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Cytochromec is a small, water-soluble heme protein which
shuttles an electron between two membrane-bound proteins in
the respiratory chain of mitochondria. Its function as a facile,
reversible redox partner has led to its use in numerous
investigations of intra- and interprotein electron-transfer reac-
tions. Some of these investigations employed the attachment
of redox-active metal centers (such as ruthenium ammine1-7 or
bipyridine7,8 complexes, pentacyanoferrate,9 or cobalt cage10

complexes) to residues on the surface of cytochromec to (1)
examine the effect of the intervening protein matrix on electron-
transfer rates, (2) study the driving force dependence of electron
transfer, or (3) initiate interprotein electron-transfer reactions
within a protein-protein complex. In addition to studies of
the native, iron-containing protein, electron-transfer reactions
of the long-lived excited state of Zn-substituted cytochromec
have been extensively examined.7,11,12

Recently, we reported13 intramolecular electron transfer
measurements on pentaammineruthenium-modified, cobalt-
substituted cytochromec. Like native iron cytochromec, the
metal center in CoCytc is six-coordinate and low-spin in both
the II and III oxidation states. The reduction potential of CoCyt
c is 0.40 V lower than that of FeCytc, and the estimated self-
exchange reorganization energy is much higher (2.4 eV vs 1.0
eV for FeCyt c).13 However, when the opposing effects of
increased driving force and reorganization energy in the cobalt

case are accounted for, the activationless rate limit (indicative
of the center-to-center electronic coupling) is nearly the same
in the iron and cobalt cases.
This report presents our results on intramolecular electron

transfer in ruthenium-modified, manganese-substituted cyto-
chromec, the only other derivative (aside from iron and cobalt)
with two stable oxidation states. Unlike the other two, MnCyt
c is high-spin and five-coordinate in both the MnII and MnIII

oxidation states.14 The reduction potential of MnCytc was
previously14 determined to be+0.06 ( 0.04 V vs NHE by
potentiometric titration. Despite the fact that reduced MnIICyt
c is rapidly oxidized by O2, MnCyt c shows no activity with
cytochromec oxidase or reductase.14

Manganese-substituted horse heart cytochromecwas prepared
according to the method of Dickinson and Chien.14 The
absorption spectra we obtain for both oxidation states (Figure
1, MnII in the presence of excess sodium dithionite) agree with
the published spectra.14 MnIIICyt cwas derivatized at histidine-
33 with (NH3)5RuIII or trans-(NH3)4(L)RuII, L ) pyridine or
isonicotinamide, and purified by established procedures.1,15

Ruthenium-to-manganese ratios were determined by atomic
absorption spectroscopy for each derivative (NH3, 1.1; py, 0.85;
isn, 0.87; uncertainty∼20%, concentrations 6-12 µM). Elec-
trospray mass spectra of (NH3)5RuIII-MnIIICyt c showed a major
peak at 12 540 Da, corresponding to the correctly modified
species (see Supporting Information). In addition, sequential
loss of ammonia ligands from the ruthenium complex under
electrospray conditions was indicated by a series of peaks of
mass 12 540- 17n, wheren ) 1-5. A small peak due to
unmodified MnCytcwas seen around 12 355 Da. Electrospray
spectra of bona fidetrans-(NH3)4(L)RuII-MnIIICyt c (L )
pyridine or isonicotinamide) samples showed only native mass
peaks at 12 358 Da. These ruthenium(II) complexes are
apparently too labile to remain bound to histidine groups under
electrospray conditions, an effect also observed by others.16

MnCyt c is apparently electrochemically inactive at dipyridyl
disulfide-coated gold electrodes that give good cyclic and
differential pulse voltammetry results with FeCytc and broad
but clearly defined DPV peaks for CoCytc. DPV scans of
ruthenated MnCytc samples show only the peak corresponding
to the ruthenium couple and no peak assignable to MnCytc.
Examples for L) NH3, py, and isn are given in the Supporting
Information. The ruthenium couples appear at the same
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potentials observed in the corresponding ruthenated iron and
cobalt horse heart cytochromesc. The apparent electrochemical
inactivity may be related to the lack of reactivity of MnIICyt c
with cytochrome oxidase.14

The circular dichroism spectra of MnIICyt c and MnIIICyt c
are included in the Supporting Information. The Soret regions
of the CD spectra show dramatic differences between the two
oxidation states, in keeping with the absorption spectra. The
fraction of helical content (fH) within each of the protein
derivatives can be calculated using the formula [θ′]222 )
-30300fH - 2340,17,18where [θ′]222 ()[θ]222/104 residues) is
the mean residue ellipticity at 222 nm. Measurements of molar
ellipticities for MnIIICyt c, (NH3)4Ru(L)-MnIIICyt c (L ) NH3,
py, isn), and MnIICyt c (-1.20× 106, -1.03× 106, -1.09×
106, -1.09× 106, and-1.84× 106 deg cm2/dmol) result in
calculated helicities of 30.4, 25.1, 26.9, 26.9, and 50.7%,
respectively. A small decrease in helicity is observed upon
addition of the pendant ruthenium group to manganicytochrome,
as was observed in the case of CoIIICyt c.13 The extremely
high (51%) helicity estimated for MnIICyt c (from two measure-
ments) is remarkable and suggests a large degree of peptide
backbone conformational change between the redox states;
however, this method of helicity determination is subject to
confounding factors such as spectral interference from the
manganoheme prosthetic group.19

Preliminary measurements of the rate of reduction of MnIII -
Cyt c by CO2•- yield a rate constant of 2.1× 108 M-1 s-1,
which is larger than that of the reduction of CoIIICyt c (1.4×
108 M-1 s-1) but 9 times lower than that of FeIIICyt c (1.8×
109 M-1 s-1). Oxidation of MnIICyt c by the azide radical (k
) 4.6× 108 M-1 s-1) is slower than that of CoIICyt c (8.0×
108 M-1 s-1) and FeIICyt c (1.3 × 109 M-1 s-1). Pendant
(NH3)5RuIII/II - groups are reduced by CO2•- with a rate
constant4b of ∼3 × 109 M-1 s-1 and oxidized by the azide
radical13 at∼1 × 109 M-1 s-1.
Pulse radiolysis transient absorption spectroscopy at 430 nm,

near the maximum of the MnIICyt c Soret band, was used to
measure electron-transfer rates. For all three ruthenium deriva-
tives, the reactions were initiated by the oxidation of the fully
reduced RuIIMnII species by the azide radical, N3•, producing
the RuIIIMnII intermediate which undergoes electron transfer to
give the ultimate RuIIMnIII product. This is the same technique
used to study electron transfer in the native iron and cobalt-
substituted cytochromesc.1,3,13 For the (NH3)5Ru- derivative,

it is also possible to follow electron transfer by the reduction
of the RuIIIMnIII species by CO2•-,4b,20although the dominance
of the direct reduction of the ruthenium center results in a small
signal from the RuIIIMnII intermediate.21 The results of the two
methods are in complete agreement, as shown by Figure 2.
Electron-transfer rates were measured at several concentra-

tions for each of the three ruthenium derivatives; the data are
shown in Figure 3 and tabulated in the Supporting Information.
The observed rate constants increase with concentration. We
assign the intercepts of linear fits for each complex as the
intramolecular electron-transfer rate constants and the slopesas
the intermolecular rate constants. The results are presented in
Table 1.
The rate of intramolecular electron transfer22 in (NH3)5RuIII-

MnIICyt c, is 41( 1 s-1 for a driving force of∆G ) -0.08
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Figure 1. Absorption spectra of MnIIICyt c (solid line) and MnIICyt c
(dotted line) in 50 mM phosphate buffer, pH 7.0.

Figure 2. Pulse radiolysis transient absorption traces of intramolecular
electron transfer in (NH3)5Ru-MnCyt c at 430 nm. Top trace, left
axis: intramolecular ET initiated by oxidation of fully reduced RuII-
MnII species by 0.34µM N3

•. Conditions: 3.0µM reduced ruthenated
MnCyt c, 1 mM NaN3, N2O-saturated 50 mM phosphate buffer, pH)
7.0. Bottom trace, right axis: intramolecular ET initiated by reduction
of fully oxidized RuIIIMnIII species by 0.53µM CO2

•- radical.
Conditions: 1.2µM oxidized ruthenated MnCytc, 100 mM sodium
formate, N2O-saturated 50 mM phosphate buffer, pH) 7.0.

Figure 3. Observed electron-transfer rates in three ruthenium-modified
manganocytochromesc as a function of concentration. Data are given
in the Supporting Information.
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eV. Assuming for the sake of argument that the reorganization
energyλ for MnCyt c is the same as that for FeCytc (1.0 eV),23
correcting the measured electron-transfer rate constant in the
iron case (0.4 s-1, ∆G ) +0.125 eV)2,13 for the difference in
driving force leads to an estimated rate of 23 s-1, in fairly good
agreement with the observed rate. However, due to the
differences in coordination geometry between iron and man-
ganese cytochromes in both oxidation states, it is unlikely that
their reorganization energies are indeed similar. A great deal
of further work is necessary to estimate the rate of MnCytc
self-exchange rate from cross-reactions in order to obtain a
reliable value ofλ for interpretation of the electron-transfer
kinetics.
In the cases of ammineruthenium-derivatized iron and cobalt

cytochromes, the variations of intramolecular electron-transfer
rates with driving force obey Marcus-Hush theory very well.3,24
For MnCytc the intramolecular and intermolecular rates increase
with driving force by factors of 16.5 and 44, respectively,
between the (NH3)5Ru- and (NH3)4Ru(isn)- derivatives, less
than one may reasonably expect for a change of 0.30 eV.
Estimated intramolecular electron-transfer rates based on FeCyt
c values ofλ ) 1.0 eV andkmax ) 3.9× 105 s-1,3,25 are 39,
3700, and 9000 s-1, respectively, for the ammine, pyridine, and
isonicotinamide derivatives, the last two estimates being about
an order of magnitude faster than the observed rates. The
possibility exists that for MnCytc the actual electron-transfer
step may not be rate limiting, particularly in the pyridine and
isonicotinamide cases.26,27

Activation parameters for all three derivatives (Table 1) were
determined by measuring electron-transfer rates at 6, 16, 25,
35, and 45°C using low (NH3)4Ru(L)-MnCyt c concentrations
(1.2-3.0 µM) to minimize the contribution from the intermo-
lecular rate. The Eyring plots (Supporting Information) are
curved at higher temperatures, possibly due to increasing
intermolecular contributions. Linear fits of the data between 6
and 35°C were used to estimate the activation parameters. The
activation entropies are much more negative for the MnCytc
derivatives than for the corresponding FeCytc cases (-18 to

-22 eu)3 but comparable to those for CoCytc (-36 to-39
eu).13,24 As in the cobalt case, a significant shortening of the
axial Mn-His(18) bond upon oxidation may reduce conforma-
tional freedom in certain regions of the protein, leading to a
decrease in entropy. A detailed analysis requires determination
of the thermodynamic parameters in the CoCytc and MnCytc
systems.
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(25) Thekmaxvalue used here is appropriate for low-driving-force reactions
of ruthenium ammine complexes bound to His33. If thekmax value of
2.6× 106 s-1 obtained from ruthenium bipyridine complexes7 is used,
the calculated rate constants would be an order of magnitude higher.

(26) If the (NH3)4(L)RuIII-, L ) pyr or isn, complexes had formed through
inadvertent oxidation and then disproportionated in the presence of
additional oxidant prior to the electron-transfer experiments, the
resulting products would have lower potentials, which would reduce
the ET driving force and lead to slower-than-expected rates.1 However,
these ruthenated manganocytochromes were handled with the same
care to avoid RuII oxidation that worked successfully in previous iron1,3

and cobalt13,24systems. In future work, we will deliberately allow the
disproportionation reaction to proceed in order to investigate its effects
on driving force and electron-transfer rates.
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histidine) is identical to that ofb-type heme centers such as myoglobin
and hemoglobin. Recently, electrochemical studies of manganese-
substituted myoglobin in surfactant films have found evidence of a
square redox scheme, with a slow rearrangement following reduction.27b

It is possible that conformational gating may limit the electron-transfer
rates in these systems. (b) Farmer, P. J.; Lin, R.; Bayachou, M.
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Table 1. Driving Forces, Rates, and Activation Parameters for Electron-Transfer Reactions of Ruthenium-Modified Manganocytochromesca

complex ∆G°,b eV kinter,cM-1 s-1 kintra,c s-1 ∆Hq
intra,d kcal/mol ∆Sq

intra,d eu

(NH3)5Ru- -0.08 (5( 1)× 105 41( 1 4.8( 0.1 -35.1( 0.3
4.6( 0.3e -35.6( 1.1e

(NH3)4(py)Ru- -0.31 (9.9( 0.1)× 106 446( 6 2.6( 0.1 -37.5( 0.3
(NH3)4(isn)Ru- -0.38 (2.7( 0.1)× 107 667( 2 1.5( 0.1 -40.4( 0.3

aConditions: N2O-saturated 50 mM potassium phosphate, 1 mM NaN3, pH ) 7.0. bDriving forces estimated from the literature. Uncertainty
0.04 eV.1, 2, 14 cCalculated from observed rates at 25°C as a function of concentration (Supporting Information).d Estimated from Eyring plots of
data between 5 and 35°C. See text.eReductive method: N2O-saturated 50 mM potassium phosphate, 100 mM sodium formate, pH) 7.0.
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