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The electron-transfer reactivity of the isolated cytochrome c active-site peptide (heme octapeptide) has been studied. Two 
separate approaches have been used: photochemical electron transfer from excited-state ruthenium bipyridyl homologues 
and NMR measurements. Both techniques provide a consistent estimate of the self-exchange rate for the heme peptide: 
klloP > lo6 M-I s-l (p = 0.1 M). This rate appears constant for derivatives with pyridine, imidazole, or methionine as 
axial ligands. The heme peptide self-exchange rate exceeds the self-exchange rate for cytochrome c, which is estimated 
as kllwc N 103-l@ M-I The results show that incorporation of a prosthetic group in a metalloprotein need not increase 
the basic reactivity of the metal and may indeed decrease it. Possible explanations for this decrease are considered. 

Introduction 
A central question in inorganic biochemistry is "How does 

a protein influence the reactivity of the associated metal 
center?" In this paper, the electron-transfer reactivity of 
cytochrome c is compared with a "model" system, the heme 
octapeptide, which is an isolated active-site peptide of cyto- 
chrome c (Figure 1). This peptide is clearly an ideal model 
system, since the heme c substituents, several specific heme 
amino acid contacts, and histidine axial coordination are 
preserved in the isolated active site. The other axial ligand 
site can be occupired by methionine, as in native cytochrome 
c, or by other ligands (CN-, pyridine (py), imidazole (im)) 
as desired.'V2 This heme peptide has been well characterized 
and many of its properties are Differences have been 
found between the redox potentials1 and between electronic 
structures3 of cytochrome c and the isolated active site. 
However, a fundamental comparison of electron-transfer rates 
has not been reported. 

We here report the first comparison of the intrinsic elec- 
tron-transfer reactivity (e.g., self-exchange rates) of the heme 
site between the native protein and the isolated active site, 
involving a novel application of excited-state electron transfer. 

Materials and Methods 
Materials. The heme octapeptide (OP) of cytochrome c was isolated 

as previously described.2 Amino acid analysis agreed well with the 
expected values. 

Ruthenium pyridyl homologues, Ru"L, (L = bipyridine (bpy), 
4,7-dimethylphenanthroline, 5-chlorophenanthroline (5-C1-phen), 
bipyrimidine) were prepared as previously described!' 

Methods. Magnetic resonance was attempted in order to measure 
the self-exchange rates of OP independently. A known concentration 

(1) Harbury, H.; Loach, P. J.  Biol. Chem. 1960, 235, 3640-3646, 
3646-3654. Harbury, H.; Meyer, Y. P. Ann. N.Y. Acad. Sci. 1966, 
685-699. 

(2) Smith, M.; McLendon, G. J .  Am. Chem. Soc. 1980,102,5666-5670. 
( 3 )  Smith, M.; McLcndon, G. J .  Am. Chem. Soc. 1981, 103,4912. 
(4) Sutin, N.; Creutz, C. Adu. Chem. Ser., 1978, No. 168, 1-27. 
(5) Hunziker, M.; Lodi, A. J .  Am. Chem. Soc. 1977, 99, 7370-7371. 
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(a. lo4 M) of the OP-pyridine complex was reduced in an anaerobic 
electrolysis cell and transferred by syringe to a degassed NMR tube 
containing an oxidized OP-pyridine solution of known concentration. 
NMR spectra of the pure oxidized, pure reduced, and mixed solutions 
were obtained on a 100-MHz JEOL PFT-100 or a 400-MHz Bruk- 
er-400 instrument. 

Excited-state reactiolrs were monitored by luminescence quenching. 
Emission of ruthenium bipyridyl homologues was monitored by using 
a Perkin-Elmer MPF44A fluorimeter. Aliquots of octapeptide so- 
lutions were added with a gastight syringe. 

Heme axial-ligand effects were examined for pyridine, imidazole, 
and N-acetylmethionine. Identical excess ligand concentrations were 
maintained in both the ruthenium solutions and the octapeptide solution 
([pyridine] = 0.05 M, [imidazole] = 0.05 M, [N-acetylmethionine] 
= 2.5 M). Solutions of the ligands alone did not quench the ruthenium 
emission. 

Electron-transfer quenching was established by photolyzing an 
anaerobic solution containing ruthenium bipyridyl, octapeptide, 
pyridine, and EDTA. Continuous irradiation showed clean reduction 
of the (0P)FeII'py. 
Results 

Photoinduced Electron Transfer. Many previous studies of 
protein electron transfer have used stopped-flow methods as 
a primary technique.13 However, the combination of the un- 
favorable reduction potential (Eo < -0.1 V), extreme oxygen 
sensitivity, and rapid self-exchange of the heme octapeptide 
makes conventional flow techniques difficult or impossible to 
apply. Photoinduced electron transfer offers a simple and 
potentially powerful way to circumvent the constraints of the 
flow experiments. Homologues based on ruthenium(I1) bi- 
pyridyl readily undergo excited-state electron transfer over a 
wide range of excited-state  potential^.^^^ Since electron 
transfer can be detected by quenching of ruthenium emission, 
elaborate precautions need not be taken to protect the redox 
products from air oxidation. (Air was routinely excluded, 
however, to prevent partial quenching of the ruthenium excited 
state.) 

(6) Balzani, V.; Bolletta, F.; Gandolfi, M.; Maestre, M. Top. Curr. Chem. 
1978, 75, 1-60, 
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Table I. Electron-Transfer Quenching Parameters for the Reaction 

McLendon and Smith 

Ru*L*+OP"L' +OP"L1 + RuL,,+ 
1 - ~ b  kllOP M-I s - f C  L L' 7 RuL,, ps p a , v  kobsd,M- S 

bip yridine pyridine 0.6 0.7 3 x 1010 1 X106 
imidazole 0.6 0.6 3 x lolo 1 x l o 6  
methionine 0.6 0.76 5 x 1 O ' O  2 x l o 6  

5-chlorophenanthroline pyridine 1 .o 0.6 4 x 1 O ' O  2 x lo6 
imidazole 1.0 0.5 2 x 10'O 1 x 106 
methionine 1 .o 0.66 4 x 1010 1.7 X lo6 

bip yrimidine pyridine 0.08 0.21 1 x 10'0 4 x l o 6  
imidazole 0.08 0.17 5 x 10' 3 x IO6 
methionine 0.08 0.31 2 x 10'0 4 x IO6 

E" =Z!?RU*L,-+RUL,~* EOOPIIL-+OPIIL;EO*Ru(bpy), = 0.86 v;6 FOPim =-0.22 v,' F*Ru(bpm),  = 0.40 v;' f l o p p y  =-0.12 v;' 
E"*Ru(5-Clphen), = 0.78 v;6 EoOp(metMonine) = -0.08 v.' b kobsd - kSV/7, wheae ksv i s  the Stern-Voher constant obtained from 
static quenching and 7 is the Ru* lifetime. klloP = (kobsd2/k22RUk,& k,, = I@ 'o.or9; hf= (In k , ,k , , / z2 ) ;k , ,  2. lo9 M-' sV1 (ref 6). 

CY S-ALA- G LN-CYS-H IS-THR-VAL-GLU 

CH2 7 %  I coo- coo- 
Figure l. Schematic representation of the heme octapeptide 
(cysteinylalanylglutmanylcysteinylhistidylthr~nylvalylglu~mate) . 

Thus, this technique has recently been applied in studies of 
the cross reactions of cytochrome c7 and the blue copper 
proteins.s 

The present studies underscore the utility of the technique. 
It is crucial in these quenching experiments to establish that 
quenching indeed occurs by electron transfer and not energy 
transfer. An electron-transfer path was demonstrated for 
octapeptide quenching by irreversible reaction of the Ru"' 
photoproduct with EDTA, thereby "trapping" the reduced 
octapeptide. Such competitive reactions have been studied in 
detail, in connection with photocatalytic water r e d u c t i ~ n . ~ J ~  
The system employed is given in eq 1 and 2. Thus, when a 

R ~ ( b p y ) ~ * ~ +  + OP"' - OP'I + R ~ ( b p y ) ~ , +  (1) 
R ~ ( b p y ) , ~ +  + EDTA - 

R ~ ( b p y ) , ~ +  + CH20 + C 0 2  + ethylenediaminetriacetate 

system containing 0.01 M EDTA, 1 X M Ru(bpy),, and 
3 X 10" M (0P)Fe'I'py is irradiated with visible light, the 
Fe"' peptide is quantitatively reduced within 5 min to Fe" 
(Figure 2). Therefore, the OP quenching of ruthenium lu- 
minescence indeed occurs by electron transfer. Stem-Volmer 
quenching data for electron-transfer deactivation of RuL, 
homologues (L = bipyridine, 5-chlorophenanthroline, bi- 
pyrimidine) by several octapeptide derivatives (imidazole, 

(2) 

(7) McLcndon, G., to be submitted for publication. 
(8) Gray, H. B. "Abstracts of Papers", 182nd National Meeting of the 

American Chemical Society, New York, August, 1981; American 
Chemical Society: Washington, D.C., 1981; INOR 100. 

(9) Miller, D.; McJxndon, G. Inorg. Chem. 1981, 20, 950-953. 
(1 0) Keller, P.; Moradpour, A.; Amoyal, E.; Kagan, H. Now. J .  Chim. 1980, 

4, 311. 
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Figure 2. Visible spectra in the a,@-band region of the heme octa- 
peptide/Ru(bpy)?+/EDTA photoreduction system: (- - - ) absorbance 
before irradiation ([Ru(bpy),*+] = 1 X M, [Fe"'OP] = 3 X lW5 
M, [EDTA] = 0.01 M, pH = 7 (-0.1 M Bistris buffer)); (-) 
absorbance after 5 min of irradiation with a 200 W projector bulb. 
Irradiation light was restricted with a W n m  sharpcutoff filter and 
an IR filter. Radiant intensity was -lo-' einstein/s, determined by 
Reineckes salt a~tinometry.~ 

1 
2 4 
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Figure 3. Stern-Volmer plots (& = emission intensity at 620 nm 
without quencher, 4 = intensity at each quenching concentration) 
for electron-transfer quenching of R u L ~  (L = 5-chlorophenanthroline 
(l), bipyridine (2), bipyrimidine (3)) by (0P)Fe"' imidazole. Similar 
plots are obtained for the methionine and pyridine adducts (Table 
1). 

pyridine, N-acetylmethionine) are shown in Figure 3. The 
results of all the experiments are summarized in Table I. The 
standard relative Marcus equation is used to calculate the OP 
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self-exchange rate, kll:  k12 = (kllk22klJ)'/2, where k22 is the 
excited-state ruthenium" exchange rate; kz2 - lo9 M-l s-l; 
K12 is the equilibrium constant calculated from the O P  and 
Ru"* redox potentials, andfis defined in Table I. The most 
accurate estimate of kll  should be obtained from the reactions 
of 0P"'L with [ R ~ ( b p m ) ~ ] ~ + * ,  for which the driving force is 
minimal ( E  - 0.16 V; Table I). The data in Table I are 
consistent with kl l  > lo6 M-Is-I. Assuming k,, = lo3 M-' 
s-l, as in cytochrome c, leads to the prediction that koW = 
(103109103.1)1/2 = lo7 M-l s-l, which is almost 2 orders of 
magnitude smaller than the observed value (koW 1 lo9 M-I 
s-l). The value k N lo6 M-I s-l is also consistent with the 
lower limit for self-exchange established by NMR spectroscopy 
for OPpy (vide infra). 

Finally, this value is similar to, but smaller than, an estimate 
by Pastemak17 of the self-exchange rate of a low-spin synthetic 
iron porphyrin, hydroxyiron tetrakis(methylpyridy1)porphyrin. 
For this (fully exposed) synthetic porphyrin, the estimated 
self-exchange rate is k l l  > lo7 M-I s-I.l7 

The calculated values of klloP were affected only minimally 
by the nature of the axial ligand (imidazole, pyridine, and 
methionine). However, the pyridine and methionine values 
must be interpreted cautiously, since the larger driving forces 
associated with these reactions (Eo 1 0.25 V) increase the 
quench rate to near the diffusion limit. 

Magnetic Resonance. In principle, NMR techniques can 
provide a direct measure of self-exchange rates, under specific 
conditions. 

Line-shape analysis can be used for reactions in the fast- 
exchange region (7-l << (vox - vRd)). This analysis is pre- 
cluded for the present case by the ancillary line broadening 
due to rapid axial ligand exchange from the OP. 

For slower reactions, direct TI  measurements (saturation 
recovery, 180-r90) may be appropriate since TI  or << TI Rd, 
which is due to efficient paramagnetic relaxation of the oxi- 
dized (0P)Fe"'. This method is most applicable in the slow- 
to intermediate-exchange region: T > 21/2/27r(vox - vRd), 
where vox and vRed are the frequencies of the oxidized and 
reduced species. 

In any event, an estimate of the exchange rate is provided 
by simply determining whether the fast- or slow-exchange limit 
is obeyed. 

In the slow-exchange limit, (7  > 21/2/27r(v~x - vRd) ) ,  the 
spectrum of a solution that contains both O P h  and OPRd will 
appear to be a superposition of the isolated oxidized and re- 
duced spectra. 

By contrast, in the fast-exchange limit, only a single set of 
resonances will be observed. The shifts (6) of these resonances 
will be weighted by the relative mole fractions, N, of oxidized 
and reduced OP: bow = N&oX + N ~ d b ~ d .  

As shown in Figure 4, only a single set of resonances is 
observed in mixtures of (0P)Fe"py and (0P)Fe"'py. Fur- 
thermore the frequencies of these peaks are weighted toward 
the excess component. Thus, OP electron exchange is fast on 
the NMR time scale under our conditions. This observation 
requires a minimum self-exchange rate of kl l  I lo5 M-' s-l. 
A more quantitative analysis is precluded by ligand-exchange 
contributions to the line shape. Nonetheless, this estimated 
lower limit agrees with our independent determinations of klloP 
by luminescence quenching. 

Discussion 
Two independent methods have been used to estimate the 

electron-transfer self-exchange rate constants of the active-site 
heme octapeptide in several low-spin ligand forms. The results 
are consistent with a self-exchange rate constant of ca. 106 M-' 
s-l. Within the limits of the data, this rate constant appears 
to be insensitive to axial ligation, whether via nitrogen (pyr- 
idine) or sulfur (methionine). 
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Figure 4. 100-MHz 'H NMR spectra of the heme octapeptide (lr3 
M total heme). The horizontal axis gives chemical shift in ppm relative 
to DSS (4,4-dimethyl-4-silapentanesulfonate): (a) oxidized; (b) 
mixture 90% oxidized + 10% reduced; (c) reduced. 

More surprisingly, the self-exchange rate constant of the 
isolated active site exceeds that of the holoprotein (klloP N 

lo6 M-' s-l, kllCFc N lo3 M-' s-l). An analogous result 
recently has been reported. Holm and co-workers determined 
the self-exchange rates by NMR for synthetic Fe,S, active 
sites." The measured self-exchange rate constant of N lo6 
M-' s-l for the models far exceeds the values for the native 
ferredoxins (<lo3 M-I s-'). At least for these two classes of 
proteins, then, the protein structure does not appear to enhance 
reactivity, as previously suggested,l2 but rather decreases it. 
At least two explanations for this effect may be proposed. 

One explanation follows from the extensive studies of Gray 
and co-worker~.'~ They found that the reactivity of cyto- 
chrome c with inorganic redox reagents roughly correlates with 
the stereochemical properties of these reagents. This corre- 
lation was proposed to reflect the relative accessibility off the 
protein redox site to these reagents. This idea is further 
supported by the recent studies of Sykes and Margol ia~h, '~  
which support the cytochrome c heme edge as the reaction site 
for inorganic reagents. 

It is clear that the heme peptide should be far more ac- 
cessible when isolated than when incorporated into the protein. 
The enhanced reactivity of the exposed peptide is predicted 
by the accessibility model and thereby supports this model. 
A similar argument has been offered for the Fe4S4/ferredoxin 
comparison.'l 

While this explanation is attractive, alternatives could be 
offered. For example, in the original Marcus formulation,15 
the ultimate rate of electron transfer depends on the rate of 
reorganization of the surrounding medium (precursor and 
successor complex formation). With the isolated active-site 
models, this reorganization occurs in the bulk solvent, while 
for the holoproteins, the protein structure itself must rearrange. 
Small but well-defined changes occur in cytochrome c on 
reduction.16 Since the time scale for these changes is un- 
known, protein reorganization may retard the overall rate of 
electron transfer. 

(1 1 )  (a) Reynolds, J.; Coyle, C.; Holm, R. H. J .  Am. Chem. Soc. 1980,102, 
4350-4353. (b) Phillips, W.; McDonald, C.; Stombaugh, N.; Orme 
Johnson, W. Proc. Natl. Acad. Sci. U.S.A. 1974, 71, 140-143. 

(12) Williams, R. J. P.; Moore, G.; Wright, P. In "Biological Aspects of 
Inorganic Chemistry"; Addison, A., et al., Eds.; Wiley: New York, 
1979 DO 369-401. . - .  r r  - - -  

(13) Reference 12, pp 289-368. 
(14) Butler, J.; Davies, D. M.; Sykes, A. G.; Koppenol, W. H.; Osherhoff, 

N.; Margoliash, E. J .  Am. Chem. Soc. 1981, 103,469. 
(15) Marcus, R. Annu. Rev. Phys. Chem. 1964, 15, 155-180. 
(16) Takano, T.; Dickerson, R. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 

6371-6373. 
(17) Pasternack, R.; Spiro, E. J .  Am. Chem. SOC. 1978, 100, 968. 
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In summary, two independent methods have been used to 
measure the self-exchange rate of several ligand derivatives 
of the active-site heme peptide from cytochrome c. These 
methods give a consistent estimate of klloP = (3 f 1) X lo6 
~ - 1  s-~, which significantly the rate constant for native 
cytochrome c: k l l q c  103-104 M-i s -~ .  This rate difference 

the accessibility model proposed by Gray,13 but alternative 
explanations cannot be excluded. Finally, excited-state electron 
transfer appears to offer a powerful probe of the electron- 
transfer reactions of metalloproteins and peptides which are 

difficult to study by conventional means. Further studies in 
this vein are in progress.’** 
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Kinetics and Mechanism of the Equilibration Reactions of Diaquochromium( 111)-Schiff 
Base Derivatives, Cr( Schiff base) ( H20)2+, and Their Conjugate Bases with Thiocyanate, 
Azide, Imidazole, Pyridine, and Nicotinic Acid as Ligands 
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The kinetic studies of the reactions of the complexes Cr(Schiff base)(H20),+ where Schiff base is either N,N’-ethylene- 
bis(salicylidenimine), viz., salen, or N,N’-ethylenebis(acetylacetonimine), viz., acacen, reveal high aquo ligand substitution 
rates. The Schiff base complexes Cr(Schiff base)(H20),+ and their conjugate bases equilibrate with a variety of nucleophiles, 
X”, viz., thiocyanate ion, azide ion, pyridine, imidazole, and nicotinic acid. The forward rates for the equilibration reactions 
of X” with either Cr(~alen)(H,O)~+ or Cr(acacen)(H20),+ are independent of the nature of X“. The invariance of the 
forward rate constants and a linear free energy relation between log (aquation rate constants) and log (equilibration constant) 
with a slope of 0.94 * 0.05 for the reactions of Cr(salen)(H20),+ support a dissociative interchange (Id) mechanism for 
the aquo cation. On the other hand, the forward rate constants for the conjugate base of Cr(~alen)(H,O)~+ exhibit a marked 
dependence on the nature of the incoming nucleophiles, X”. On the basis that the conjugate base exhibits a probable 
five-coordinate structure in solution, a bimolecular addition mechanism has been proposed for the reactions with X”. The 
study reports one of the few examples in the aqueous chemistry of Cr(II1) wherein a high kinetic lability resulting from 
ground-state distortion has been demonstrated. 

Introduction 
Whereas a vast majority of aquo ligand substitution reac- 

tions of chromium(II1) complexes has established the kinetic 
inertness of the metal ground-state distortion has re- 
cently been shown to give rise to kinetic lability in Cr(II1)- 
Schiff base complexe~.~ The X-ray structure of the diaquo- 
chromium(II1) complex, Cr(salen)(H20),+ as a chloride salt 
reveals a distortion in the H20-Cr-OH2 and such a 
distortion has led to the substitution of an aquo ligand by NCS- 
or N3- in the stopped-flow time scale.s We have recently 
reported the synthesis and characterization of the perchlorate 
salt of Cr(~alen)(H,O)~+ as well as of the new complexes 
Cr(a~acen)(H,O)~+ and Cr(~alophen)(H~O),+.~ Although 
the Schiff base ligands salen, acacen, and salophen have strong 
structural resemblances, with cobalt(III), they have been 
known to form either five- or six-coordinate complexes de- 
pending on the nature of the tetradentatelo ligand. The kinetic 

(1) Garner, C. S.; House, D. A. Transition Mer. Chem. 1970, 6, 59. 
(2) Dasgupta, T. P. Int. Rev. Sci.: Inorg. Chem., Ser. Two 1974, 9, 63. 
(3) Langford, C. H.; Sastri, V. S. MTP Int .  Rev. Sci.: Inorg. Chem., Ser. 

One 1972, 9, 203. 
(4) Swaddle, T. W. Coord. Chem. Rev. 1974, 14, 217. 
(5) Rajendra Prasad, D.; Ramasami, T.; Ramaswamy, D.; Santappa, M. 

Inorg. Chem. 1980, 19, 3181. 
(6) Coggon, P.; McPhail, A. T.; Mabbs, F. E.; Richards, A.; Thronley, A. 

S. J.  Chem. SOC., Dalton Trans. 1970, 3296. 
(7) Yamada, S.; Iwasaki, K. Bull. Chem. SOC. Jpn. 1969, 42, 1463 and 

references therein. 
(8) Yamada, S.; Iwasaki, K. Inorg. Chim. Acta 1971, 5, 3. 
(9) Rajendra Prasad, D.; Ramasami, T.; Ramaswamy, D.; Santappa, M. 

Synth. React. Inorg. Met.-Org. Chem. 1981, 11, 431. 

studies of the aquo ligand substitution reactions of chromi- 
um(II1)-Schiff base complexes where Schiff base is either 
salen or acacen or salophen are of interest. Further with the 
salen derivative of chromium(III), under alkaline conditions, 
a complex of the formulation of Cr(sa1en)OH has already been 
isolated and characterizeda6 There have been recent reports 
on the interesting features of the mechanisms of the reactions 
of five-coordinate complexes.” The kinetics and mechanism 
of the reactions of Cr(Schiff base)(H20),+ complexes (where 
Schiff base = salen or acacen or salophen) and of their con- 
jugate bases with a variety of nucleophiles Xw = NCS-, N3-, 
pyridine (py), imidazole (C3H,N2) and nicotinate ion (3-py- 
COO-) have, therefore, now been reported. 
Experimental Section 

Materials. The complexes Cr(Schiff ba~e ) (H~O)~C10~ ,  where 
Schiff base is salen, salophen, or acacen, were prepared by the ad- 
aptation of the procedures already described for the chloride salt of 
the salen derivative and characterised as already described.6~~ Lithium 
thiocyanate and lithium azide were prepared from KNCS and KN, 
and LiC104. The other reagents pyridine, imidazole, and sodium 
nicotinate used were of reagent grade and were used without further 
purification. The concentrations of the solutions of the ligands in- 
vestigated were analysed by standard methods.12 

(10) Bigotto, A.; Costa, G.; Mestroni, G.; Pellizer, G.; Puxeddu, A.; Reis- 
enhofer, E.; Stefani, E.; Tauzher, G. Inorg. Chim. Acta Rev. 1970, 4, 
41. 

(11) Ramasami, T.; Espenson, J. H. Inorg. Chem. 1980, 19, 1523. 
(1 2) Vogel, A. I. “A Text Book of Quantitative Inorganic Analysis”; E.L.B.S. 

Pub.: London, 1978; p 263. Fritz, F. S .  Anal. Chem. 1950, 22, 1028. 
Cowgill, R. W. Ibid. 1955, 27, 1521. 
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