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ABSTRACT. The second-order electron transfer reaction between cytochbgraed cytochromes has

been studied by cyclic voltammetry utilizing a gold electrode modified 4thercaptopropionate. When

cyclic voltammetry is performed on a solution containing a mixture of cytochimneytochromec and
polylysine, cytochromés undergoes reversible electrochemistry at the electrode surface while cytochrome

¢ discriminates against the electrode surface. The selectivity of the modified electrode for negatively
charged proteins makes it possible to selectively reduce a protein possessing a net negative charge and a
relatively low reduction potential (outer mitochondrial membrane cytochrogneE® = —102 mV;,
microsomal cytochromés, E° = 3 mV) in the presence of another protein possessing a net positive
charge and a relatively high reduction potential (cytochramg&® = 265 mV). The electrochemical
reduction of ferricytochromés at the electrode surface is followed by a second-order electron transfer
reaction between ferrocytochromigs and ferricytochromec that yields ferricytochromebs and
ferrocytochromes. This fast homogeneous electron transfer reaction which is preceded by a heterogeneous
electron transfer reaction results in a characteristic cyclic voltammogram containing a pre-peak to the
reduction current. The second-order rate constant for the homogeneous reaction was obtained by invoking
the above reaction scheme for digital simulation of a cyclic voltammogram which was subsequently fitted
to the experimental data. Second-order rate constants obtained with this method ar&®.and 8.9

x 1C® for the homogeneous electron transfer reactions between rat liver outer mitochondrial membrane
(OM) ferrocytochromdds and beef liver microsomal ferrocytochrorbg with horse heart ferricytochrome

c, respectively. These values are in good agreement with second-order rate constants obtained for the
same protein systems by flash photolysis [Meyer, T. E., Rivera, M., Walker, F. A., Mauk, M. R., Mauk,

A. G., Cusanovich, M. A., & Tollin, G. (1993Biochemistry 32622—-627].

Cytochromebs is an intermediate carrier in the electron rat liver mitochondria by proteolytic cleavage (Fukushima
transfer pathway from NADPH to fatty acyl CoA in the & Sato, 1972) and by detergent solubilization (Nisimeto
microsomal membrane (Spatz & Strittmatter, 1971) where al., 1977). The proteolytically cleaved rat liver outer
it is anchored by means of a hydrophobic tail. Proteolytic mitochondrial membrane (OM) cytochrornewas purified
cleavage of cytochromés yields a fully active, water-  and proved to be distinct from the microsomal cytochrome
soluble, heme-containing domain (Strittmatter & Ozols, b isolated from rat liver (Ito, 1980), and later shown to be
1996). Genes coding for the water-soluble domains of rat 589 homologous to microsomal cytochromgs(Lederer
hepatic microsomal cytochronig (Bodmanet al,, 1986) et al, 1983). It is noteworthy that most of the differences
and bovine microsomal (Furdt al, 1990) cytochromebs between mitochondrial cytochrong and microsomal beef
have been synthesized and expressdgsicherichia coliA  |iyer cytochromebs occur in the amino and carboxy termini,
different but closely related cytochronig is expressed in - and that the polypeptide is highly conserved in the regions
the erythrocyte (Hultquiset al, 1984), except that this  qrresponding to the heme binding crevice. A gene coding
protein lacks the hydrophobic tail used to anchor the ¢4 rat hepatic outer mitochondrial membrane (OM) cyto-

cytochrome to the microsomal membrane and is water- .hromeh,. was synthesized and expresseéincoli (Rivera
soluble. Erythrocyte cytochrombs has been shown to al, 1992), and the U¥vis, EPR, andH NMR spectra

reduce inactive methemoglobin to hemoglobin, thus playing of the overexpressed protein were shown to be almost

aHn alltctlv_etrolte als peltg80‘1;the l;nethetrlnoglobm reduct3§e SBf/Sten]dentical to the spectra reported for its microsomal counter-
grlih?gésteeci(;chromi; haescebge);\, san?twegsizgg ;ﬂ% e?xr- parts. Subsequent studies of the mitochondrial protein
pr)éssedyinE 320" (LondSet al 1994)y A third type of showed that although the spectral signatures of microsomal
: - N : and OM cytochromebs were almost identical, the reduction
cytochromebs was isolated from the outer membranes of potential zf the mitozhondrial cytochronts, is approxi-

" The financial support of NIH Grants GM 50503 and AHA Mmately 100 mV more negative than the reduction potential

9507904S to M.R. is gratefully acknowledged. of the microsomal proteins (Rivesd al,, 1994). The values
:gg ";rr‘tomrgr?togfeéﬁ‘;mg{‘rce should be addressed. of the reduction potential measured by spectroelectrochemical
E DeBartment of Biochemié-try and Molecular Biology. techniques under identical conditions of ionic strength and

® Abstract published idvance ACS Abstract§eptember 1, 1996.  pH are—102 mV for outer mitochondrial membrane cyto-
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chromebs (Riveraet al, 1994) and 5.1 mV (Reiet al, Cyclic voltammetry was established as a viable yet
1982) or—1.9 mV (Walkeret al,, 1988) for trypsin-cleaved  previously unexploited way of determining proteiprotein
bovine liver microsomal cytochrombs. All the above electron transfer rate constants by Hill and Walton (1981,
values are in reference to the standard hydrogen electrode1982), who used the voltammetric theory for homogeneous
It is important to notice that rat OM cytochronbe has reactions coupled to a heterogeneous electrochemical reaction

been shown to participate in the rotenone-insensitive transferderived by Nicholson and Shain (1964). More recently,
of electrons from NADH to cytochrome oxidase via cyto- Barkeret al. (1989) utilized the electrochemical response
chromec (Bernardi & Azzone, 1981) and that the aerobic Which results from selective interactions of proteins with
oxidation of exogenous NADH by mitochondria involves a surface-modified electrodes to study the homogeneous
pathway in which electrons flow from NADH> NADH electron transfer between cytochrome (1) ¢ and plastocyanin
cytochromebs reductase—~ OM cytochromebs — cyto- (). In their studies, Barkeret al. (1989) used gold
chromec in the rat outer mitochondrial membrane. Cyto- electrodes modified with bis(4-pyridyl) bisulfide, or the
chromec in turn shuttles the electron across the intermem- dipeptide lysylcysteine dimethyl ester, to selectively promote
brane space in order to reduce cytochrammidase in the the electrochemistry of cytochrongén a solution containing
inner mitochondrial membrane. It is also important to point a mixture of cytochrome and plastocyanin. We describe
out that a form of NADH dehydrogenase having the same an experimental approach similar to that reported by Barker
stereochemical properties with respect to NADH and capableet al. (1989), in order to carry out the electrochemical
of reducing OM cytochromés has been found in the outer measurement of second-order electron transfer rate constants
mitochondrial membrane. Whether this enzyme is identical for the reaction between ferrocytochromeand ferricyto-

to microsomal cytochromés reductase is not yet known chromec using a gold electrode modified wifh-mercap-
(Raw et al, 1960; Sottocasat al., 1967). topropionate. In the presence of polylysine, ferricytochrome

A hypothetical proteir-protein electron transfer complex bs is selectively reduced at the functionalized electrode
was proposed as a precursor for the reaction betweensurface and subsequently reoxidized by ferricytochrame
cytochromebs and cytochromes (Salemme, 1976). This in a homogeneous reaction. The coupling of a homogeneous
model was based on the known three-dimensional structuregeaction to a heterogeneous electron transfer event has
of both cytochromes, and it was postulated that the stabiliza-important implications in the shape of the observed cyclic
tion of the complex was provided by electrostatic recognition vVoltammogram, which allow the measurement of second-
between the positively charged surface of cytochreraed order rate constants for the homogeneous reaction. The rate
the negatively charged surface of cytochrdme This model constants for the transfer of an electron from ferrocytochrome
has triggered a large number of studies resulting in severalbs to ferricytochromec were obtained by digitally simulating
lines of experimental information that corroborate the forma- the experimental voltammograms by invoking an electro-
tion of a protein-protein complex between cytochrorbe chemicat-chemical (EC) reaction scheme.
and cytochrome. Two recent reviews (Maukt al., 1995;

Durhamet al, 1995) critically summarize the multidisci- EXPERIMENTAL PROCEDURES

plinary approach taken by many investigators in an attempt ) . ) )

to elucidate the more elusive subtleties of the cytochrome R€combinant rat liver outer mitochondrial membrane
c-cytochromebs complex, which has become a paradigm cytochromebs was expressed ife. coli and purified as

for the investigation of similar complexes formed by electron described previously (Riveret al, 1992). Bovine eryth-
transfer proteins. rocyte cytochromebs was a gift from Professor F. Ann

Walker, and it was obtained as described previously (Walker
et al, 1988). Horse heart cytochromavas purchased from
Sigma and was used without further purification. Polylysine
with MW = 3970, determined using viscosity measurements,
was purchased from Sigma and was used without further

Early reports appeared to indicate that intramolecular electronpunﬁcatlon' All other re_agents were from Aldrich or Sigma
transfer was relatively slow, 1600s(McLendon, 1985; and were used as received.

Quinetal, 1991). More recently, Williet al. (1992) used Cyclic voltammetry was carried out with a Bioanalytical

a tris(bipyridyl)ruthenium-cysteine-65 derivative of cyto- Systems 50W computer-controlled potentiostat using a three-
chromebs in a 1:1 complex with cytochrometo show that electrode configuration. A miniature 1 mm diameter gold
the intracomplex electron transfer rate is actuallyk 4.0° disk working electrode, a platinum wire counter-electrode,
s L. Meyeret al. (1993) carried out experiments with an and a silver/silver chloride miniature reference electrode with
8:1 cytochromebs: cytochromec mole ratio and reported ~ an internal filling solution consisting of 3 M KCI saturated
that the second-order electron transfer from free OM cyto- With silver chloride and equipped with a fiber junction were
chromebs to bound cytochrome in a transient ternary  purchased from Cypress Systems. All electrodes were placed
complex was determined to be 6x71° M~* s™! (u = 87 in a single-compartment glass cell of approximately #00
mM). The second-order rate constant for electron transfer Before each experiment, the working electrode was succes-
between microsomal cytochronig and horse heart cyto-  sively polished using 1%m, 6 um, and 1um diamond
chromec was also reported to be 3:8 1 M 1s! (u = polishing slurries on nylon followed by polishing with 0.05
100 mM) by Willieet al. (1993). A tris(bipyridyl)ruthenium-  um silica polishing slurry on cotton wool, then thoroughly
cysteine-65 derivative of cytochronig was used in these  washed with deionized water, and sonicated for 3 min in
studies, which allowed measurement of the second-order ratedeionized water. Surface modification of the electrode was
constants for a binary complex. achieved by dipping the polished gold working electrode into

The rate of electron transfer between ferrocytochrdmne
and ferricytochrome has been studied using several different
techniques, including pulse radiolysis (McLendon & Miller,
1985), stopped-flow (Eltist al, 1991), and flash photolysis
(Qin et al, 1991; Willie et al, 1992; Meyeret al, 1993).
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+180. 0 & Walaseck, 1967). The concentration of polylysine was
150.04 obtained from the mass of substance weighed using the
average molecular weight provided by Sigma. Titrations
+120.01 monitored by cyclic voltammetry were performed im-
+90.00- mediately after the electrode surface was modified. In
< +6000] between data points in any given titration, the working
h electrode was rinsed with deionized water and then immersed
g +30.001 in a 100 mM solution of-mercaptopropionate for 5 min in
- order to avoid deterioration of the modified surface through-
3 out the experiment. Although the reduction potentials were

~30.001 i obtained with respect to a silvesilver chloride electrode,

~60.00 . the values of the reduction potential used under Results and
Discussion have been corrected so as to be referenced with
respect to the standard hydrogen electrode.

—90.004 r

-120.0 L e e B e e LA m S S
+030 +0.15 0.00 -0.15 -0.30 ~0.45

RESULTS AND DISCUSSION
Potential/V . ) o )
) . . - The cyclic voltammogram of a solution containing equimo-
Ficure 1: Cyclic voltammogram of a solution containing OM .
cytochromebs (0.1 mM), horse heart cytochrone0.1 mM), and lar concentrations of OM cytochrom® and horse heart

polylysine (0.025 mM) in 100 mM MOPS, pH 7.0. The scale of Cytochromec is shown in Figure 1. Noteworthy two
the voltammogram is showns the Ag/AgCl electrode, but the  reduction peaks are observed as the potential is scanned in
values 9 mV and-69 mV are with respect to the standard hydrogen the negative direction, and only one oxidation peak is
:l'f;gggfexs&ien?eﬁﬂesSb%t\n;l\éésn%%p ;ﬂatgg rneR//ersmIe wave in observed when the scan dlrectloq is reversed. It shoulld ajso
be noted that the second reduction peak and the oxidation
a 100 mM solution ofs-mercaptopropionate for 20 min, Peak correspond to a reversible watfg{= —69 mV), and
followed by rinsing with deionized water. The modified the peak at 9 mV is not accompanied by its oxidation
electrode was then immediately immersed in a deareatedcounterpart. This peak is not due to heterogeneous electron
protein solution and a stream of nitrogen was blown gently transfer from the electrode to ferricytochrorébut from
across the surface of the protein solution in order to maintain coupling of the heterogeneous electron transfer reaction to

the solution anaerobic. the homogeneous reaction between ferrocytochriogizand
Solutions used for cyclic voltammetry were typically 100 ferricytochromec. The peak at 9 mV therefore can be
4M in OM cytochromebs or microsomal cytochromes, termed a pre-peak which corresponds to depletion of ferri-

100uM cytochromec, and 25uM polylysine. MOPS (100  cytochromec in the diffusion layer adjacent to the electrode
mM, pH 7.0) was used to prepare all solutions. The protein surface which occurs due to fast homogeneous electron
concentrations were measured by U¥s spectrophotometry  transfer between electrogenerated ferrocytochrdgnand
using the Soret band corresponding to the oxidized state inferricytochromec, as shown by eqgs 1 and 2, and schemati-
both proteins. The extinction coefficients used are 130™M cally in Figure 2. In eq lks is the heterogeneous electron
cm* for oxidized cytochromés (Bodmanet al, 1986) and transfer rate constant, and in egk2andk, are the forward
109.5 mM cm™ for oxidized cytochromes (Margoliash and backward second-order electron transfer rate constants.

AL A
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FiGUure 2: Schematic representation of a gold electrode modified Athercaptopropionate in the presence of polylysine (shown as a
polycation). (I) Electrochemical reduction of ferricytochroilmein the presence of ferricytochronte (II) Second-order electron transfer
reaction between ferrocytochrorbgand ferricytochrome which produces ferricytochronig and ferrocytochrome. This reaction results

in the depletion of ferricytochromein the diffusion layer, thus giving rise to the pre-peak observed in the voltammogram shown in Figure
1. (Ill) Electrochemical reduction of cytochronbgthat results in the depletion of ferricytochroragin the diffusion layer, thus giving rise

to the cathodic peak observed in Figure 1. (IV) Electrochemical reoxidation of ferrocytochdim takes place during the anodic scan,
thus giving rise to the anodic peak observed in Figure 1.
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Fe(lll) cytb; + e é Fe(ll) cytbg (1) +125.0
+100.01

Fe(ll) cytb: + Fe(lll) cytc % +75.001 A
Fe(lll) cyt b + Fe(ll) cytc (2) +50.00-
<

The presence of polylysine in solution results in the {+25.00- -
selective reduction of ferricytochrom®, as shown sche- — « 8 !
matically in Figure 2-I. The reduction of positively charged 5 00001
Fe(lll) cytochromec, which discriminates against the c —25.004 L
positively charged electrode surface, is possible if a second- 8
order homogeneous electron transfer reaction takes place  -50.001 r
between electrogenerated ferrocytochrdmand ferricyto- 75,004 ' |
chromec (Figure 2-I1). If the ratio ofki/k, is large, a pre- )
peak separates from the main peak (Bagtal, 1989). The ~100.0- L
larger the ratio ofki/k,, the larger the separation between _
the pre-peak and the main peak. The main peak is due to  -125.0+————————————" 7 — " T = 7 -
the geplztion of ferricytochrtl)ombg in the diffusic?n layer as 030 4015 000 <045 030 045
shown schematically in Figure 2-Ill. In the return scan, the Potential /V.
peak observed is due to the oxidation of ferrocytochrise
at the electrode surface (Figure 2-1V). Y S S S S S S S

These results are consistent with the reported cyclic
voltammetric behavior of cytochromein the presence of +150.0- -
plastocyanin at gold electrodes modified with bis (4-pyridyl)
bisulfide, reported by Barkeet al. (1989), who observed +12009 c I
pre-shoulders to both reduction and reoxidation current peaks 49,00 L
and interpreted their results in terms of a homogeneous «
electron transfer reaction between ferrocytochrammend { +60.00- i
plastocyanin coupled to the selective heterogeneous reduction 2 +30.00- !
of ferricytochromec at the electrode surface. Barketral. o
(1989) substantiated their interpretation by carrying out \3-', 0.000- 0 L
digital simulations of the cyclic voltammograms using the O '
electrochemicatchemical (EC) mechanism discussed above. -30.00 r
In fact, using simulations, these authors predicted that the 60,004 i
cyclic voltammogram of a mixture containing cytochrome i
bs and cytochrome& would have the characteristics seen in -90.00 -
the voltammogram depicted in Figure 1, that is, a pre-peak
preceding the reduction current peak if the electrode is e a1 000 015 030 —0.45
selective to the negatively charged cytochropge ' ' ' ’ ’ ’

What follows is a description of the experimental evidence Potential /V

supporting the above interpretation of the cyclic voltammo- Ficure 3: (A) Cyclic voltammogram of cytochrome (0.1 mM)
gram shown in Figure 1. The cyclic voltammogram obtained in 100 mM MOPS, pH 7.0. (B) Faradaic response when polylysine
from a solution containing only cytochroneeusing a gold is added to solution A to produce a final concentration of 0.025

i . . : mM. (C) Cyclic voltammogram when OM cytochrorbgis added
electrode modified with3-mercaptopropionate and in the  y, sojution B to produce a final concentration of 0.1 mM. (D) Cyclic
absence of polylysine displays a reversible wave with a voltammogram of a solution containing OM cytochroime(0.1

midpoint potential of 259 mV (Figure 3A). When polylysine mM) and polylysine (0.025 mM) in 100 mM MOPS, pH 7.0. Sweep
is added to the solution Containing Cytochrocﬂeo Faradaic rate = 50 mV/s. Potential axis is with respect to the Ag/AgC|
current is observed (Figure 3B) because polylysine binds to "¢férence electrode.

the negatively charged electrode and prevents diffusion of containing only cytochroméos and polylysine shows a
the positively charged cytochronetoward the modified reversible wave with almost identical midpoint potential
electrode. On the other hand, when an equimolar amount(Figure 3D). When ferricytochrome was added stepwise
of OM cytochromebs is added to the solution containing to a solution of cytochromeds and polylysine, while
cytochromec and polylysine, the cyclic voltammogram monitoring the titration by cyclic voltammetry (Figure 4),
depicted in Figure 3C is obtained. This voltammogram the pre-peak is absent when the solution contains only
shows the pre-peak, which results from the depletion of cytochromebs and polylysine, but it appears upon addition
ferricytochromec in the diffusion layer due to fast homo- of cytochromec and its intensity increases gradually as a
geneous second-order electron transfer between ferrocytofunction of the concentration of cytochrorae On the other
chromebs and ferricytochrome, as indicated by eq 1 and hand, when cytochrome previously reduced with sodium
2 and schematically shown in Figure 2. The reversible wave dithionite was added to a solution of OM cytochrolmen
with midpoint potential at-69 mV was attributed to the order to produce an equimolar mixture of OM ferricyto-
reduction of OM cytochrombs in the presence of polylysine  chromebs and horse heart ferrocytochroroga voltammo-
because a cyclic voltammogram obtained from a solution gram showing only the reversible wave a69 mV was
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Ficure 4: Titration of a solution containing OM cytochrontg
(0.1 mM) and polylysine (0.025 mM) in 100 mM MOPS, pH 7.0,
with 1 mM horse heart cytochronteprepared in 100 mM MOPS,
pH 7.0. The cyclic voltammograms were obtained with a gold
electrode modified wittB-mercaptopropionate and correspond to

final cytochromec concentrations of approximately 0.025, 0.05,
0.07, and 0.1 mM.

obtained (Figure 5A). The absence of the pre-peak in Figure

5A is consistent with the fact that ferricytochromes absent

in the bulk solution and in the diffusion layer. Consequently,
ferrocytochromebs cannot be oxidized by ferricytochrome
¢, and the pre-peak is abolished. When the same experiment
was performed with the addition of oxidized cytochrome

the voltammogram obtained shows the presence of the pre-
peak due to homogeneous electron transfer between elec-
trogenerated ferrocytochroni®g and ferricytochromee in

the diffusion layer (Figure 5B).

Similar experiments were carried out with microsomal beef
cytochromebs and horse heart cytochronte The cyclic
voltammogram of a solution containing equimolar concentra-
tions of bovine liver microsomal cytochronig and horse
heart cytochromec was obtained with a gold electrode
modified with 8-mercaptopropionate under conditions identi-
cal to those used with the experiments involving mitochon-
drial cytochromebs. This voltammogram (Figure 6) is
identical in shape to the one obtained with a solution of OM
cytochromebs under similar conditions, except that the pre-
peak occurs at 94 mV and the midpoint potential-t.0
mV.

Second-Order Rate Constants Obtained from Digital
Simulation of Cyclic Voltammogramslf species O is

Biochemistry, Vol. 35, No. 38, 19962459
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FiGure 5: (A) Cyclic voltammogram of a mixture containing rat
liver OM ferricytochromebs (0.1 mM), horse heart ferrocytochrome
¢ (0.1 mM) and polylysine (0.025 mM) in 100 mM MOPS, pH
7.0. (B) Cyclic voltammogram obtained with a solution containing
rat liver OM ferricytochromeds, horse heart ferricytochrone and
polylysine. Concentrations as in (A). Sweep rat&0 mV/s.

is much slower than the homogeneous redox reaction
between P and R so that the reduction of P at the electrode
can be neglected (Bard & Faulkner, 1980; Reiger, 1994).

reduced_at an electrode_surfa_ce to p_roduce R (eq 3), whichFor a mixture containing cytochronig and cytochrome
reacts with another species P in solution to regenerate O andn solution, this condition is satisfied if the working electrode
produce Q (eq 4), the net effect is catalysis of the reduction consists of a gold surface modified wihmercaptopropi-

of P by the O/R couple, thus giving rise to the EC onate and the solution contains polylysine. The working

mechanism:

Ote =R 3)

electrode then becomes selective for the negatively charged
cytochromebs, as shown schematically in Figure 2. This
implies that in egs 3 and 4, & ferricytochromebs, R =

ferrocytochromebs, P = ferricytochromec, and Q =

k
R+P==0+Q (4)

ferrocytochromec. Although ferricytochrome is thermo-
dynamically more easily reduced, it cannot interact with the

electrode due to electrostatic repulsion between the positively
If the reduction of P by R is spontaneous, then P is charged protein and electrode surfaces. As a result, the
thermodynamically more easily reducible than O. The EC ferricytochromebs/ferrocytochromebs couple catalyzes the
mechanism requires that the reduction of P at the electrodereduction of ferricytochrome according to eqs 1 and 2.
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Ficure 6: Cyclic voltammogram of a mixture containing beef liver
microsomal cytochromés (0.1 mM), horse heart cytochrome
(0.1 mM), and polylysine (0.025 mM) in 100 mM MOPS, pH 7.0.
The scale of the voltammogram is showsthe Ag/AgCI electrode,
but the values 94 mV ang1 mV are with respect to the standard
hydrogen electrode. Sweep rateb0 mV/s.AE, for the reversible
wave in a typical experiment is between 56 and 63 mV.

Digital simulation of the EC reaction scheme proposed

above has been carried out in order to further substantiate

the above interpretation of the cyclic voltammogram shown
in Figure 1. If the potential of the P/Q couple is substantially
more positive than the potential of the O/R couple, the ratio

Seetharaman et al.
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FiGurRe 7: (A) Experimental cyclic voltammogram obtained from

a mixture containing rat liver OM cytochronig and horse heart
cytochromec. (B) Simulated cyclic voltammogram invoking the
reaction scheme shown by eqgs 1 and 2. Parameters for simulation
are shown in Table 1. (C) Experimental cyclic voltammogram of

a mixture containing beef liver cytochrom® and horse heart
cytochromec. (D) Simulated voltammogram invoking the reaction
sheme shown by egs 1 and 2. Parameters for simulation are shown
in Table 2.

Table 1: Parameters for Digital Simulation of a Typical Cyclic

ki/'ks is expected to be large, and consequently a pre-peakVoltammogram Obtained from a Mixture Containing Rat OM

preceding the main peak is expected in the cyclic voltam-
mogram of a solution containing O and P when the electrode
is selective to O. Since the potential of cytochromes
approximately 250 mV more positive than that of microsomal
cytochromebs and 350 mV more positive than that of OM
cytochromebs, it is not likely that ferrocytochrome can
reduce ferricytochroméds, and consequently the cyclic
voltammogram displays only one peak arising from the
reoxidation of ferrocytochrombs at the electrode surface.
The above mechanism was digitally simulated using the
program Digisim 2.0 (Bioanalytical Systems), a simulator
for cyclic voltammetric responses (Rudolgh al, 1994).
The simulation was carried out assuming semi-infinite
diffusion and planar electrode geometry. The experimental
parameters entered for digital simulation consisted of the
following: Estan= 0.29 V, Eswiteh = —0.50 V, Eeng = 0.30
V, scan rate= 0.05 V/s, electrode area 0.0078%potential
of the ferricytochromévs/ferrocytochromeds couple, and the
analytical concentrations of cytochrorbgand cytochrome

Cytochromebs and Horse Heart Cytochrongé

Charge Transfer Parameters
E° (vs Ag/AgCI) —0.266

transfer coefficiente 0.5

ks (cm/s) 0.0082
Chemical Reaction Parameters

Keq 25x 10°

ke (M~1s™) 3.6x 108

ke (M~1s71) 1360

Species Parameters

Do(O) 1.0x 10°©

Do(R) 1.0x 10°®

anal conc (O) (M) 0.00010

Do(P) 1.1x 1078

Do(Q) 1.1x 106

anal concn (P) (M) 0.00010

a0 = ferricytochromebs, R = ferrocytochromebs, P = ferricyto-
chromec, Q = ferrocytochromee. Experimental voltammogram was
background-subtractet.= 78 mM.

(1993) using flash photolysis techniques are Z610°

c. All these parameters were kept constant throughout theM~lcm™ (I = 5 mM), 1.3x 10° M~t cm™ (I = 35 mM),

fitting of the digitally simulated voltammogram to the
experimental data. The parametdes ks, Keg, and Do
(diffusion coefficients of cybs and cytc) were allowed to
change throughout the fitting process. Further refinement
was accomplished by holding the diffusion coefficients
constant and allowing;, ks, andKeq to vary throughout the
fitting process. The simulated and experimental cyclic

6.7 x 18 Mt cm™ (I = 87 mM) for rat liver OM
cytochromebs and 8 x 1 M~1 cm™ (I = 5 mM) for
microsomal beef liver cytochromies. These authors also
noticed that the second-order reaction between beef microso-
mal cytochromebs and horse heart cytochroneis ap-
proximately 3 times faster than the reaction between rat liver
OM cytochromebs and horse heart cytochronsgwhich is

voltammograms are depicted in Figure 7, and the parametersonsistent with the values & obtained by cyclic voltam-

obtained from the simulations are listed in Tables 1 and 2,
which correspond to mixtures containing rat liver OM
cytochromebs and horse heart cytochrornegand beef liver
microsomal cytochromés and horse heart cytochronee
respectively. The values d& obtained by Meyeret al.

metry (Tables 1 and 2). Furthermore, the experimental
values obtained for the heterogeneous electron transfer rate
constant,ks, and diffusion coefficientD,, for OM cyto-
chromebs are 1.05x 1072 cm/s and 4.34x 10°% cm?/s,
respectively, which are in good agreement with the values
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Table 2: Parameters for Digital Simulation of a Typical Cyclic ® L 1 B
Voltammogram Obtained from a Mixture Containing Beef Liver 768 666
Microsomal Cytochromds and Horse Heart Cytochroneé
Charge Transfer Parameters 1 2 L
E° (vs Ag/AgCl) —0.201 1 I
transfer coefficiente 0.5
ks (cm/s) 0.013
Chemical Reaction Parameters b .
Keq 2.0x 106 °
kf (M71 Sil) 8.9 x 1@ 1 | I S E B e S| T T T T T ﬁ—‘
ke (M~ts7Y) 4450 03 0 05 03 0 -05
Species Parameters EW Ew
D, (O) 1.4x10° FiGURE 8: (A) Simulated (1) and experimental (2) cyclic voltam-
Do (R) 1.4x10° mogram from a solution containing OM cytochroimg0.050 mM)
anal conc (O) (M) 0.00010 and horse heart cytochronee(0.10 mM). (B) Simulated (1) and
Do(P) 1.6x 1UZ experimental (2) cyclic voltammogram from a solution containing
Do(Q) 1.6x 10° 0.10 mM OM cytochromés and 0.050 mM horse heart cytochrome
anal conen (P) (M) 0.00010 c. For solutions A and B, polylysine was added to a final

20 = ferricytochromebs, R = ferrocytochromebs, P = ferricyto- concentration of 0.025 mMy = 78 mM, scan rate= 50 mV/s.

chromec, Q = ferrocytochromee. Experimental voltammogram was
background-subtractetl.= 78 mM.

Table 3: Second-Order Rate Constants for the Reduction of Horse

The second-order rate constants obtained from the digitally
simulated voltammograms are listed in Table 3.

with the relative analytical concentrations of both cyto-
chromes, the pre-peak which corresponds to the reduction

Heart Ferricytochrome by OM Ferrocytochroméss

of ferricytochromec by electrogenerated ferrocytochrome

protein concn K scan rate A bs is more intense than the main peak which corresponds to
(mM) (M) (mVI/s) (M-1sY) . . .
: ¥ the electrochemical reduction of ferricytochrome The

0.10cyth;; 0.10cytc 0078 50 28 10°+0.82 opposite is observed when the cytochropgeytochromec
0.10 cytbs; 0.10cytc ~ 0.078 25 221+ 1.0 o ; .
0.10 cyths; 0.10cytc  0.13 25 1.% 10+ 0.25 ratio is 2. The resultant cyclic voltammogram (Figure 8B)
0.10 cyths; 0.10 cyt ¢ 0.23 25 1.6 10" + 0.67 consists of a pre-peak that is less intense than the main peak,
0.050 cyths; 0.10cytc  0.078 50 2% 10+ 0.70 as expected from the analytical concentrations of both
0.10 cytbs; 0.050 cytc ~ 0.078 50 2.2¢ 1+ 0.95

cytochromes.

The rate constant for the transfer of an electron from
ferrocytochromebs to ferricytochromec has been found to
obtained by digital simulation of the cyclic voltammogram be affected by ionic strength (Williet al, 1992). At low
(Tables 1 and 2) and hence provide additional evidence thationic strengths, 2 mM, the kinetic behavior was reported to
the model simulated digitally resembles the experimental be consistent with electron transfer within a 1:1 complex
events. The separation between the main peak and the preformed between microsomal cytochrotmgand horse heart
peak in the voltammogram obtained with rat liver OM cytochromec (Willie et al, 1992). Increasing the ionic
cytochromebs (110 mV) is smaller than the separation strength to approximately 20 mM decreases the stability of
between the pre-peak and the main peak in the voltammo-the complex and results in second-order kinetics whose rate
gram obtained with beef liver microsomal cytochromme constants decrease rapidly as the ionic strength is increased
(125 mV). This is consistent with the faster electron transfer (Willie et al,1992). Second-order rate constants for the
reaction observed between microsomal cytochrdand reduction of horse heart ferricytochromdy OM ferrocy-
cytochromec (Tables 1 and 2), despite the larger thermo- tochromebs were measured with the aid of the electrochemi-
dynamic driving force for the reaction between rat liver OM cal method described here, at three different values of ionic
cytochromebs and cytochrome. strength (Table 3). It was found that the second-order rate

Electron Transfer Rate Constants Measured Electrochemi- constants become progressively lower as the ionic strength
cally under Different Experimental Condition$n order to of the solution is increased. Furthermore, the values of the
assess the reliability and reproducibility of the electrochemi- rate constants obtained for this pair of proteins as a function
cal method described here, rate constants for the reductiorof ionic strength are in good agreement with the previously
of horse heart ferricytochronmeby OM ferrocytochroméos reported second-order rate constants obtained for the reduc-
were measured under different conditions, including protein tion of horse heart cytochromeby microsomal beef liver
ratios, scan rates, and ionic strengths, and the results of thesgytochromebs, using flash photolysis (Williet al, 1992)
experiments are summarized in Table 3. Each of the rateand stopped flow methods (Eltet al, 1991) at different
constants listed in Table 3 is the result of four measurements.ionic strengths. Experimental and simulated cyclic voltam-
Every measurement was carried out with a freshly derivatized mograms obtained at= 130 mM and 230 mM are depicted
electrode, and a freshly prepared protein-containing solutionin Figure 9 A and B, respectively. The separation between
was used every two measurements in order to determinethe pre-peak and the main peak is larger at lower ionic
reproducibility from sample to sample. Experimental and strengths than at higher ionic strengths, which is consistent
simulated cyclic voltammograms obtained with solutions with the lower second-order rate constants obtained at higher
containing ratios of cytochromies/cytochromec different ionic strengths.
from 1 are shown in Figure 8. The cyclic voltammogram  The observation of second-order kinetics at ionic strengths
depicted in Figure 8A was obtained with a cytochrobge higher than 20 mM is also consistent with the large effect
cytochromec ratio = 0.5. Consistent with the model and of ionic strength on the stability of the cytochrontg/

aEach value ok; is an average of four measurements.
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4E-8

) A ) B emerged from these studies is one of molecular recognition
— 50 1—, between the redox proteins and the functionalized electrodes

| | I which results in modified electrodes discriminating against

2 certain proteins on the basis of mainly electrostatic interac-

tions. In this context, it is interesting to compare the results

of described here with the elegant cyclic voltammetric studies

Aw \/ of the complexes formed by microsomal beef cytochrome

N bs with several mutants of yeast cytochroméBurrows et

03 EO 05 03 g(v) 05 al., 1991) and with horse heart cytochrom@@agbyet al.,

o ! ) _ 1990) using pyrolytic graphite electrodes. These authors
f':r'gr%RZ gsaﬁ{?gﬁ'ifrﬂéilﬁiﬁgdo?i(genmegtﬁ' S%chrc]:rlgtrggg?grgigoram observed two independent electrochemical responses, one for
mM horse heart cytochrome scan rate= 25 mV/s. (A)u = 130 each protein, with some differences in the shapes of the
mM and (B)u = 230 mM. Solutions A and B also contained 0.025 peaks, which were correlated to the type of cytochrame
mM polylysine. The second-order rate constants obtained from the mutant involved in each experiment (Burroessal., 1991).
digitally simulated voltammograms are listed in Table 3. It is important to notice that when cyclic voltammetric

_ _ experiments were carried out using pyrolytic graphite
cytochromec complex (Mauket al, 1982). These investiga-  glectrodes to study the cytochroimgeytochromes complex,
tors found that the binding constant fpr the formation of the 4,0 independent electrochemical signals were observed, one
cytochromebs/cytochromec complex is 4x 10° M™* at u for cytochromec and the other for cytochromts, whereas
=1 mM and 8x 10° M~ atu = 10 mM. Subsequently, \yhen gold electrodes modified wif-mercaptopropionate
Eley and Moore (1983) measured the binding constant at  4re ysed in the presence of polylysine in order to study the

= 40 mM and reported a value of 96 10> M, which same complex, the electrochemical signal depicted in Figure
corroborated the strong dependency of the stability of the 1 is gptained.
cytochromebs/cytochromec complex on ionic strength. The Edge-plane pyrolytic graphite electrodes are obtained by

S|m|I_ar trends followed by the second-order rate constants cutting a pyrolytic graphite crystal perpendicular to its basal
obtained for the systems OM cytochrorbghorse heart  pjane in order to expose a relatively reactive edge face
cytochromec and microsomal cytochromis/horse heart  (armstronget al, 1987), which in the presence of oxygen
cytochromec as a function of ionic strength are consistent {5rms various types of carberoxygen-containing functional
with the large degree of homology in the sequences of thesegroups. It is noteworthy that these surfaces are heteroge-
proteins. The majority of the differences in amino acid pegys in that they contain hydrophobic areas with low density
sequence between .the mlcrospmal and mltochondrlal_ cyto-of oxygen containing functional groups, areas with a high
chromesbs occur in the amino- and carboxy-terminal gensity of these groups, and areas with intermediate density
domains which are removed from the heme active site andsf c—O-containing functional groups (Panzer & Elving,
have not been implicated in binding to cytochromeOn  1975) Furthermore, it has been shown by X-ray photoelec-
the_other hand, the polypeptides are_hlg_hly Conserved in thegron spectroscopy (Armstrongt al, 1987) that when an
region corresponding to the heme binding crevice (Lederer gqge-plane pyrolytic graphite electrode is polished with 0.3
et a_I., 1983; Riveraet al, 1992). In addition, _aII of the acidic uM alumina, a typical procedure when using these electrodes,
residues on the surface of cytochromewhich have been  c_o_containing functional groups amount to only 33% of
implicated in electrostatic binding to cytochromenamely, syrface coverage. In contrast, self-assembled monolayers
Glu 48, Glu 44, Glu 56, Asp 60, and heme propionate (Mauk of mercapto compounds have been shown to provide close
etal, 1995), are also conserved in the mitochondrial protein, 1o monolayer coverage of the electrode surface (Creager &
thus indicating that both proteins may form complexes with gjsen, 1995; Everett & Fritsch-Faules, 1995), thus resulting
cytochrome that exhibit similar second-order rate constants i, 5 high density of carboxylate groups on the electrode
as a function of ionic strength, consistent with the experi- syrface wherg-mercaptopropionate is used to derivatize a
mental data presented in this communication. gold surface. As a result, when a gold surface is modified
Importance of the Electrode Surfac&he results of the  with S-mercaptopropionate and the solution contains poly-
digital simulation described in the previous section cor- lysine, the electrode surface is expected to have a large
roborate the idea pioneered by Hill and Walton (1981, 1982) density of positive charge (Figure 2), thus resulting in
that cyclic voltammetry is a viable method for the determi- selective interactions between the modified electrode and the
nation of homogeneous electron transfer reactions betweemegatively charged cytochronit®. The selectivity of the
proteins. It should be emphasized, however, that the -mercaptopropionate electrode against cytochromehe
voltammetric measurement of homogeneous electron transfempresence of polylysine is clearly demonstrated by the cyclic
reactions between proteins using surface-modified elec-voltammogram shown in Figure 3B. If polylysine is not
trodes is possible because the structure of most electronpresent in solution, on the other hand, the electrode is
transfer proteins allows them to discriminate surfaces basedselective to cytochrome and discriminates against cyto-
on electrostatic interactions, therefore pointing out the chromebs.
importance of the electrode surface. The extensive research
thz‘ft has been carried out on the topic of “direct” electro- CONCLUDING REMARKS
chemistry of redox proteins, which followed the work of Researchers interested in the measurement of second-order
Eddowes and Hill (1977, 1979), who demonstrated that rate constants for the reaction between ferrocytochrbgne
reversible voltammetry of redox proteins can be obtained atand ferricytochromec have traditionally approached the
the surface of modified electrodes, has been summarized byproblem using flash photolysis techniques. In order to carry
Armstronget al. (1990) and Bond (1994). The picture that out the measurements, it was necessary to resort to different
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schemes to selectively reduce cytochrdm the presence
of cytochromec. Meyer et al. (1993) used a mixture
containing an eight-fold molar excess of cytochrobgdo

measure the second-order rate constant for the oxidation of

ferrocytochromdos by ferricytochromee in a transient ternary
complex consisting of two molecules of cytochrobeand
one molecule of cytochrome. Willie et al. (1993) co-
valently attached the [Ru(bypiriding)" complex to the
surface of cytochrombs. The photochemical properties of
ruthenium complexes of this type provide a means of
generating ferrocytochrontg in the presence of ferricyto-
chromec. The electrochemical method described in this

Biochemistry, Vol. 35, No. 38, 19962463

Eddowes, M. J., & Hill, H. A. O. (1977)). Chem. Soc., Chem.
Commun,. 771.

Eddowes, M. J., & Hill, H. A. O. (1979). Am. Chem. Soc. 101
4461.
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Hill, H. A. O., & Walton, N. J. (1982)J. Am. Chem. Soc. 104

6515.

report provides an alternative experimental scheme to Hill, H. A. O., Walton, N. J., & Higgins, I. J. (1981FEBS Lett.

selectively reduce a protein possessing a relatively low

potential €.g, cytochromebs) in the presence of equimolar
concentrations of a protein possessing a relatively hig
potential €.g, cytochromec). The resulting electrochemical

signal consists of a pre-peak that corresponds to the depletio

of ferricytochromec in the diffusion layer due to fast

126, 282.
Hultquist, D. E., Sannes, L. J., & Juckett, D. A. (19&W)rr. Top.

h Cell. Regul. 24287-300.
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Lloyd, E., Ferrer, J. C., Funk, W. D., Mauk, M. R., & Mauk, A. G.

homogeneous electron transfer between electrogenerated (1994)Biochemistry 3311432-11437.

ferrocytochromebs and ferricytochrome and a reversible
wave corresponding to the reduction and oxidation of
cytochromebs in the diffusion layer (Figure 2). Digital

simulation of these electrochemical signals obtained under

a variety of different experimental conditions, such as

Margoliash, E., & Walasek, O. f. (1967) Methods in Enzymology
(Estabrook, R., & Pullman, M. E., Eds.) Vol. X, pp 33948,
Academic Press, New York.

Mauk, M. R., Reid, L. S., & Mauk, A. G. (198Biochemistry 21
1843-1846.

Mauk, A. G., Mauk, M. R., Moore, G. R., & Northrup, S. H. (1995)

different protein ratios, ionic strengths, and scan rates, was J. Bioenerg. Biomembr. 2811-330.
used to calculate second-order rate constants for the reductioMcLendon, G., & Miller, J. R. (1985)). Am. Chem. Soc. 107

of ferricytochromec by ferrocytochromebs. The results

from these experiments conclusively demonstrate that the
electrochemical method described here can be reliably used

7811-7816.
Meyer, T. E., Rivera, M., Walker, F. A., Mauk, M. R., Mauk, A.
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