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Volumes of activation for intra- and intermolecular electron transfer from ruthenium(I1) ammine complexes to two 
types of cytochrome c were measured by pulse radiolysis using a portable, high-pressure optical cell. Electron- 
transfer rates were measured as a function of pressure from 1 to 1500 atm. The AV values for intramolecular 
electron transfer in (NH3)sRu1I-His33 horse heart ferricytochrome c and (NH3)5RuI1-His39 Candida krusei fer- 
ricytochrome c are -17.7 * 0.9 and -18.3 f 0.7 cm3 mol-', respectively. For the intermolecular reaction between 
[Ru(NH3)#+ and horse heart ferricytochrome c, AV is -15.6 f 0.6 cm3 mol-I. The results indicate that the 
electron-transfer transition state is significantly more compact than the reactant state in both the intramolecular 
and intermolecular cases. Most of this volume change can be accounted for by an increase in solvent electrostriction 
at the ruthenium center. 

Introduction 
The interest in the understanding of electron-transfer reactions 

of transition metal complexes has increased significantly in recent 
years. This can partly be ascribed to an improved ability to 
describe such processes theoretically and to the application of 
new techniques with which additional experimental information 
has become available. It isin thisrespect that theeffect of pressure 
on electron-transfer processes in inorganic and organometallic 
systems has received considerable attention in recent 
Such studies have added a new dimension to the kinetic 
information available and enable a direct comparison of exper- 
imentally determined and theoretically calculated volumes of 
activation for such processes. 

Several laboratories are presently investigating long-range 
electron-transfer processes in inorganicsystem~l~ and in proteins.20 
Particular interest has been paid to the nature of the electron- 
transfer pathway in these systems. Such processes can be studied 
through the application of flash-photolysis and pulse-radiolysis 
 technique^.^^,^^ Recent instrumental  development^^^-^^ have 
allowed application of these kinetic techniques at pressures up to 
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200 MPa (Le., 2 kbar), such that the pressure dependence of 
long-range electron-transfer processes can now be investigated. 
This enables the determination of activation volumes for such 
processes and should contribute to our understanding of the 
electron-transfer mechanisms. 

This article reports the first study of the effects of pressure on 
the rates of intramolecular electron-transfer reactions in metal 
complex-modified proteins. The rates of intramolecular electron 
transfer in pentaammineruthenium(II1)-modified horse heart (eq 
1) and Candida krusei (eq 2) cytochrome c were measured by 
pulse radiolysis using a high-pressure cell. 

[ (NH3),Ru"-(His33)cyt clI1] - 
[(NH3),Ru"'-(His33)cyt c"] (1) 

[(NH3),Ru"-(His39)cyt clI1] - 
[(NH3),Ru"'-(His39)cyt cI1] (2) 

For purposes of comparison, the effect of pressure on the in- 
termolecular reaction (eq 3) was also determined. These three 
processes exhibit a remarkable pressure acceleration which can 
be interpreted in terms of intrinsic and solvational effects. 

Experimental Section 
Hiph-Rcaclure F'ulse Radiolysis. Electron pulse-radiolysis transient- 

adsorption experiments were carried out with the 2-MeV Van de  Graaff 
accelerator a t  Brookhaven National Laboratory24 using a PC-controlled, 
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Reduction of Cytochrome c by Ru"(NH,), Complexes 
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Qnre 1. Typical 550-nm transient absorption data for intramolecular 
electron transfer in (NH3)1Ru"-His33 horse heart cytochrome c at 1 
a m  (slower) and I500 atm (faster). plotted on the same time a l e .  
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Elgum X Schematic diagram of the pillbox sample cell showing the 
electron team and light beam paths and the irradiated volume. 

CAMAC-bad data acquisition and control system. The transient 
absorptiondata,mcasured at 550nm. wmanalyzcd to singleexponentials 
by nonlinear least-squarescurve fitting toZO00 points. Thersported rate 
error limits are the standard dwiations for sets of 4 6  runs. Figure 1 
shows typical kinetic tram at I and I500 atm plotted on the same time 
axis. 

For each prcssuredependence experiment a sample was placed in a 
pillbox quartz cell inside a thermostated, four-window high-pmure 
vcssel." The window of the vcssel through which the 2-MeV electron 
beam penetrates was a 1 0 "  thick steel window in which 7 holes 2.3 
mm in diameter and 9.4-mm deep were drilled in a hexagonal pattern 
within a circle of 8-mm diametcr. In this way, a sufficient electron pulse 
for accurate experiments could penetrate the thinned-out sections of the 
window to irradiate the sample (Figure 2)." The solutions were stirred 
with the aid of a magnetic stirring bar within the high-pressure vessel 
betwcm the kinetic measurements 

Theaqnmussohti~nsuscd in thcscexperimentswere N~~aaturated,  
0. IO M sodium formate and 0.050 M phosphate buffer at pH 7.0. Under 
thcsc conditions. the radiolytically generated hydroxyl radical reacts with 
the formate ion to produce the carbon dioxide radical anion. 

OH' + HCO; - H,O + CO,' (4) 

l" Dqedmx of tbe l"ok.hr RacUon. Horsc heart 
cytochrome c (Sigma, type VI) was purified according to literature 
procedures.' Hcxaammincruthenium(Il1) chloride (Matthey Bishop) 
wasrccrystaUizedfromO.1 M HCI. For thepulsoradiolysise=periments, 
the concentration of purified native horse heart ferricytochrome c was 
20.4 pM and that of [RU(NHI)&II was 200 pM. Thus, reaction 5 

(25) Wishart, J. F.: wn Eldik, R I R m  Sci. Imtmm. 1992,63.3224. We 
kindlv acknwledse su~sesllons fmm Dr. Harold Schwarr iBNL1 . ,  
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Table I. Correction of the O b s ~ ~ e d  Intermolecular Rate Constanul 
for Depletion of Ferricytochrome c 

C 
A tot. dose at D E 

atm kh,sd #M pM cwnsumed k,,d 
1 1.29 *0.02 3.7 0 0 1.29 

500 1.66 *0.08 5.7 2.0 0.023 1.70 
IO00 Z.l6*0.10 8.1 4.4 0.050 2.27 
1500 3.14+0.15 9.7 6.0 0.068 3.37 
IO00 2.27 * 0.07 11.3 7.6 0.087 2.49 
500 1.48 * 0.05 14.6 10.9 0.124 1.69 

pressure, B middlepulse, C-3.7 fractioncyt F 

1 1.08 *0.02 18.0 14.3 0.163 (1.29) 

dominated reaction 6 and intermolecular electron transfer (cq 3) can be 
followed conveniently at 550 nm. 

CO,' + [RII"'(NH,)~]~* - CO, + [Ru"(NH,),]" 
(2.0 x 109 MI s - y  ( 5 )  

CO,'+cyte"'-CO,+cyte" (1.3X 109M's-')'* (6)  

Correction of the obsnred htemolecnlnr Rates. Because the entire 
pillbox cell volume is not evenly irradiated (ace Figure 2). correction of 
an observed intermolecular rate for depletion of the limiting reagent 
(femcytochmme c) over the course of the experiment is not as simple %Y 

subtracting the total applied dose from the original concentration (20.4 
pM) to get the effective concentration for a given data set. The initial 
and final observed rates are used to normalize the corrections as shown 
in Table I. Columns A and B list the average ~ b ~ e ~ e d  rates at each 
pressure in sequence. Column C shows the total dose applied to the 
irradiated portion of the cell at the middle pulse for a given pressure set, 
and column D contains the total dose relative to the first data set ( D  = 
C -  3.7 pM). The total fraction of cytochrome c consumed for the final 
runs at I am was determined by the ratio of the rate constants (1 - 
1.08/1.29 = 0.163). The remaining entries in column E were obtained 
by the formula E = D(0.163/14.3). The corrected rate constants are 
then calculated: F = B / ( l  - E )  

F"dw Jhpendmee of tbe htnmokcahr Raetioar Pentaam- 
mineruthenium(lII)-modified horse heart (hh) and C.  h e i  (Ck) 
ferricytochromcscwere prepared accordingto literature ~ ~ r e s . l ~ 3 ~  
Modified protein concentrations were 14.6 and 12.5 pM. resptively, for 
hh and Ck. Under these conditions, the electron-transfer intermediate 
II is generated in -70% yield from the reaction of ruthenium(II1)- 

(7) 

Each rate constant reported in Table I1 is the mean of 4-6 
individual kinetic measurements at the stated pressure. Inde 
pendent measurements were made during pressure a m n t  and 
descent; these are indicated by separate table entries for a given 
pressure. As explained above, the intermolecular rates were 
corrected fordepletionoffemcytochromecduring theexperiment 
by normalization based on the accumulated radiation dose and 
the initial and final average observed rates a t  1 atm. 

Activation enthalpies, entropies, and volumes for the three 
reactions investigated here are shown in Table 111. The inter- 
and intramolecular electron-transfer reactions arcall significantly 
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Table II. Intramolecular and Intermolecular Electron-Transfer 
Rates of Native and Pentaammineruthenium-Modified Cytochromes 
c as a Function of Pressure at  25 OC' 

electron-transfer rate 

horse heart C. krusei intermolecular 
pressure, (NH3)sRuIl- (NH3)sRu"- [Ru(NHo)slZt + 

atm His33, s-l His39, s-I hh, M-I s-I * 

Wishart et al. 

1 3 9 f  1 8 6 f  1 6.3 X 10' 
3 9 f  1 8 8 f 3  

61 f 1 124 f 6 8.3 X 104 
lo00 7 4 f 3  175 f 3 11.1 x 104 

81 f 4  192 * 9 12.2 x 104 
1500 124 f 3 254 f 16 16.5 X 104 

Where two rates are given for a single pressure, the first was measured 
during prcssure ascent and the second was measured on descent from 
1500 atm. Rates are corrected for depletion of ferricytochrome c. Error 
limits are 5%. See text. 

Table IIl. Activation Parameters for Intramolecular and 
Intermolecular Electron Transfer in Native and 
Pentaammineruthenium-Modified Cytochromes c 

500 58 & 3 124 f 3 8.3 x 104 

276 f 23 

AH', AS',cal A V ,  
reacn kcal mol-' de& mol-' cm3 mol-' 

horse heart (NH3)sRu1LHis33 3.5 f 0.2. -39 f 10 -17.7 i 0.9" 
C. krusei (NH&Ru'LHis39 2.3 & 0.26 -41 & 16 -18.3 & 0.7d 
intermolecular ( R u ( N H ~ ) ~ ] ~ +  i- 0.9 * 0.2c -34 f lC  -15.6 & 0.6d 

hh cyt c 

@ Reference 28. Reference 29. Reference 30. This work. 

6, . . . . , . . . . , . . . . , . ,  

0 500 1000 1500 
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Figure 3. Pressure dependence of the observed rates of intramolecular 
electron transfer in pentaammineruthenium-modified C. krusei (0) and 
horse heart (W) cytochrome c and the observed rate of intermolecular 
reduction of horse heart ferricytochrome c by RU(NH&~+ (A). 

accelerated by pressure and exhibit similar volumes of activation 
between -16 and -18 cm3 mol-' (Figure 3). In order to account 
for the observed volume collapse, the transition state for the 
electron-transfer process must be significantly more compact than 
the reactant state. The latter can arise from intrinsic (bond lengths 
and angles) and solvational (solvent electrostriction) volume 
contributions.'V2 

The intermolecular, outer-sphere reduction of cytochrome c 
by R U ( N H J ) ~ ~ +  may involve ion-pair formation, as suggested for 
the reduction of cytochrome c by Fe(CN)& and C0(phen)3~+.~' 
The volume changes associated with such ion-pair formation were 
calculated to be +2.8 and -1.1 cm3 mol-', respectively, on the 
basis that thechargeofferricytochrome~is+7.5.3~ Thedifference 
in sign arises from a decrease or increase in electrostriction due 
to charge neutralization or charge concentration during ion-pair 

(31) Heremans, K.; Bormans, M.; Snauwaert, J.; Vandersypen, H. Faraday 
Disc. Chem. Soc. 1982, 74, 343. 

formation, respectively. Since ion-pair formation between cy- 
tochrome c and Ru(NH&2+ will in general by very weak and is 
expected to be accompanied by a very small volume change, the 
experimentally observed AV (for eq 3) arises mainly from the 
electron-transfer step itself. This isconsistent with theobservation 
that the measured intermolecular AV is close to those obtained 
for the intramolecular electron-transfer reactions in the ruthe- 
nium-modified hh and Ck cytochromes c. 

During the electron-transfer process cytochrome c is reduced 
and theoverallchargedecrease from +7.5 to +6.5.31332 However, 
the partial molar volume of cytochrome c upon reduction is 
estimated to be small (-5 to +5 cm3 mol-').33 This means that 
theobserved AV mainly arises from effects involving the oxidation 
of Ru(I1) to Ru(II1). However, the contribution to AV from 
intrinsic volume changes due to shortening of the Ru-N bond 
during oxidation is small (0 L 

Furthermore, this largevolume collapse seems to be independent 
of whether the Ru center is covalently bonded to cytochrome c 
or just in close contact with cytochrome c. The bonding sites in 
Ru(His33)+yt c (hh) and Ru(His39)-cyt c (Ck) are both on the 
outside surface of the protein35 and ca. 18 A (center-to-center) 
away from the heme ( N 13 A imidazole to porphyrin).20c The 
contact ion-pair center-to-center distance is ca. 14 A in the case 
of the intermolecular electron-transfer process.36 Thevery similar 
observed activation volumes indicate that the observed volume 
decrease is associated with the oxidation of the Ru center, which 
is located on the outside of the protein surface of cytochrome c 
in the intramolecular and intermolecular reactions (eqs 1-3). 

The above analysis leads to the conclusion that the observed 
volume collapse is caused by an increase in solvent electrostriction 
due to the increase in charge on the Ru center (2+ to 3+) on the 
surface of the protein. This interpretation agrees with the findings 
of earlier studies involving intermolecular electron-transfer 
reactions of cytochrome c. A volume of activation of -1 1 cm3 
mol-' was estimated for the reduction of cytochrome c by 
C0(phen)3~+,~' which is close to that found in this study. The 
measured volume of activation of + 13 cm3 mol-' for the reduction 
of horse heart cytochrome c by Fe(CN)6" 31 can be accounted 
for in terms of a decrease in electrostriction during the oxidation 
of Fe(CN)& to Fe(CN)63-. In addition, data for related Co(II/ 
111) c o m p l e x e ~ ' ~ , ~ ~  indicate that solvational processes make 
significant contributions tovolumeeffects even when large intrinsic 
volume changes are present. 

The significantly negative AS values (see Table 111) support 
the above hypothesis and correlate well with AV data. However, 
the close agreement of the AS$ values in the intramolecular and 
intermolecular cases is fortuitous due to the effects of nonadi- 
abaticity in the former case and precursor complex formation in 
the latter. 

1 -3.7 cm3 mol-').34 
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Conclusion 
This is the first reported investigation of the effect of pressure 

on rates of intramolecular electron transfer in metal complex- 
modified proteins. In the case of the ruthenium ammine- 
cytochrome c complexes studied here, the results indicate that 
the electron-transfer transition state is significantly more compact 
than the reactant state in both the intramolecular and intermo- 
lecular cases. 

Comparison of the intermolecular result with previous inter- 
molecular studies using different metal ions shows that the 
dominant contribution to the observed activation volume (and 
activation entropy) comes from an intrinsic volume collapse and 
increased electrostriction of water around the ruthenium center 
upon oxidation. The similarity of the intramolecular and 
intermolecular activation volumes and entropies may be due to 
the fact that the electron-transfer distances and the exposure of 
the metal complexes to solvent are similar in all three cases. 
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It will therefore be important in future experiments to 
investigate the differences in AV between systems in which the 
redox centers are located at significantly different distances on 
the inside and outside of the protein shell. Further investigations 
of intermolecular and intramolecular oxidurionr of cytochrome 
c by ruthenium complexes would provide complementary mech- 
anistic information. 
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