 f 0.2 2.4 f 0.2 2.5 f 0.2 
M (lItl(His-46)) C (He2(His-46)) 4,: 4.4 2.2 f 0.4 1.5 f 0.1 2.4 f 0.2 2.3 f 0.2 
M ( t i t  I (Hi-46))  N (H62(His-120)) 2.9 3.7 0.5 f 0.1 2.9 f 0.3 
R (tld2(tlih-46)) G (H62(His-46)) 3.5 3.8 0.6 f 0.2 0.6 f 0.2 2.8 f 0.3 2.8 f 0.3 
Q (t131 (His-7  I ) )  D (H62(His-71)) 3.8 5.1 I .4 f 0.2 1 . 2  f 0.1 2.4 f 0.2 2.6 f 0.2 
L (ti;?( tlia-48)) c y c  (ylCH,(Val-1 18)) 70 I20 33 f 6 48 f 9 2.8 f 0.3 2.9 f 0.3 

R (HiJ2(His-46)) P (HBl(His-46)) I .6 5.5 5.4 f 0.8 5.9 f 1.0 1.7 f 0.2 2.0 f 0.2 
P (tl&l(tfia-46)) R (HBZ(His-46)) 2.4 4.5 9.0 f 1.0 1.7 f 0.2 

A (  t1A2( His-63)) R (H@2(His-46)) 2 4  4.5 

\ (t162(tii+120)) x d  (HbZ(His-120)) 9 f l  4 f 0.5 

L (1162(His-48)) P (Hpl(His-46)) 1 .h 5.5 1 .3  f 0.3 2.2 f 0.2 
P (t+dl(His-46)) L (H62(His-48)) 4.3 8.2 5.5 f 1 2.0 f 0.2 
L (IlO2(tlis-48)) R (H02( His-46)) 2.4 4.5 0.5 f 0.1 1.3  f 0.3 2.6 f 0.3 2.6 f 0.2 
R ( l l$2(l+i+46))  L (H62(His-48)) 4.3 8 .2  2.3 f 0.2 4.0 f 0.8 2.3 f 0.2 2.3 f 0.2 

7, for the  signal on which NOE is deicctcd. *All NOE values have been normalized at infinite diluted solution: Le., 7, = 1.4 X IO-'s. 'Signal 
C Y  i h  i n  thc diamugnctic rcgion a i  0.5 ppm in the  native derivative and at 0.9 ppm in the N <  adduct. dSignal x is at 1 1 . 1  ppm in the native derivative 
and  a t  13.1 ppni in  t h c  N3- adduct 

i n  highly concentrated protein  solution^.^' An equation of the 
t Y  Pc 

(4) 

where r is thc avcragc protcin radius, T~ is the tumbling time of 
thc protcin calculatcd a t  infinitc dilution, and D is the distance 
bct\+ccn two protcin ccntcrs, is available i n  the relaxomctry l i t -  
eraturc4' to account for the variation of 7, with concentration. 
Owing to thc uncertainty in the concentration, we have made an 
indcpcndcnt cstimatc of the correlation time by measuring the 
N O E  betwccn signals C and G ,  and C and M (Figure 2), bc- 
longing to thc rigid frame (known distances) of a histidine ring. 
This has allowed us to normalize to the same effective correlation 
timc indcpcndent samples of different microviscosity of both in- 
hibited and noninhibitcd cnzyme. For the less concentrated 
samplcs the T~ values ( 1.6 X IO-* s) were in good agreement with 
the 1.4 X 1 s obtained from the Stokes-Einstein equation. The 
highest value obtained with the above procedure was 2.15 X IO-* 
s for 8 mM protcin conccntration, consistent with eq 4. 

Thc NOE's observed for thc azidc derivative arc reported in 
Tnblc I I  and comparcd with those of the native enzyme. Some 
reprcscnt;itivc diffcrcncc spectra arc reported in Figure 2. The 
errors on distances are estimated from the errors on NOE's, T,'s, 
and T ~ .  Such errors range between f0.1 and f0.3 A. These values 
tell us that the relative positions of the histidines have not changed 
substantially. and the errors provide the degree of indetermination 
within thc present state of advancement of the investigation tools. 

Wc h a w  tricd ;iIso somc transient NOE's. Owing to the fast 
relaxation rates of thc isotropically shifted signals, it has been 
possiblc to invcrt signals only partially, unless the selectivity of 
thc pulse is lost. Under these conditions the transient N O E  is 
less cfficicnt than steady-state  experiment^.^^ On the other hand, 
transient N O E  experiments give the same results as steady-state 
expcrimcnts. contrary to what was recently reported.4* 

Discussion of the 'H NOE Results. Among the NOE's reported 
in Table 11. we were particularly interested in the NOE's between 
signals of protons of different histidines in such a way to monitor 
conformational variations upon azide binding. From inspection 

TrO 

1 - ( r / ( D  - r ) ) 3  
7, = 

(47)  Koenig. S. H. I n  Wafer in Po/y!ners: Rowland. S. P.. Ed.: ACS Sym- 
posium Scrics 127: American Chemical Society: Washington, DC. 
1980: p 157. 

(48) Paci. M.; Dcsideri. A , ;  Sete. M.; Falconi. M.;  Rotilio, G. FEBS Lerr. 
1990. 2.  231 

of Table I 1  it appears that whereas the NOES vary from unligated 
to N <  derivative, the distances between proton pairs are essentially 
equal or similar. The N O E  between M ( H t l  of His-46) and N 
(H62 of His-120) can be observed only in the N3- derivative 
because these signals become sufficiently separated only when N< 
binds. Therefore, the corresponding value for the native protein 
is not available. However, the distance obtained from NOE 
measurements on the N3- adduct is consistent with the X-ray 
structure of the native enzyme. Also, signals Q and R are not 
resolved in the native enzyme whereas they are resolved in the 
N,- derivative. I t  is possible, therefore, to show that Q gives a 
N O E  to D whereas R gives NOE's to P, L, and G and responds 
to irradiation of A. thus leading to unambiguously assign R as 
HB2 of H i ~ - 4 6 ~  and Q as one of the P-protons of one histidine 
coordinated to Co(ll). The X-ray data are of help in this respect 
and permit a tentative assignment of signal D. The calculated 
interproton distance of 2.6 A between protons Q and D is con- 
sistent with their assignment to HPI and Hd2 protons of His-71, 
respectively. 

The NOE's between A and L and A and K in the azide adduct 
provide the information that the distance between protons of 
His-63 and of His-48 could only change within 0.2 A. Owing to 
the small difference in chemical shift values of signals L and P 
in the azide adduct, i t  has not been possible to quantitatively 
monitor the NOE between these two signals. Nevertheless, it has 
becn possible, through a procedure previously reported49 designed 
to minimize the off-resonance effects, to qualitatively detect a 
sizeable N O E  between L and P. This experiment is indicative 
that also the distance between Hd2 of His-48 and HPI of His-46 
is not essentially changed upon azide binding. 

The comparison with the NOE's of the azide and native de- 
rivatives (see Table 11) provides a feeling of the degree of freedom 
of His-48 with respect to the diamagnetic frame upon azide 
binding. Signal L gives a NOE, both in the native and the azide 
adduct, with a signal in the diamagnetic region located at  0.5 ppm 
in the native enzyme. Owing to its intensity, it can be reasonably 
assigned to a methyl group. The signal moves from 0.5 to 0.9 
ppm in the fully formed azide adduct. A N O E  has been measured 
at  different irradiation times of signal L on the native derivative, 
on the azide adduct, and on a sample with 50% of both species. 
These measurements show that no sizeable variation occurs also 
in this proton-proton distance. A possible candidate for this signal 

(49) Banci. L.:  Bertini. 1.: Luchinat. C.: Viezzoli. M. S. Inorg. Chem. 1990, 
29, 1438 
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Figure 3. Viciblc and ncnr-infrared CD spectra of h u m a n  Cu2Zn,SOD 
( B )  iind its anion derivatives of thiocyanate (C), cyanate (D). azide (E), 
and c y n i d c  (F) .  Thc CD spcctruni of the Ile-137 mutant  ( A )  is also 
shown. 

is y l - C H 3  of Val-I 18. which, in the X-ray structure, is at  2.12 
A from Hb2 of His-48. Also, signal N gives rise to a strong N O E  
with i\ peak at  13.1 ppm i n  the azide derivative; this effect has 
been also detected on a signal at 1 I . I  ppm in the absence of azide. 
The signal a t  13. I ppni i n  the azidc derivative also experiences 
a N O E  from signal M. A reasonable candidate for this signal 
is Hi32 of His-120. 

From the above discussion it appears that the histidines bound 
to copper can move only little, if at all, upon azide binding. Within 
this frnmc there arc two features to be noted. (i) The distance 
between HBI of His-46 (signal P) and HP2 of His-46 (signal R)  
is calculated. in the azide adduct, longer than required for geminal 
C H ?  protons. if the same T~ as that for the other proton pairs is 
used. Wc  believe that a shorter T~ is effective as a result of C H 2  
mobility. ( i i )  The distance between H62 of His-48 (signal L) and 
HB2 of His-46 (signal R)  is shorter. outside the experimental error, 
whcn mcasurcd upon irradiation of signal R rather than upon 
irradiation of signal L. This behavior can be explained by taking 
into account that HP2 of His-46 (signal R )  is more strongly 
coupled to H131 of His-46 (signal P) than to H62 of His-48 (signal 
L) .  I n  this three-spin system, coupling of HP2 of His-46 with 
HBI of His-46 is a further cross-relaxation pathway that increases 
thc N O E  on L. ;IS can be derived from reported  equation^.^^,^^ 

Discussion of the Structure of the Anion Derivatives. The 
observation of NOE's on the ' H  N M R  spectra of the azide de- 
rivative of Cu2C02SOD shows that the overall relative spatial 
disposition of the histidines involved in the coordination to copper 
does not chnngc significantly. This holds also for the cyanide 
adduct owing to the similarity of the s p e ~ t r a ~ ~ , ~ '  and similar sample 
NOE's and presumably for the NCO- derivative, since the shifts 
are intcrnicdiatc bctwccn those of the azide and those obtained 
in the absence of anions. The fluoride and thiocyanate derivatives 
show ' H  NMR spectra similar to that of the uninhibited derivative. 

On the other hand. the electronic and EPR spectra of the CN-. 
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Figure 4. Transition energies, g values, and A,, values of the native SOD 
calculated with D9(N) of His-120, His-63, and His-46 = 2170 cm-I, 
Dq(N) of His-48 = 1085 cm-I, and e, /e ,  = 0.13. The geometric coor- 
dinates arc  those in  Table I .  The variations of the above values are 
calculated as a function of (A)  the Dq value of a fif th ligand ( X )  with 
the same polar angles as those of the native water molecule, (B)  the 
movement of the copper ion toward and beyond the average plane formed 
by N(His-120), N(His-63). and N(His-46) in the presence of X ( D q ( X )  
taken as 2170 cm-I), (C) the B angle formed by the Cu-X direction with 
the perpendicular to the average plane formed by N(His-120), N(His- 
63), and N(His-46), and (D) the D9 value of N(His-48), in the presence 
of the X ligand at the water position. The conditions are the same as at 
the right side of (B) .  The arrows represent values calculated with the 
same parameters. 

anion adducts of Cu2Zn2SOD. The C D  spectra obtained in this 
work refer to the human isoenzyme. They are essentially the same 
as those previously reported on some derivatives of the bovine 
i ~ o e n z y m e . ~ ~ ~ ~ '  For the cyanide derivative of the human isoenzyme 
a further band at  17.0 X IO3  cm-' is detected. The single-crystal 
EPR data on the native bovine isoenzyme are also shown.I5 In 
order to make some meaningful considerations, we include in the 
discussion the mutant Ile-137 of the human isoenzyme.50 The 
large Ile residue makes the cavity hydrophobic, and no water is 
present i n  the cavity nearby the copper ion. 

The high-energy feature i n  the C D  spectra of the copper(l1) 
ion decreases in energy from C N -  to N3-, to NCO-, and to the 
native derivative, whereas the spectra of the NCS- and F- de- 
rivatives are similar to those of the native enzyme. The lle-137 
mutant, without coordinated water, shows somewhat higher en- 
ergies than the native enzyme. This has been interpreted.3**50 as 
due to a stronger His-48 to copper coordination bond. 

The ' H  N M R  spectra of the Cu2C02SOD anion derivatives 
indicate that the protons of His-48 experience hyperfine coupling 
with the unpaired electrons to different extents (Table IV). The 
chemical shifts decrease smoothly from the Ile-137 to the C N -  
derivative. For example, i f  the hyperfine coupling value of signal 
L (Hd2 of His-48) is taken as zero in the cyanide derivative, it 
increases to 3.4 ppm in the N,- derivative and to 6.5 and 14.7 ppm 
i n  the presence of NCO- and NCS-, respectively. In the native 
enzyme, where a water molecule is weakly coordinated, the above 
parameter is 19.3 ppm, and it  results to be 28.9 ppm in the absence 
of water (Ile- 137 derivative). 

In  order to rationalize the observed trend in the EPR and C D  
properties of the inhibitor derivatives of Cu2Zn2SOD within the 
constraints of the NOE results, we attempted some ligand field 
calculations with the angular overlap model scheme using a Dq 
value of 2170 cm-' for N(His-120), N(His-46), and N(His-63), 
half of that value for N(His-48), and eJe, = 0.13. The Dq of 
thc water ligand was set to zero. For the histidine residues we 

N3-. and NCO- derivatives are considerably different from each 
othcr. Table I I I shows the EPR parametersI2 and electronic 
transition energies. measured from C D  spectra (Figure 3). of the 

(50) ~ ~ ~ ~ i ~ i ,  1,; ~ ~ ~ ~ i ,  L, ;   hi^^^, c.; Bielski, B, H, J , ;  cabelli, D, E.; 
Miillenbach. G. T.: Hallewell. R. A. J .  Am. Chem. SOC. 1989, 111,  714. 
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Figure 5. Stereoview of the copper(l1) site o f  native SOD.'8.'9 The imidazalate rings belong to His-I20 (rear), His-46 (right), His-63 (front), and 
His-48 (left). The water molecule is on the upper left side. Vectors I and 4 represent the experimental g,, directions obtained from single-crystal EPR 
spcctrn of the native enryme'5,'8 ( I )  and of the cyanide derivative (4). Vectors 2. 3. and 5 show the g,, directions calculated from an angular overlap 
mudol analysisM ofthe native enzyme (2) and its new positions obtained either by increasing Dq of the X ligand to twice Dq of the regularly coordinated 
hirtidincr a s  in Figurc 4A (5) or by moving thc copper ion toward the mean rquarc plane of the N,X chromophorc as in Figure 4B (3). 

Table 111. EPR Pu ;m"rs"  and Visible Electronic Transitionsk of 
Cu,Zn,SOD. Its Inhibitor Derivatives. and the lle-137 Mutant 

t r a m  energies! 

N n t  SODd 
SOD + F 
SOD + NCS' 
SOD + NCO- 
SOD + N,- 
SOD + CN-  

2.26 2.03 2.119 
2.26 2.06 
2.25 2.06 
2.26 2.05 
2.24 2.04 
2.21 2.05 

142 
143 
I48 
I58 
I57 
I88 

13.0 16.4 
13.0 16.5 
13.0 16.3 
12.8 15.3. 18.2 
14.1 18.3 
17.0 19.9 

'The FPR paramctcs arc obtained from powderlike room-tcmpera- 
turu solution spcctra a t  X-band. unless otherwise indicated. The data 
arc dat ive to thc bovine isoenzyme unless otherwise indicated. bThe 
electronic transitions haw been obtained from a best fitting of the CD 
spectra with Gaussian functions. The data are relative to the human 
isoenzyme. cThe X-band spectra are treated as axial. The single g 
values reported for the perpcndicular feature approximately correspond 
to the average between g, and g,. dThe EPR parameters are those of 
the singlc-cryslal anslysir." The corresponding values faor the human 
irocn/.ynic g,, = 2.26. far = 2.05. and AI, = 142 X IO4 cm-'. The 
tr .inbition .' ' cncrgics arc for the human isoenzyme. 

Table I V .  XO-MH;. Room-Tcmpcruture ' H  NMR Shifts of His-48 
Imidazole Protonr of Derivatives of Cu,Co,SOD 

Cu,Co,SoD 6(H61) signal 6(H62) signal 6 ( H t l )  signal 
dc;ivaiives K. ppm L. ppm 0. ppm 

HSOD lle-137 38.6 38.0 22.5 
HSOD 34.6 28.3 19.6 
BSOD 28 4 19 6 

'These data arc rcll t ivc to a 4 M solution of F in the presence of 2 
mM Cu,Co,SOD. Thc adduct is not fully formed. 

uscd an  anisotropic r interaction pcrpendicular to the imidazole 
planes. The above parameters were shown to  satisfactorily re- 
produce the electronic transition energies and EPR parameters 
of the native e n ~ y m e . ' ~  In  a first series of calculations (Figure 
4A) the Dq ofa ligand X in the position of the weakly coordinated 
water has been increased from zero to twice the Dq of the regularly 
coordinated histidines. In two other series of calculations per- 
formed by setting the Dy of X equal to that of the other three 
histidines. the position of copper has been moved toward and 

beyond the plane formed by N(His-120). N(His-46), and N- 
(His-63) (Figure 4B) or the X ligand has been lowered toward 
the N(His-120). N(His-46). and N(His-63) plane (Figure 4C). 
In every case the average of the three highest transitions increases, 
All increases except a t  the beginning of the perturbation of Figure 
4A (Dq(X)/Dq(N(His-120)) < I ) .  and g, becomes moreaxial, 
while gll shows smaller variations. We should notice that the 
direction of gll in the native system has been already reproduced.ls 
The direction of gll in the CN-  adduct is also known." In Figure 
5 the computed and observed gll directions are shown for the final 
values of cases shown in Figure 4A,B. It appears that  both 
perturbations move the gll direction close to the experimental one 
of the cyanide adduct, the departures being 15 and Eo for cases 
A and B, respectively. The perturbation of Figure 4C also moves 
gll in the right direction but to a much smaller extent. 

These calculations show that a strong fifth ligand in the original 
position of water plus either a movement of copper or a lowering 
of this ligand toward the plane of the other three histidines can 
account for the general trend. Further information comes from 
the analysis of the hyperfine shifts experienced by His-48. The 
hyperfine shifts depend on unpaired electron spin density on the 
coordinated nitrogen, which, in turn, depends on the angle of the 
Cu-N(His-48) direction with the gll (or All) direction. Figure 5 
shows that His-48 passes from a value of about loOD for such an  
angle to about I 60° in the cyanide derivative. This can account 
for a large decrease of the hyperfine coupling; however, in low- 
symmetry systems like the present one, some sizeable hyperfine 
coupling is still expected. W e  feel that  a decrease in hyperfine 
coupling a s  large as that observed in the case of C N -  is due to 
a simultaneous lengthening of the Cu-N(His-48) distance. In 
every square-pyramidal system containing copper(l1) the apical 
ligand is more weakly coordinated than the equatorial ones?] The 
movement conceived in Figure 4 8  is more consistent with the 'H 
N O E  data if  the Cu-N(His-48) distance increases. At this point 
it is meaningful to discuss the T ,  values of His-48 protons in the 
azide derivative (Table 11) (the corresponding values of the cyanide 
adduct are not available, since the signals are  deep inside the 
diamagnetic region). The TI values of histidine protons in the 
absence of sizeable contact hyperfine couplings are  mainly due 
to dipolar proton-metal-centered unpaired electron coupling?' 
Metal-proton distances can be calculated if the correlation time 
is known. Such time, which corresponds to the electronic relax- 
ation time. has been estimated from the TI values of the other 

~ ~~ 

( 5  I )  Hathaway. B. J. In Comprehmsiw Cwnlinorion Chemistry: Pergamon: 
Oxford. England. 1987: Vol. 5 .  Chapter 53, 533. 
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Figure 6 .  Scheme of the reciprocal movement of the copper ion and the 
X ligand: chromophore in the native enzyme (left); final arrangement 
in  thc  C:IW of  :I strong ligand (right) .  

protons to be 2 X IO-" s . ~  The T ,  values of His-48 protons in 
the N,- derivative are consistent with a Cu-N distance of 2.7 A, 
i.e. with a lengthening of about 0.6 A. This value is sizeably higher 
than the value of 0.27 A estimated from EXAFS studies,23 but 
the metal to nitrogen distance is less than 20% different. A factor 
of 2 i n  the electronic relaxation time could make the two figures 
coincident. Note that TI of signal L passes from 4.3 ms i n  the 
case of the native derivative to 8.2 ms i n  the azide derivative. 
Furthermore, signal P, corresponding to HPI of His-46, experi- 
ences a Cu-H distance increase of about the same amount (TI 
is I .6 ms in the native derivative and 5.5 ms i n  the azide deriv- 
ative). Despite that indetermination in the Cu-H distances may 
be relatively high. the increase in Cu-N( His-48) distance is a 
conceivable geometrical perturbation that may occur together with 
other geometrical variations. Figure 4D shows the effect of a 
variation of Dq of the His-48 ligand under the conditions of the 
right-hand side of Figure 4B. Le., with copper being approximately 
i n  the average X. N(His-120). N(His-48). and N(His-63) plane. 
Thc cffects of detaching His-48 are relatively small but in the right 
direction (incrcasc of Al l  and transition energies). 

From hstcronuclcar N M R  studies it has been suggested that 
F- 1 2 . 1 3 - 5 2  and NCS- I 2 . I 4  are actually bound to copper. Spectro- 

scopic data on both Cu,Zn,SOD and Cu,Co,SOD and ligand field 
calculations are consistent with a small bonding interaction around 
thc water binding position. The hyperfine shifts of His-48 are 
most sensitive to such binding; when no ligand is present a t  the 
water position as in the case of the Ile-I37 mutant, His-48 is better 
bound. Azide and cyanide seem to bind quite tightly and to cause 
detachment of His-48 through a movement of copper. This can 
be schematically envisaged as in Figure 6. Cyanate has an  
intermediate behavior; its C D  spectrum, which reveals a further 
transition, can be consistent with an even more distorted geometry. 

Concluding Remarks. The ' H  N O E  study of CuzCo2SOD in 
the presence of saturating amounts of azide has shown that the 
interproton distances of the histidines bound to copper, and be- 
tween such histidines and diamagnetic groups, are essentially the 
same upon azide binding. The technique of N O E  in paramagnetic 
molecules has been pushed to its limits in order to minimize the 
errors. Within this frame the spectroscopic properties of the anion 
derivatives have been discussed on the basis of an angular overlap 
approach that takes into consideration the movement of copper 
and the binding strength and position of the anions. The All  trend, 
gll values and directions, electronic transitions in the CuzZnz 
derivatives, and T I  values of the protons of His-48 and His-46 
i n  Cu,Co2SOD point to a lenghtening of the Cu-N(His-48) 
distance from NCS- to CN- ligands. This trend is consistent with 
the EXAFS report on the S O D  anion  derivative^.^^ 

Registry No. L-His, 7 1-00- I ;  NC, 14343-69-2; CN-, 57- 12-5; NCO-, 
66 1-20- I ; NCS-, 302-04-5; F-. 16984-48-8; Cu, 7440-50-8; superoxide 
dismutase. 9054-89- I .  

(52) Viglino, P.; Rigo, A,; Stevanato, R.; Ranieri, G .  A,; Rotilio, G.; Cala- 
brese. L. J .  Magn. Reson. 1979, 34, 265. 
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Syntheses, Structures, and Properties of Vanadium, Cobalt, and Nickel Compounds with 
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Three new compounds of 2-mercaptophenolate (mp2-), trinuclear (Et,N)[V,(mp)6] ( l a )  or (Ph4P)[V3(mp),] ( Ib) ,  dimeric 
(Et4N)2[Co(mp)(Hnip)]2 (2), and binuclear (Et4N)2[N_i2(mp)2(Hmp)2] (3), were synthesized and their structures determined. 
Compound I b  crystallizes in  the triclinic space group PI wi th  a = 14.127 (4) A, 6 = 14.342 (4) A, c = 15.878 (4) A, a = 65.08 
( 2 ) " .  B = 73.09 (2)'. y = 78.68 (2)'. V = 2781.3 A', and Z = 2. Compound 2 crystallizes in the monoclinic space group P 2 ' / c  
n i t h  o = 16.606 ( 2 )  A. b = 15.575 ( 1 )  A. c = 17.725 (2) A, @ = 1 1  1.07 ( I ) ' ,  V =  4277.8 A3, and Z = 4. Compound 3crystallizes 
i n  thc iiionoclinic spacc group PZl/n wi th  a = 9.179 (4) A. 6 = 17.487 (5) A, c = 12.840 (4) A, @ = 92.87 (3)', V = 2058.6 A3, 
and Z = 2 .  Structural analyscs rcvcaled the multifunctional chelating character of mp2-: it can be S,O, ( t  for terminal) as in 
2, 3. :ind (Et4N)2[Fe2(mp)4]13 (4), S,Ob (b for bridging) as in Ib and 4. or SbOH as in 3. Some structural regularities are observed. 
Compounds I b  and 2 arc paramagnetic with magnetic moments of 2.76 and 2.38 f i g  per molecule in the polycrystalline state, 
rcspcctivcl). Compound 2 dissociates in DMSO to its monomer, which is rapidly oxidized by trace air. The final product is purple 
[Co(mp),]- with ;I magnetic moment of 3.26 f i B .  A simulated 'H N M R  spectrum of 3 revealed the nuclear spin coupling of the 
liydrogcn at0111 in thc  hydroxyl group wi th  the ortho H on the same phenyl ring. 

Introduction 
Transition-metal elements are essential to many biological 

systems in nature. For example, the recently identified second 
nitrogenase' contains vanadium in an 03s3 environment.2 The 
devclopmcnt of V chemistry has also been furthered by the desire 
to understand its biological role in organisms such as t ~ n i c a t e s . ~  
which contain tunichrome4 (TC)  with V(I1I) chelated to poly- 
peptide chains rich i n  hydroxyl groups. While four- or five-co- 
ordinate Co(l l )  thiolates have been considered as models for the 
catalytic site of the cobalt-substituted alcohol dehydrogena~e ,~  

*To whom corrcapondcnce should be addressed at the Fujian Institute of 
Rescorch on t hc  Structure of Matter.  

the V, Co, Cr ,  Mn, and C u  complexes of EHPG [ethylenebis- 
[(o-hydroxyphenyl)glycine]] have been studied as models for 
metal lot ran sf err in^.^^^ Nickel is known to be present i n  the 

( 1 )  (a )  Robson. R. L.; Eady, R. R.; Richardson, T. H.; Miller, R. W.; 
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