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Reduction of Horse Heart Ferricytochrome c by Bovine Liver Ferrocytochrome b5. 
Experimental and Theoretical Analysis? 
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ABSTRACT: The reduction of horse heart ferricytochrome c by the tryptic fragment of bovine liver cytochrome 
b5 and its dimethyl ester heme (DME)-substituted derivative has been studied as a function of ionic strength, 
pH, and temperature under solution conditions where the reaction is bimolecular. The rate constant for 
ferricytochrome c reduction by native ferrocytochrome b5 is 1.8 (f0.2) X lo7 M-' s-' (25 "C) with AH 
= 7.5 (f0.2) kcal/mol and AS$ = -0.3 (h0.6) eu (pH 7.0, I = 0.348 M). Under the same solution conditions, 
the reduction of ferricytochrome c by DME-ferrocytochrome b5 proceeds with a rate constant of 1.7 (hO.l) 
X lo7 M-' s-I with AI$ = 7.9 (f0.4) kcal/mol and AS' = 1 ( f l )  eu. The rate constants for both reactions 
are strongly dependent on ionic strength. A detailed electrostatic analysis of the proteins has been performed. 
Two relatively simple Brownian dynamics simulation models predict rate constants for the reaction between 
the two native proteins that demonstrate a dependence on ionic strength similar to that observed experi- 
mentally. In one of these models, the proteins are treated as spheres with reactive surface patches that are 
defined by a 5 O  cone generated about the dipole vector calculated for each protein and aligned with the 
presumed electron-transfer site near the partially exposed heme edge. The second model replaces the reactive 
patch assumption with an exponential distance dependence for the probability of reaction that permits 
estimation of a value for the distance-dependence factor a. Calculations with this latter model in combination 
with the aligned dipole assumption provide a reasonable approximation to the obseved ionic strength de- 
pendence for the reaction and are consistent with a value of a = 1.2 .&-'. 

Identification and quantification of the factors that determine 
the rate of electron transfer between metalloproteins are 
fundamental to development of an understanding of the reg- 
ulatory mechanisms that have evolved to control such reactions 
in vivo. Consequently, experimental and theoretical analysis 
of the reactions between metalloproteins of known three-di- 
mensional structure has been a topic of considerable recent 
activity (e.g., Marcus & Sutin, 1985; King et al., 1985; Gray, 
1986; Northrup et al., 1986b, 1988; Mayo et al., 1986; 
Hoffman & Ratner, 1987; Hazzard et al., 1987; Summers & 
Erman, 1988; Wendoloski et al., 1987; Dixon et al., 1989, 
1990). Of the protein-protein electron-transfer reactions that 
are suitable for such studies, the reduction of ferricytochrome 
c by ferrocytochrome bS is particularly attractive because both 
proteins are relatively small (MW = 10000-12500), undergo 
minimal oxidation state dependent structural change (Argos 
& Mathews, 1975; Takano & Dickerson, 1980, 1981), and 
are readily modified by site-directed mutagenesis (Pielak et 
al., 1985; von Bodman et al., 1986; Funk et al., 1990). Pre- 
vious experimental studies of electron transfer between these 
two proteins have been of two principal types. First, the 
steady-state studies of Millett and co-workers (Ng et al., 1977; 
Stonehuerner et al., 1979) have considered the reaction be- 
tween specifically modified forms of cytochrome c and native 
cytochrome bS to evaluate the involvement of specific cyto- 
chrome c lysyl residues proposed by Salemme (1976) to be 
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critical to formation of a cytochrome bs-cytochrome c elec- 
tron-transfer complex. The second type of study has em- 
phasized the consideration of intramolecular electron transfer 
(McLendon et al., 1985; McLendon & Miller, 1985). These 
studies have involved two strategies: (a) mixing native cyto- 
chrome bs with a photosensitive derivative of cytochrome c at 
low ionic strength and monitoring photoinduced electron 
transfer from the modified cytochrome c to cytochrome b, or 
(b) performing a similar experiment in which intramolecular 
electron transfer is initiated by pulse radiolysis (McLendon 
& Miller, 1985). Studies of this type in which various 
heme-modified or heme-substituted forms of cytochrome c or 
cytochrome bS are employed have been used to assess the 
influence of thermodynamic driving force on the observed rates 
(McLendon & Miller, 1985). Previous theoretical analyses 
of the reaction between these two proteins have been restricted 
to interactive molecular graphics docking (Salemme, 1976) 
augmented by electrostatics (Mauk et al., 1986) or molecular 
dynamics calculations (Wendoloski et al., 1987). 

Interestingly, little experimental (Strittmatter, 1964) or 
theoretical (Marcus & Sutin, 1985) treatment is available 
concerning the kinetics of ferricytochrome c reduction by 
ferrocytochrome bs under solution conditions where the re- 
action is bimolecular and both proteins have been purified to 
homogeneity. We have now studied this reaction and the 
reduction of ferricytochrome c by dimethyl ester heme sub- 
stituted cytochrome b, as a function of pH, temperature, and 
ionic strength to gain greater insight into the structural and 
functional properties of these two cytochromes that dictate the 
rate of electron transfer between them under conditions where 
the reaction is second order. To assist in interpretation of these 
results, modeling calculations that employ a variety of sim- 
plifying assumptions have been undertaken in an attempt to 
rationalize the experimentally observed ionic strength, tem- 
perature, and pH dependences of these rate constants. The 
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Brownian dynamics (BD) computer simulation method 
(Northrup et al., 1984, 1986a; Allison et al., 1985) employed 
here for this purpose has been recently used in a number of 
applications to compute bimolecular diffusion-controlled rate 
constants between species interacting through complicated 
potential fields and highly asymmetric reaction criteria. In 
this approach, the Brownian motion of interacting macro- 
molecules is simulated stochastically by a series of small 
displacements chosen from a distribution which is equivalent 
to the short-time solution of the Smoluchowski diffusion 
equation. Reaction probabilities generated in this fashion are 
converted exactly to bimolecular rate constants by a formula 
connecting diffusive fluxes to probabilities. This approach has 
been applied successfully to calculate the electrostatic influ- 
ences in reactions of superoxide dismutase enzyme with su- 
peroxide anion (Sharp et al., 1987a,b), carbonic anhydrase 
enzyme-substrate reactions (Reynolds et al., 1990), electron 
transfer between cytochrome c and cytochrome c peroxidase 
(Northrup et al., 1986b, 1987a,b, 1988), and electron self- 
exchange in cytochrome (Northrup & Herbert, 1989). 
This theory provides an interpretative framework for under- 
standing the role of electrostatic influences, ionic strength, 
temperature, and pH effects, and geometric reactive criteria 
in the bimolecular rates observed in the experiments. 

EXPERIMENTAL METHODS 
General Methods. Glass-distilled water purified with a 

Barnstead NANOpure system to a resistivity of 16-17 M a  
was used in preparation of all solutions. Measurements of pH 
were performed with a Radiometer Model PHM 84 meter 
fitted with a Radiometer type G K  2321C combination elec- 
trode. Phosphate buffers of desired pH and ionic strength were 
prepared from monobasic and dibasic sodium salts (BDH). 
Lumiflavin was obtained from Sigma. 

Protein Purijcation. The tryptic fragment of bovine hepatic 
cytochrome 6, and its dimethyl ester heme substituted de- 
rivative were prepared as described previously (Reid & Mauk, 
1982; Reid et al., 1984). Horse heart cytochrome c (type VI) 
was purchased from Sigma Chemical Co. and purified by 
anion-exchange chromatography to remove deamidated cy- 
tochrome (Brautigan et al., 1978). Protein solutions were 
concentrated by ultrafiltration using Amicon-52 stirred cells 
fitted with Y M-5 membranes or by centrifugal ultrafiltration 
using Centripreps and Centricons (Amicon). Protein con- 
centrations were determined with values of tm s = 106.1 mM-' 
(Margoliash & Frohwirt, 1959) and €412.5 = 117.0 mM-' 
(Ozols & Strittmatter, 1964) for ferricytochromes c and b,, 
respectively. 

Kinetic Measurements and Data Analysis. Rapid-mixing 
experiments were performed with a Dionex Model D-103 
stopped-flow spectrophotometer (2-cm observation path length) 
that was interfaced to a Zenith Model 2-100 microcomputer 
by On-Line-Instrument-Systems (Jefferson, GA). The transfer 
of reactants into the drive syringes of the stopped-flow spec- 
trophotometer and the drive syringe plungers involved mod- 
ifications to this system that have been described previously 
(Reid & Mauk, 1982; Scott, 1979). The sensitivity offer- 
rocytochrome b, to autoxidation in the absence of excess re- 
ductant (Berman et al., 1976) necessitated the installation of 
the stopped-flow apparatus into an argon-filled glovebox 
(Vacuum/Atmospheres Model HE-243-2 with Model HE-493 
Dri-Train) in an arrangement modeled on that of Leung et 
al. (1989) as described in detail elsewhere (Eltis, 1989). 

Reduction of ferricytochrome c by ferrocytochrome b, was 
studied under second-order conditions with the reactants at  
equimolar concentrations (- 1.7 pM). Ferricytochrome c was 
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prepared by the addition of an excess of ammonium bis(di- 
picolinato)cobaltate(III) (Mauk et al., 1979). Excess oxidant 
was removed from the cytochrome by passing the sample over 
a 10 X 0.5 cm column of Sephadex G-25 superfine resin. The 
solutions were placed in glass serum bottles that were sealed 
with cleaned serum stoppers. These solutions were then purged 
for 30 min with prepurified argon that had been passed 
through a 20-cm column of Chemalog Catalyst R3-11 and 
humidified by passage through water. After 30 min, 0.2 equiv 
of lumiflavin (40 pL) was introduced into the cytochrome 6, 
solution with a gas-tight syringe, and ferricytochrome b, was 
reduced by illumination of this solution for 30 min. The 
puncture holes in the serum stoppers were sealed with electrical 
tape, and the serum bottles were transferred into the glovebox. 

Oxidation of ferrocytochrome 6, was monitored at 428 nm, 
where the total absorbance and the change in absorbance of 
cytochrome c are small. The reduction of ferricytochrome c 
was monitored at 416 nm, an isosbestic point in the electronic 
absorption spectra of ferri- and ferrocytochrome 6,. At least 
five decay curves were averaged at each wavelength, and the 
data were fitted to a second-order rate expression using the 
nonlinear least-squares fitting program MINsQ (MicroMath 
Scientific Software). At lower values of ionic strength, the 
initial portion of the reaction occurred within the dead time 
of the instrument. In these cases, the initial concentration of 
the cytochromes was determined by normalizing the overall 
change of absorbance to the total change in absorbance ob- 
served for the reaction performed at high ionic strength. The 
second-order rate constants obtained by this method were 
compared with rate constants obtained by two alternative 
methods in the following control experiments. First, the re- 
actions were performed under pseudo-first-order conditions 
with ferricytochrome c in 5-30-fold molar excess over ferro- 
cytochrome 65 (1 pM). A greater excess of cytochrome c could 
not be used in these measurements owing to the high back- 
ground absorbance inherent at  such high cytochrome con- 
centrations and to the limited time resolution of the stopped- 
flow technique. Second, the possible influence of lumiflavin 
on the observed second-order rate constant was evaluated in 
control measurements in which ferrocytochrome 6, was pro- 
duced by anaerobic reduction of the protein by sodium di- 
thionite. In this experiment, several grains of fresh dithionite 
were added to a sample of ferricytochrome b, under argon, 
the excess reductant was removed by eluting the solution over 
a small column of Sephadex G-25 prepared in the glovebox, 
and the rate of ferricytochrome c reduction was monitored 
under second-order conditions. 

The dependence of the second-order rate constants for 
ferricytochrome c reduction by ferrocytochrome 6, on ionic 
strength was initially analyzed in terms of the van Leeuwen 
(1983) relationship as defined by 

In k = In k, - 

where 

and where R = R, + R2, PP = PIP2/(qR)', K = 0.3291'12, ZI 
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Table I :  Electrostatic Properties of Cytochrome c, Cytochrome bs, and DME-Cytochrome b5 as a Function of Ionic Strength (pH 7.0)" 
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cytochrome c cytochrome b5 DME-cytochrome bs 

I ( M )  9 ( Id  d Y 4 qd d Y 4 qd d Y 
0.094 7.13 f1 .96  283.9 30.49 -9.06 f4.61 637.8 142.17 -6.82 f3.73 516.6 130.04 
0.190 7.18 11 .96  284.1 30.14 -9.15 f 4 . 6 2  638.8 142.13 -6.93 f3.75 518.9 130.22 
0.286 7.21 f 1 . 9 6  284.1 29.97 -9.19 f 4 . 6 2  639.4 142.11 -6.98 f3 .76  520.0 130.30 
0.482 7.24 f 1 . 9 6  284.1 29.73 -9.24 f 4 . 6 3  639.8 142.08 -7.04 f3.77 521.1 130.37 
0.977 7.27 f 1 . 9 6  284.0 29.49 -9.29 f 4 . 6 3  640.1 142.03 -7.10 f3 .77  522.0 130.41 

' q  = net protein monopole (units of electron charge); qd = dipole charge (units of electron charge); d = dipole magnitude (debye); y = angle 
between dipolc and Fe vector. 

Table 1 1 :  Electrostatic Properties of Cytochrome c, Cytochrome b5, and DME-Cytochrome b5 as a Function of pH (I = 0.482 M)" 
cytochrome c cytochrome b5 DME-cytochrome bS 

PH 9 9d d Y 9 qd d Y 4 qd d Y 
6.0 8.40 1 1 . 7 9  259.4 20.71 -7.35 f 4 . 9 6  685.9 145.44 -4.66 f3.92 542.1 133.48 
6.5 7.70 f 1 . 8 9  274.2 25.97 -8.35 h4 .80  663.3 143.62 -5.92 f 3 . 8 5  532.9 131.77 
7.0 7.24 f 1 . 9 6  284.1 29.74 -9.24 f 4 . 6 3  639.8 142.08 -7.04 f3.77 521.1 130.37 
7.5 6.93 f 1 . 9 8  286.4 31.50 -9.92 f 4 . 4 7  618.2 141.35 -7.85 f3 .65  505.2 129.62 
8.0 6.54 f 1 . 9 4  281.1 32.59 -10.50 14.28 592.0 141.20 -8.48 f3.48 480.8 129.11 

' q  = ne1 protein monopole (units of electron charge); qd = dipole charge (units of electron charge): d = dipole magnitude (debye); y = angle 
between dipolc and Fe vector. 

and Z 2  are the monopole charges on ferricytochrome c and 
ferrocytochrome b5, R ,  and R2 are the radii of the two proteins, 
4 is the elementary charge, to is the dielectric permittivity, t 
is the dielectric constant of water, kB is Boltzmann's constant, 
and P ,  and P2 are the components of the dipoles of the proteins 
through their respective exposed heme edges. For cytochrome 
b5, the heme edge was taken to be the y-methine carbon, and 
in cytochrome c, the heme edge was taken to be the methyl 
carbon of the most solvent-exposed heme pyrrole. 

THEORETICAL METHODS 

Electrostatic Properties of the Proteins. The electrostatic 
properties of horse heart ferricytochrome c (Bushnell et al., 
1990) and trypsin-solubilized bovine liver ferrocytochrome b5 
(Argos & Mathews, 1975; Bernstein et al., 1977) were cal- 
culated from X-ray crystallographic coordinates obtained from 
the sources indicated. The net protein charge and dipole 
orientation and magnitude for both proteins were computed 
by assigning partial charges to each atom in the protein ac- 
cording to standard partial charge values (Northrup et al., 
1981). For the pH range from 6 to 8, all lysyl and arginyl 
residues were assumed to be fully protonated, and the aspartyl, 
glutamyl, carboxyl-terminal, and heme propionate groups were 
assumed to be dissociated (Matthew, 1985). The charge status 
of the a-amino group and of histidyl residues was estimated 
by application of static-accessibility-modified Tanford-Kirk- 
wood calculations (Tanford & Kirkwood, 1957; Tanford & 
Roxby, 1972; Shire et al., 1974) at all values of pH and ionic 
strength studied using a program provided by Dr. James B. 
Matthew. Horse heart ferricytochrome c has an uncharged, 
acetylated amino terminus. Unlike previous BD studies, the 
hydrogen atoms were modeled onto the peptide nitrogens to 
generate the additional N-H dipolar pair on each residue. 
However, this effect was found to be negligible. Tables I and 
11 show the net monopole and dipole moments of the proteins 
produced by these calculations as a function of ionic strength 
and pH, respectively. The dipole moments of the proteins are 
computed by the equations provided by Koppenol and Mar- 
goliash (1982) for macromolecules with net charge. 

Simplified Dipolar Sphere Models for  Brownian Calcula- 
tions. For purposes of computational facility in initial BD 
simulation studies of association rates, a simplified model 
(Northrup, 1986b) of the two proteins based on the electro- 

Table 111: Parameters for the Monopole-Dipole Spheres Model of the 
Cvtochrome c-Cvtochrome b, Reaction 

cytochrome cytochrome DME- 
parameter C b, cytochrome b, 

Ri, protein hard-sphere 
radius (A) 16.6 15.9 15.9 

Dm,i (s-') 4.01 x 107 4.57 x 107 4.57 x 107 
D1r.i (cm2/s) 1.47 X 10" 1.54 X IOd 1.54 X IOd 

center-of-mass (A) 

from center-of-mass (A) 

Fe distance from 5.26 10.3 10.3 

dipole charges distance 15.1 14.4 14.4 

static results outlined above has been employed. Simple models 
are useful in that they can more quickly generate rate constants 
over a wide range of parameters and environmental conditions 
than more rigorous simulations and give one important 
qualitative insight. We have modeled both proteins as charged 
spheres having a centrally imbedded monopolar charge car- 
rying the net protein charge and two dipolar charges imbedded 
1.5 8, inside the protein surface, with magnitudes computed 
to generate the dipole moments calculated above. As the 
proteins are actually somewhat elliptical in shape rather than 
spherical, the estimation of effective radius has a degree of 
arbitrariness. Table I11 summarizes the dipolar sphere model 
parameters for each protein in the two different models. 

The translational diffusion coefficients were estimated by 
the Stokes-Einstein relationship Dt,,i = kBT/6?rqRi with stick 
boundary conditions, where kBT is the product of Boltzmann's 
constant and absolute temperature. Values in Table 111 are 
for aqueous solution at 25 OC with a viscosity of q = 0.89 cP. 
Rotational and translational diffusion are assumed to be hy- 
drodynamically uncoupled for this simulation. Rotational 
diffusion constants for each protein are estimated by using the 
equation for spherical particles, Droti = kBT/8"qR;, to produce 
the numerical values shown in Table 111. Two models have 
been explored for the orientation dependence of reactivity as 
described separately below (see Reaction Criteria). 

The electrostatic field effects in the diffusional association 
rate are treated here in an approximate fashion for compu- 
tational facility. The electrostatic field is generated by as- 
signing three charges to each protein: a monopole and two 
dipole charges. Monopole charges are placed at the centers 
of the spheres and carry the net protein charge. Dipole charges 
are placed at opposite ends of the computed dipole axis at  1.5 
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FIGURE 1 : Schematic representation of the dipolar sphere model used 
to simplify the BD simulation of the reaction between ferrocytwhrome 
b5 and ferricytochrome c. Values for the various quantities shown 
here are given in Table I .  

8, inside the surface of the proteins. This placement prohibits 
singularities in the electrostatic potential when proteins collide 
along dipole vectors. Dipole charge magnitudes necessary to 
generate the appropriate dipole strength are listed in Tables 
I and 11. The choice of surface charges rather than a centrally 
located point dipole of the same magnitude is made (a) to 
reflect qualitatively the presence of most charged groups near 
the surface of the protein and (b) to correspond to the recent 
finding by Northrup et al. (1987a,b, 1988) that the local 
charge density near the reactive site is more significant in 
diffusional reaction dynamics of dipoles than are global 
electrostatic features. 

The solvent water is treated as a dielectric continuum with 
a dielectric constant E = 78.7 (25 "C)  in the following simu- 
lations. For the purposes of these simplified model studies, 
it would be superfluous as well as computationally expensive 
to attempt to incorporate the discontinuity in the dielectric 
constant across the protein-solvent interface, although for 
future studies it will be critical to use more accurate treatments 
of electrostatic fields around charged macromolecules in water 
(Harvey, 1989). We include ionic strength effects using a 
Debye-Huckel screening term in the electrostatic potential 
energy equation: 

U = CC(9j9j/~jj) exp[-K(ri, - B i j ) ] / (  1 + K B ~ )  (2) 

where summations i and j are over charges on proteins 1 and 
2, yi is the electrostatic charge i ,  rij is the separation distance 
between charges i and j ,  K = 0.32711/* is the Debye-Hiickel 
screening parameter in units A-', I is ionic strength, and B, 
is a distance shifting factor for charge i, j interaction included 
to account approximately for the finite size of ions. The finite 
ion size correction Bo has been found to be extremely important 
in simulations involving large molecules (Northrup et al., 
1986b) and is given by the empirical term Bo = bi + bj, where 
bi is the distance that charge i is imbedded inside the spherical 
protein surface. 

Reaction Criteria. Simulations were performed in which 
two different descriptions of the electron-transfer reaction were 
employed. In  the Patch model, each protein is assumed to be 
anisotropically reactive and to possess a reactive zone of angles 
extent 0cytc,0cytb5 that is axially symmetric around an orientation 
vector w as shown in Figure 1. The vector o is assumed to 
pass through the iron atom. Reaction is defined as occurring 
instantaneously when protein separation equals collisional 
separation ( R  = Rcytc + Rcytb5) and the interprotein separation 
vector passes through both reactive zones. This model system 
is the same as that employed in previous BD simulations by 
Northrup et al. ( 1  986b) and as the classic model of Solc and 
Stockmayer ( 1973). The angle size of the electron-transfer 
surface on cytochromes is an unknown quantity and is left here 

as an adjustable parameter. Values for this parameter can 
be obtained on the basis of estimates of fractional surface area 
of heme exposure. This approach renders angle values of 5" 
and 12" for cytochrome c and cytochrome b5, respectively, 
when heme exposure area percentages of 0.19 and 1.1  I pro- 
vided by Dixon et al. (1989) are employed. However, as 
collision of the heme edges may not be necessary for electron 
transfer to occur, these values may not have great meaning 
in this context. 

An exponential model of the electron-transfer event 
(Northrup & Herbert, 1989) has also been studied. In  this 
case, we define an intrinsic spatially dependent electron- 
transfer rate constant ket(rFeFe) given by 

Here, ket(ro) is the electron-transfer rate constant when por- 
phyrins are in direct contact edge-on and is assumed (Guarr 
et al., 1983) to be 10" s-l for our study. The Fe-Fe distance 
in such an arrangement is determined to be ro = 11.7 8, by 
molecular graphics docking experiments on two free porphy- 
rins. Even faster electron-transfer rates would occur for 
porphyrins in a sandwich orientation at contact (Siders et al., 
1984), but such orientations are not considered because the 
heme groups are perpendicular to the protein surface. The 
electron-transfer distance-dependent factor a is a quantity of 
intense interest (Mayo et al., 1986; McLendon, 1988) and is 
an adjustable parameter of our study which can be varied to 
fit the experimental data. Thus, an estimate of this important 
factor can be obtained from BD. 

When the above intrinsic reactivity function is used, the 
spatially dependent probability P that the reactant pair survives 
a given Brownian step of duration Ft without electron transfer 
is then P = exp(k,,Ft). This probability is multiplicative 
throughout the trajectory, and the final value gives the escape 
probability for that trajectory. The exponential represented 
in eq 3 has the flavor of the Siders et al. (1985) theory for 
orientation and distance dependence of electron transfer be- 
tween porphyrins. 

Brownian Dynamics Simulations. The basic BD trajectory 
simulation method (Northrup et al., 1984) and its extensions 
(Allison et al., 1985; Northrup et al., 1986a) have been pre- 
viously described. The trajectory of a reactive pair undergoing 
translational and rotational diffusion in a viscous medium is 
simulated stochastically by a series of small random dis- 
placements chosen from a distribution which is the short-time 
solution of the Smoluchowski diffusion equation. Northrup 
et al. (1 986a) have incorporated accurate algorithms of Lamm 
and Schulten (1 983) for particle displacements near absorbing 
and reflecting boundaries, thereby allowing larger time steps 
to be chosen than are permitted by use of the free diffusion 
algorithm of Ermak and McCammon (1 978) near a boundary. 
As both particles are macromolecules and are of comparable 
size, the rotational relaxation times of the two are comparable 
and on the time scale of translational diffusional relaxation, 
so rotational dynamics is expected to contribute strongly to 
the resulting rate calculation. More quantitatively accurate 
results should be obtained in future studies that include the 
hydrodynamic coupling between rotational and translational 
diffusion (Dickinson, 1985). By simulation of a large number 
of trajectories (50000 for each of the cases studied), we 
calculated the probability p(b)  for the reactive encounter of 
a particle pair starting their diffusion at randomly selected 
orientations a fixed separation distance b = 72.5 8, outside 
the region of forces. Truncation of unsuccessful trajectories 
is performed at separation surface c = 200 8,, and an exact 
truncation correction is applied as described by Northrup et 
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FIGURE 2: Ionic strength dependence of the bimolecular rate constant 
of the reduction of ferricytochrome c by native and DME-ferro- 
cytochrome b5 (pH 7.0, 25.0 OC): (0 )  reaction between native 
ferrocytochrome bs and ferricytochrome c with sodium phosphate as 
the only electrolyte present; (stippled squares) same reaction between 
thc two native proteins with the ionic strength contribution from sodium 
phosphate fixed at 0.05 M and the remaining ionic strength provided 
by KCI; (m) DME-ferrocytochrome 6,  and ferricytochrome c with 
sodium phosphate as the sole electrolyte. The lines represent nonlinear 
least-squares fits to the van Leeuwen ( 1  983) relationship. The error 
in thc natural log of the second-order rate constants is less than the 
size of thc symbol. 

al. ( 1984). The diffusion/reaction rate constant is then given 
by the standard equation: 

(4) k = 4~RDp(b)/(  1 - [ 1 - p(b)]b/~] 

EXPERIMENTAL RESULTS 
The absorbance changes monitored for the reduction of 

ferricytochrome c by ferrocytochrome 6, at 4 16 and 428 nm 
were analyzed as described above to produce second-order rate 
constants that agreed within 10%. At I = 0.348 M (pH 7.0, 
25 "C), the rate of reaction was 1.8 (f0.2) X lo7 M-' s-l when 
lumiflavin was used to generate ferrocytochrome b,. When 
dithionite was used to produce ferrocytochrome b,, the rate 
of reaction was found to be 1.85 (f0.09) X lo7 M-' s-l u nder 
the same conditions. Analysis of the reaction under pseudo- 
first-order conditions with cytochrome c used in excess pro- 
duced a second-order rate constant of 2.0 (f0.2) X lo7 M-' 
s-l. We conclude from these observations that the use of 
lumiflavin to reduce cytochrome b, for studies employing 
second-order reaction conditions produces results comparable 
to those obtained without use of lumiflavin or from pseudo- 
first-order analysis. Esterification of the cytochrome b, heme 
propionate groups has a minimal effect on the rate of cyto- 
chrome c reduction under these same solution conditions, with 
the second-order rate constant being 1.7 (*O.l) X lo7 M-' s-'. 

The rates of ferricytochrome c reduction by ferrocytochrome 
b5 and by DME-ferrocytochrome b, demonstrate a marked 
dependence on ionic strength as illustrated in Figure 2. In- 
terestingly, the native and modified cytochromes b5 exhibit 
the same second-order rate constant for reduction of ferri- 
cytochrome c at I = 0.4 M (pH 7.0). At lower values of ionic 
strength, the native protein reacts more rapidly, while at higher 
ionic strength, the modified derivative is the more efficient 
reductant. The ionic strength dependence for this reaction is 
independent of the salt composition used to determine ionic 
strength. As seen in Figure 2, the ionic strength dependence 
is the same if sodium phosphate is the sole electrolyte in so- 
lution as when the buffer (sodium phosphate) concentration 
is held constant and the ionic strength is adjusted with KCl. 
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FIGURE 3: Eyring plots of the bimolecular rate constant of ferri- 
cytochrome c reduction by native (0) and DME (m)-ferrocytochrome 
bS ( I  = 0.348 M, pH 7.0). The straight lines represent weighted linear 
least-squares fit to the data. 

The second-order rate constants for ferricytochrome c re- 
duction by either DME- or native ferrocytochrome b5 were 
measured at pH 6.0, 6.5, 7.0, 7.5, and 8.0 [ I  = 0.348 M 
(sodium phosphate) and 25 "C]. For both forms of cyto- 
chrome b,, the second-order rate constants were independent 
of pH over this range, with the mean rate constant for re- 
duction of ferricytochrome c by the native protein from pH 
6 to 8 being 1.84 (f0.07) X lo7 M-' s-l and the mean rate 
constant for reduction by DME-cytochrome b, from pH 6 to 
8 being 1.55 (f0.07) X lo7 M-' s-'. The temperature de- 
pendence of ferricytochrome c reduction by DME- and native 
ferrocytochrome b5 is shown as an Eyring plot in Figure 3 [ I  
= 0.348 M, pH 7.0 (sodium phosphate)]. A weighted linear 
least-squares analysis of these results yields fl = 7.5 (f0.2) 
kcal/mol and ASS = -0.3 (f0.6) eu for the reaction between 
the two native proteins and AH = 7.9 (f0.4) kcal/mol and 
AS* = 1 ( f l )  eu for the reduction of ferricytochrome c by 
D M E- ferrocytochrome b,. 

THEORETICAL RESULTS 
Simple Analytical Theories. The simple Smoluchowski 

(1 91 6) result for two neutral spheres that are completely re- 
active over their surfaces yields a rate constant kSmol = 7.4 X 
lo9 M-' s-'. This rate constant is 1-3 orders of magnitude 
greater than the experimental values, depending upon the ionic 
strength. The Smoluchowski result is also independent of ionic 
strength and pH and makes no prediction of the effect of heme 
propionate esterification. 

The first enhancement of this model is the Smoluchow- 
ski-Debye (SD) theory (Debye, 1942), in which the proteins 
are treated as isotropically reactive spheres with central 
monopole charges of +7e and -9e, for cytochrome c and cy- 
tochrome b,, respectively. For centrosymmetric forces, the 
rate constant defined by this model is given by the integral 
expression: 

with U(r) given by eq 2. At pH 7.0 and I = 0.094 M, the rate 
constant ksD = 1 .O X 1Olo  M-I s-'. This value is even larger 
than that produced with the assumption of neutral spheres and 
contains no provision for the stringent steric requirement of 
the electron-transfer reaction. Furthermore, treatment of the 
proteins as simple monopoles in this model results in prediction 
of a relatively weak ionic strength dependence relative to the 
experimental result, as can be seen in the upper curve in Figure 
4. 

One might consider improving on the SD theory empirically 
by multiplying the predicted rate constant by a geometric 
factor. One means of introducing this parameter is provided 
by the Schurr and Schmitz ( S S )  model (Schurr & Schmitz, 
1976). The SS model treats the reaction of two neutral 
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Table IV: Experimental and Brownian Dynamics Simulated Rate Constants ( k  X IOd M-' s-') as a Function of Ionic Strength for the 
Exponential and Patch Reaction Criteria Based on both the Computed and Aligned Dipole Models (pH 7.0)" 

ionic strength (M) 
reaction criterion 0.094 0.190 0.286 0.482 0.977 

experimental 1250 (100) 80 (7) 30 (2) 11 (4) 4 (1) 
computed dipole model patch (IS', 1 5 O )  310 (80) 100 (30) 85 (20) 50 (20) 40 (6) 

patch (20°, 20°) 7 10 (1 20) 260 (30) 190 (40) 110 (IO) 100 (IO) 

exponential (a = 0.8) 760 (80) 220 (20) 130 (IO) 85 (IO) 75 (7) 

exponential (a = 1.2) 40 (5) 9 (1) 4.9 (0.7) 3.1 (0.6) 2.5 (0.4) 
exponential (a = 1.0) 200 (25) 44 (4) 25 (3) 16 (3)  13.2 (0.2) 

aligncd dipole model patch (5O, 5O) 1250 (100) 350 (50) 170 (20) 60 (IO) 17 (IO) 
patch (15O, I S 0 )  1310 (30) 420 (40) 240 (30) 100 (20) 40 (IO) 
patch (20°, 20°) 1370 (120) 510 (50) 310 (30) 160 (30) 90 (IO) 
exponential (a = 1.2) 660 (90) 90 (IO) 31 (4) 9 (3) 4 (10) 
exponential (a = 1.0) 1050 (130) 230 (30) 100 (IO) 35 (8) 19 (3) 
exponential (a = 0.8) 1410 (140) 490 (40) 275 (20) 130 (20) 90 (10) 

aAverigc deviations are stated in parentheses, a is expressed in units of .k'. Ionic strengths of the KCI buffer set are shown in this table. 

particles with axially symmetric reactive patches of small 
extent to produce an approximate expression for the steric 
factor f,, defined as follows: 

(6) 
Empirical modification of the SD theory by multiplying by 
the steric factory, simply shifts the theoretical ksD curve down 
into the range of the experimental rate constants, but it gives 
the same poor simulation of the observed ionic strength de- 
pendence. For example,f, = 1.3 X when = e2 = 10". 
An improved simulation of the observed ionic strength de- 
pendence can only be obtained by complicating the model with 
a more realistic distribution of protein charges, which we now 
discuss. 

Dipolar Sphere Models. The BD method provides a means 
of improving the treatment of the electrostatic forces by 
providing for the steering effect of a more complex charge 
distribution and by placing a more realistic steric criterion on 
the reaction. Details of the dipole moment and patch orien- 
tations used in the dipolar sphere model are given in Tables 
I and 11. The ionic strength dependence of the rate constants 
predicted by the patch and exponential reactivity models is 
shown in Figure 4. 

Brownian simulations were performed at pH 7.0 and ionic 
strengths I = 0.094, 0.190, 0.286, 0.482, and 0.977 M, cor- 
responding to the ionic strengths of the phosphate buffer in 
which KCI is used to vary I .  In the patch model, agreement 
with experiment at I = 0.094 M and pH 7 is obtained only 
when the patch sizes are made to be BCYtf = BcytbS = 20" or 
larger. This assumption is probably not physically realistic, 
considering that the actual surface area of the proteins in which 
the heme is exposed gives smaller angles. Furthermore, 
choosing such large patch angles produces rate constants at 
I = 0.977 M that are an order of magnitude too large. 
Conversely, one may choose the high ionic strength regime 
( I  = 0.977 M) to calibrate the patch size parameters of the 
model, because the effect of Coulombic forces is essentially 
screened out at this ionic strength. This approach yields a 
patch size of 10" or less. However, the dipolar steering forces 
of the model are nonetheless too weak and nonspecific for this 
model to produce the correct ionic strength dependence, and 
the BD results fall short of predicting rate constants at the 
lower ionic strength by an order of magnitude. Nevertheless, 
the dipole model does predict a greater ionic strength depen- 
dence than the simple SD monopole treatment, and in the 
correct direction, though agreement with experiment remains 
suboptimal. 

The limited enhancement produced by introduction of di- 
poles into our model suggests several possibilities for improving 

kss = k ~ m o ~ e l & ( e l  + 4 ) / 8  = ksmoSss 

Table V: Experimental and Brownian Dynamics Simulated Rate 
Constants ( k  X IOd M-I s-I) ( I  = 0.089 M, pH 7.0) Showing the Effects 
of Cytochrome b, Heme Propionate Esterification" 

~DMEI 
native DME kns,ive 

experimental 540 (90) 160 (30) 0.30 
patch, computed dipole (20°, 20°) 750 (50) 310 (40) 0.41 
patch, aligned dipole (So ,  So) 1350 (75) 460 (50) 0.34 
exponential, computed dipole (a = 49 (4) 8.4 (0.9) 0.17 

ex~onential. alinned dioole (a = 1.21 760 (601 140 (201 0.18 
1.2) 

"Average deviations are stated in parentheses, a is expressed in units of 
A-'. The results obtained with the lowest ionic strength of the all-phosphate 
buffer set are shown. 

~ ~ ~ ~ ~~~ 

the model that are discussed below. The first possibility is that 
the computed dipole vectors do not coincide with the true 
dipole moment of the proteins because of the various ap- 
proximations made in assigning charges. We have seen by 
experience that the dipole direction and magnitude are quite 
sensitive to small changes in the charge locations and mag- 
nitudes (Northrup et al., 1986b). The true dipole may, in fact, 
be more closely correlated with the electron-transfer region 
than the -30-40" displacement angle that we have seen in 
these computations. The second possibility is that the dipole 
model may be adequate to emulate the electrostatic properties 
of these proteins at large distances but inadequate to capture 
the realism of the local charge distribution near the reactive 
surfaces. As seen in studies of the cytochrome c-cytochrome 
c peroxidase reaction, the diffusional association rates seem 
to correlate more closely with local charge effects than with 
global electrostatic properties such as net monopole and dipole 
(Northrup et al., 1987a,b). The third possibility is that the 
extended Debye-Huckel theory, empirically modified here to 
include noncentrally imbedded charges, may not adequately 
describe the electrostatics at these high values of ionic strength. 
While this is perhaps true, it probably would not explain the 
order of magnitude discrepancy observed between theory and 
experiment at I = 0.094 M when the patch model is calibrated 
to fit the results obtained at I = 0.977 M. Past studies 
(Northrup et al., 1987a,b) have shown that the effects of 
various electrostatic treatments on the rate constants are much 
smaller than this. 

To test the more likely first and second hypotheses, we 
examined a dipolar model in which (1) the dipole vector is 
perfectly aligned with the electron-transfer region and (2) 
smaller, more realistic patch sizes are employed that give closer 
correspondence at high ionic strength. While this aligned 
dipole model departs from the compound electrostatic dipolar 
properties of the proteins, it captures the realism of having 
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FIGURE 4: Log of the electron-transfer rate constant for reaction 
between cytochrome c and cytochrome bs at pH 7 versus I showing 
results for the experimental values ( O ) ,  the simple Smoluchowski- 
Debye theory (A), and the BD-simulated results for the reactive patch 
model with patch sizes (20°,  20') in the computed dipole case (O), 
reactive patch angle choice ( S o ,  5') in the aligned dipole case (a), 
and the exponential reactivity model with aligned dipoles at  CY = 1.2 
A-' (A). 
a local concentration of charges around the electron-transfer 
surfaces that greatly favor the reaction and provide more direct 
steering and locking than the computed dipoles. Results of 
calculations based on this model are given in Table V. In 
Figure 4, we see that concentrating the dipolar charges on the 
reaction site does, in fact, produce a somewhat more reasonable 
ionic strength dependence throughout the experimental regime 
and produces fair correlation with experiment at I = 0.1 M 
when Ocw = Ow, = 5' or less. We have not made an extended 
attempt to find combinations of parameters that produce an 
exact fit to the experimental results with the patch model but 
were primarily interested in exploring the properties of simple 
idealized models that resemble the system of interest. Our 
study does show, however, that the simple dipole model using 
the computed dipoles at tens of degrees from the reaction 
center produces an ionic strength dependence that is too weak. 
The aligned dipole model predicts better ionic strength de- 
pendence either because the true dipoles are more closely 
aligned with the reaction site than we predict or because this 
dipole model more accurately emulates the steering effects of 
the local charge distribution. 

The results generated by the exponential distance-dependent 
reactivity model produce substantially better agreement with 
experiment than results produced by the reactive patch model 
just described. In the exponential model, the electron-transfer 
distance parameter a takes the place of the patch angle 0 as 
a measure of the extent of the reactive region. The larger the 
a value, the smaller the extent of distance-dependent reactivity. 
McLendon ( 1  988) and co-workers and Northrup and Herbert 
(1989) have both estimated values of a = 1.2 A-' for these 
types of systems, the latter study involving BD simulations of 
electron self-exchange in Pseudomonas aeruginosa cytochrome 
c55l. Results for the exponential model are given in  Figure 
4 and Table IV. The exponential model predicts an ionic 
strength dependence for the reduction of ferricytochrome c 
by ferrocytochrome 6, that is virtually identical with that 
observed experimentally when the aligned dipole model is 
employed. Furthermore, a realistic value of a = 1.2 A-' again 
produces the fit to experiment, just as found in previous studies. 

Effects of Ferricytochrome bs Heme Propionate Esterif- 
cafion. We employed the dipolar sphere model with both 
computed and aligned dipoles, and with patch and exponential 
reactivity models to predict the electrostatic effect of removal 
of the negatively charged heme propionate groups of cyto- 
chrome bS on the reaction rate of this modified protein with 
ferricytochrome c. BD simulations of derivatives were per- 
formed at pH 7 and I = 0.089 M, corresponding to the lowest 
ionic strength studied using the all-phosphate buffer. This 
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derivative (DME-cytochrome b,) was emulated by recom- 
puting the net monopole and dipole with the heme propionate 
charges set to zero. The negative end of the dipole moment 
of cytochrome b5 became further misaligned from the elec- 
tron-transfer region (Fe vector) upon esterification, changing 
from 38' to 50' on esterification, and the dipole magnitude 
decreased from 638 to 517 D. Thus, the rate of DME- 
ferrocytochrome 6, reaction with ferricytochrome c is expected 
to decrease from that observed with native ferrocytochrome 
6, through two effects: a diminished monopole attraction, and 
a diminished dipole alignment and strength. The predicted 
effect of heme propionate esterification on reaction rate (Table 
V) can be expressed by the ratio x = kd,,/knative. For the 
original computed dipole model with patch sizes of 20°, the 
rate constant decreased from 7.50 X lo8 to 3.10 X lo8 M-I 
s-' (x = 0.41), compared to a more substantial experimental 
drop from 5.40 X IO8 to 1.60 X lo8 M-' s-I ( x  = 0.30). 
Comparable results were obtained by using the exponential 
reaction model with a = 1.2 A-I. The derivatization effect 
was included in the case of the aligned dipole model by moving 
the dipole from perfect alignment with the electron-transfer 
region to 12' from perfect alignment, as computed. Overall, 
the theoretical results indicate that the effect of esterification 
on the rates can at least be rationalized on the basis of the 
perturbation in the electrostatic properties of cytochrome b,. 

Modeling the pH Dependence. To simulate the effect of 
pH on the reaction between the two native cytochromes, the 
first step was to perform Tanford-Kirkwood calculations at  
each value of pH studied to calculate the protonation state 
changes of titratable amino acid residues in the two cyto- 
chromes and then to calculate the changes in net monopole 
and dipole of the two proteins as a function of pH. These 
monopole and dipole values were then used in BD simulations 
to compute the expected rate constants at each pH. Table I1 
shows how the computed net monopole and dipole changes 
with pH at the ionic strength I = 0.482 M at which the ex- 
perimental study was performed. As pH changes from 6.0 
to 8.0, the net charge of cytochrome c decreases from +8.4e 
to +6.5e, and the net charge of cytochrome 65 decreases from 
-7.3e to -10.5e. These changes in protein charge are largely 
attributable to changes in the protonation status of the a-amino 
group and histidyl residues. DME-cytochrome b5 behaves 
similarly to the native protein but at roughly +2e charge units 
greater than the native protein. The monopole-monopole 
potential energy term at contact separation between proteins 
becomes slightly more attractive at I = 0.482 M as the pH 
varies from 6.0 (-1.9 kcal/mol) to 8.0 (-2.1 kcal/mol), in- 
dicating a small effect of pH on the association rate constant. 
We also computed a modest variation in the magnitude and 
direction of the dipole moments of these proteins between pH 
6.0 and 8.0 as shown in Table 11. The dipole moments of 
cytochrome c, cytochrome b,, and DME-cytochrome b, 
changed roughly 10% in magnitude and changed by several 
degrees in angle in response to variation in pH. The magnitude 
of the cytochrome c dipole increased, while those of DME- 
and native cytochrome bS decreased. The dipoles of all three 
proteins became less aligned with the electron-transfer region 
as pH increased. All changes in the electrostatic properties 
were sufficiently modest that little pH dependence of the rate 
constant is expected based purely on these considerations. This 
is, in fact, what is observed both in experiment and in the BD 
simulations as illustrated in Table VI. A very slight increase 
in k is observed in experiment, while the simulated rate con- 
stant does not vary outside of the range of its own statistical 
uncertainty. 
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Table VI: Brownian Dynamics Simulated Rate Constants (k X IOd M-' s-') as a Function of pH ( I  = 0.486 M)' 
uH 

rcaction case 
cytochrome c-cytochrome b5 exponential model (a = 1.2) 

exponential model (a = 1.0) 
patch (computed dipole) (20°, 20') 
patch (aligned dipole) ( 5 O ,  5 O )  

cytochromc c-DME-cytochrome b5 exponential model (a = 1.2) 
exponential model (a = 1.0) 
patch (computed dipole) (20°, 20°) 
patch (aligned dipole) (5 ' .  5 ' )  

6.0 

18 (2) 
150 (30) 

55 (20) 

13 (2) 
130 (20) 
IO (10) 

3.7 (0.6) 

2.6 (0.3) 

6.5 7.0 

18 (3) 16 (3) 
130 (20) 110 (IO) 
70 (20) 60 (10) 

3.6 (0.7) 3.1 (0.6) 

2.5 (0.4) 2.7 (0.3) 
13 (2) 14 (1) 

110 (15 )  110 (20) 
16 (7)  10 (10) 

7.5  8.0 

17 (2) 15 (2) 
130 (20) 130 (30) 
50 (20) 40 (IO) 

120 (20) 110 (20) 
14 (7) 12 ( 5 )  

3.3 (0.4) 3.0 (0.3) 

2.8 (0.5) 2.7 (0.3) 
14 (2) 14 (1) 

'Avcragc dcviations are stated in  parentheses, a is expressed in units of A-'. 

12.0 , 1 

9.5 ' I 
3.2 3.3 3.4 3.5 3.6 

1/T x lo3 (K-') 
FIGURE 5: Arrhenius plot of the temperature dependence of the 
bimolecular reaction rate constant for reduction of ferricytochrome 
c by ferrocytochrome b5 [pH 7, I = 0.348 M (phosphate)]. (0) 
Experimental rate constants; (0) rate constants predicted by the 
exponential model with the aligned dipole assumption, a = 1.2 A-I, 
and the temperature-dependent intrinsic k, given by eq 7 with AHet* 
= 6.55 kcal/mol; (A) rate constants predicted by the same exponential 
model, but with a temperature-independent ket. 

Modeling the Temperature Dependence. As the best the- 
oretical simulation of the experimental ionic strength depen- 
dence was obtained by incorporating the exponential model 
(including the intrinsic electron-transfer rate constant having 
exponential distance behavior) and aligning the dipoles with 
the region of electron transfer, we focused on this model to 
study the temperature dependence as well. First, we assumed 
the intrinsic k,, constant to be completely temperature inde- 
pendent to see if the temperature dependence was manifested 
in the diffusional stage of the reaction alone. In this case, the 
most significant parameter affecting the bimolecular rate 
constant is the change in diffusion coefficients, which vary as 
D - T / q .  Only minor temperature dependences are mani- 
fested in the dielectric constant of the medium, the reciprocal 
Debye screening length K ,  and the protonation status of ti- 
tratable groups on the protein. Simulations were performed 
at  278.15, 298.15, and 305.15 K, and the results are plotted 
as In ( k / T )  versus l / T  in Figure 5 along with the experimental 
rate constants. The slopes of these linear least-squares fits 
reflect the activation enthalpy of the reaction, AM, which has 
an experimental value of 7.5 kcal/mol and a value predicted 
by this model of only 0.78 kcal/mol. Obviously, the tem- 
perature dependence is not well represented by the exponential 
model in  which the intrinsic electron-transfer rate constant 
is independent of temperature. This finding signifies that the 
bulk of the temperature dependence lies in the electron-transfer 
rate constant. 

It is interesting to note that even in a purely diffusion- 
controlled reaction between two neutral or oppositely charged 
spheres that react instantaneously upon contact, the temper- 
ature dependence in the diffusion coefficients alone gives rise 
to an effective A* - 4 kcal/mol. It is, therefore, reasonable 
to question why this activation enthalpy is not predicted by 
the exponential model of these proteins. This result is not 
obtained because for the exponential model, the rate of reaction 
depends not only on how fast the proteins diffuse to the re- 

action site but also on the length of time that the reactants 
remain in this position for reaction to occur according to k,. 
Although lowering the temperature retards the rate of diffusion 
to the reactive region, which lowers the reaction rate, the 
lifetime of the reactants in this region is enhanced by the 
concomitant decrease in rate of dissociation of the protein- 
protein complex. It is for this reason that the effective AZ$ 
using the exponential model is much less than 4 kcal/mol and, 
in fact, virtually zero. 

Therefore, it is appropriate to study a second model in which 
the preexponential factor of the k,, rate constant given by eq 
3 is considered to be dependent on temperature according to 
an Arrhenius model: 

k,,(ro, T )  = cTe-Mci*/RT (7) 
Here, the activation entropy and other microscopic parameters 
are contained in the c term, with the temperature dependence 
displayed through the T prefactor and exponential term. The 
constant c is chosen such that k,,(ro, 298.15) = 1 .O X 10" s-l 

(c = 2.1 X lOI3 s-I K-I) consistent with the other BD simu- 
lations of the exponential model at T = 298.15 K. Employing 
an activation enthalpy for the intrinsic ET step of AH,,* = 
-6.55 kcal/mol, we achieve an excellent fit to the experimental 
temperature dependence as shown in Figure 5 and obtain an 
overall activation enthalpy of reaction of 7.5 kcal/mol. Thus, 
our BD model is able in principle to resolve the activation 
enthalpy of the overall reaction into diffusional and chemical 
contributions. 

DISCUSSION 
The reduction of ferricytochrome c by ferrocytochrome bS 

occurs with a second-order rate constant that is large in 
comparison with rate constants reported for reactions between 
other small electron-transfer proteins. Many electron-transfer 
protein reactions exhibit bimolecular kinetics at physiologically 
relevant ionic strengths and higher. Bimolecular rates manifest 
not only the intrinsic redox capabilities of these metalloproteins, 
as ordinarily studied in complexed states at low ionic strength 
or in covalently cross-linked complexes, but also can often 
manifest the important coupling to diffusion effects. In the 
diffusional association stage of reaction, the translating and 
rotating proteins are sensitive to electrostatic steering effects 
that act over long ranges. More importantly, the proteins are 
thought to explore a wide variety of mutual orientations in a 
single encounter by somewhat nonspecific hydrophobic and 
ionic interactions, and a large number of casual precursor 
complexes are sampled before an intimate complex capable 
of electron transfer is obtained (Northrup et al., 1988). The 
dynamics of this type of interaction scenario will play a major 
role in determining the overall electron-transfer kinetics, es- 
pecially when electron-transfer proteins react with second order 
at very large rates, as in the present example under study. The 
present analysis considers several mechanistic features of the 
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Table VII: Thermodynamic Parameters for Several Bimolecular Protein-Protein Electron-Transfer Reactions 
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reactand AH (kcal/mol) ASt (eu) reference 
ferrocytochrome f + cupriplastocyanind/ 10.5 11.0 Wood (1974) 
ferrocytochrome f + c~pr ip l a s tocyan in~~  8.4 4.9 Niwa et al. (1980) 
ferricytochrome f + cuproplastocyaninbs 8.6 3.9 Niwa et al. (1980) 
ferrocytochrome f + cupriplastocyanin* 13.4 21.5 Tanaka et al. (1981) 
fcrrocytochrome c + cupriplastocyanin' 7.6 -2.4 King et al. (1985) 
fcrrocytochrome c551 + cupriazurincs' 7.8 -1.1 Rosen & Pecht (1976) 
fcrricytochrome cSs,  + cuproazurincJ 13.7 18.8 Rosen & Pecht (1976) 
ferrocytochrome t-551 + cupriazurindJ 18.1 31.0 Rosen et al. (1981) 
ferricytochrome c551 + cuproazurindJ 15.2 22.5 Rosen et al. (1981) 
ferrocytochrome c + ferricytochrome c 8.4 -1 1 Barbush & Dixon (unpublished results) 
ferrocytochrome b5 + ferricytochrome bSd 5.5 -23 Dixon et al. ( I  990) 
ferrocytochrome b5 + ferricytochrome CC 7.5 -0.3 this work 
DME-fcrrocytochrome b5 + ferricytochrome CC 7.9 1 .o this work 

' I  = 0.1 M, pH 7.5. b l  = 0.2 M, pH 7.0. ' I  not stated, pH 7.0. d l  = 0.1 M, pH 7.0. = 0.5 M, pH 7.0. 'Petrosehum sativum. 8Brassica 
koniatsuno. Raphanous sativus. In those instances where the errors in the thermodynamic 
activation parameters are reported, they are not greater than 1 unit. Footnotes a-e refer to solution conditions while footnotes f - j  refer to the source 
of protein isolated from nonmammalian tissues. 

Pseudomonas aeruginosa. j Alcaligenes faecalis. 

reaction between these two proteins that contribute to this rate 
and to its variation with solution conditions. 

The unimolecular rate constant of electron transfer from 
cytochrome b, to cytochrome c has been determined by pulse 
radiolysis to be 1600 (f700) s-I (1 mM phosphate, pH 7) 
(McLendon & Miller, 1985). If electron transfer between the 
heme groups within the cytochrome b,-cytochrome c complex 
is comparable at 1 mM phosphate and I = 0.348 M, and if 
ferrocytochrome b5 reduction of cytochrome c involves a 
protein-protein binding step prior to electron transfer, then 
at  I = 0.348 M, pH 7, the association constant of ferro- 
cytochrome b, and ferricytochrome c is - lo4 M-l. This value 
is larger than experimentally determined values (e.g., lo3 M-' 
measured at I = 0.04 M) (Eley & Moore, 1983), suggesting 
that the rate of electron transfer within the protein-protein 
complex is ionic strength dependent. Hazzard et al. (1988) 
have previously observed that the rate of electron transfer 
within the cytochrome c-cytochrome c peroxidase complex 
does exhibit a dependence on ionic strength. 

As expected for a reaction between oppositely charged 
reactants, the rate of reaction varies inversely with ionic 
strength. The lines in Figure 2 represent unweighted fits of 
the experimental data to the van Leeuwen (1983) equation 
using radii and dipole moments for each protein given in Tables 
I and 111. The second-order rate constants for the reduction 
of ferricytochrome c by ferrocytochrome b5 at infinite ionic 
strength predicted by these analyses are 5 (f5) X I O 5  and 4 
( A I )  X I O 6  M-' s-I, respectively. The product of the net 
monopole charges on the proteins required to fit the data is 
-2 IO and - 170, respectively. The poor agreement between 
these results and the charge product expected from analysis 
of the structures of the two proteins probably relates to the 
inappropriate application of the van Leeuwen relationship to 
analysis of rate studies conducted at high ionic strength and 
indicates that an alternative model such as our BD model is 
required to represent the ionic strength dependence of these 
reactions. We note, nonetheless, that Dixon and colleagues 
have obtained acceptable results in the analysis of the ionic 
strength dependence of cytochrome electron-transfer self-ex- 
change rate constants with the van Leeuwen relationship 
(Dixon et al., 1989, 1990; Dixon & Hong, 1990). 

The activation parameters for ferricytochrome c reduction 
by native and DME-ferrocytochrome b, are very similar ( I  
= 0.348 M, pH 7.0). With the notable exception of self-ex- 
change reactions, the activation enthalpy and entropy of 
ferrocytochrome b5 reduction of ferricytochrome c fall within 
the values measured for other bimolecular protein-protein 
electron-transfer reactions (cf. Table VII).  While the acti- 

vation enthalpy of ferrocytochrome b5 reduction of ferri- 
cytochrome c is comparable to that of the bimolecular oxi- 
dation or reduction of either cytochromes b5 (Reid & Mauk, 
1982; Reid et al., 1984) or c (Hodges et al., 1974; Cummins 
& Gray, 1977; Mauk et al., 1979) with a variety of small 
electron-transfer reagents, the activation entropy of the pro- 
tein-protein reaction is considerably larger than those of the 
protein-reagent reactions. This result suggests that the 
principal reason that the rate of electron transfer between 
cytochromes b5 and c exceeds the rate of electron transfer 
between each of these proteins and small reagents is that the 
activation entropy of the protein-protein electron-transfer 
reaction is much greater. The large, negative activation en- 
tropies of electron transfer between small reagents and proteins 
have been partly explained in terms of the loss of translational 
and rotational degrees of freedom accompanying formation 
of the collisional complex of the reactants (Bennett, 1973) and 
have been estimated to be about 13 eu. It is possible that in 
the case of ferrocytochrome b5 reduction of ferricytochrome 
c, these entropic losses could be compensated by the release 
of solvent molecules at the protein-protein interface in complex 
formation (Chothia & Janin, 1975; Mauk et al., 1982). 

The rate of ferrocytochrome b, reduction of (trifluoro- 
methy1)phenylcarbamyLLys- 13 cytochrome c has been mea- 
sured to be -37% that of native ferricytochrome c at 0.1 M 
ionic strength (Ng et al., 1977), but at I = 1.5 M, the two 
forms of cytochrome c are reduced at the same rate by fer- 
rocytochrome b5 (Stonehuerner et al., 1979). Although the 
rate constant that these workers report is estimated from 
steady-state kinetics and was not measured directly, the ionic 
strength dependence that they report is similar to that observed 
in the present study. It is also intriguing that cytochrome c 
lysine modifications that decreased this rate the most at I = 
0.1 M (Lys-13, Lys-72) exhibited rate constants that where 
3 5 4 0 %  that of native cytochrome c (Stonehuerner et al., 
1979). In the present study, ferricytochrome c reduction by 
DME-ferrocytochrome b5 ( I  = 0.089) yielded a rate constant 
that is 70% smaller than that of ferricytochrome c reduction 
by native ferrocytochrome b5. While DME-cytochrome b, is 
modified at two positions, these results are consistent with the 
involvement of cytochrome b5 heme propionate-6 in stabilizing 
the cytochrome b,-cytochrome c complex to the same extent 
as cytochrome c lysines-13 and -72. This result is compatible 
with the model of the cytochrome b5-cytochrome c complex 
proposed by Salemme (1 986). 

A combination of electrostatic analysis and BD simulation 
has been used to predict the ionic strength, temperature, and 
pH dependence of the rate of bimolecular electron transfer 
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from ferrocytochrome b5 to ferricytochrome c, taking into 
account the coupling of electrostatics and diffusional effects. 
Both proteins are highly charged species and of opposite sign 
(ca. +7e and -9e for ferricytochrome c and ferrocytochrome 
b5, respectively). The net monopole-monopole attraction is 
supplemented by an important dipolar attraction in which the 
positive end of the dipole of cytochrome c passing near the 
exposed heme edge is attracted to the monopole of cytochrome 
65 as well as the negative end of the cytochrome b5 dipole, 
which is near the exposed heme region of cytochrome b5. In 
the center of mass reference frame, the dipole vector of cy- 
tochrome c makes only a 30.5’ angle with respect to the 
position vector of the Fe atom and has a magnitude of 284 
D at pH 7 and I = 0.094 M. In cytochrome b5, the negative 
end of the dipole vector also makes a 37.8’ angle with respect 
to the position vector of the Fe atom and has a magnitude of 
638 D under the same conditions. 

Ionic strength dependence studies provide a meaningful 
probe of the electrostatic influences of reactions. In the BD 
simulations, we have confirmed that the large Coulombic 
attractive forces between these species are necessary to provide 
for the large association rate constant observed in experiment, 
as well as the observed negative ionic strength dependence of 
the bimolecular rate. However, BD simulation results have 
shown that the net charges alone do not enhance the associ- 
ation rate sufficiently to provide for the steep negative ionic 
strength dependence or to offset the retarding effect of the 
orientational constraints for electron transfer. Additional 
significant electrostatic enhancement in this reaction results 
from, at least in part, the large dipole moments on both pro- 
teins. The BD method has provided a means of improving on 
simple analytical theories by providing for a more complex 
charge distribution and enforcing a stringent steric criterion 
on the reaction. In this work, we have used a simple spherical 
dipole model of the proteins. Though we have performed more 
robust BD simulations in other systems (Northrup et al., 
1986b, 1987a,b, 1988), the computational efficacy of the 
simple model has enabled us to explore a wide variety of 
solution conditions. Although the BD spherical dipole model 
does give a stronger ionic strength dependence than the simple 
monopole terms alone, and in the correct direction, the added 
dipolar steering forces of the model are still too weak and 
nonspecific to produce the correct ionic strength dependence. 
The implications of this result are 2-fold: either (i) the com- 
puted dipole vectors do not coincide with the true dipole 
moment of the proteins because of the various approximations 
in  assigning charges or (ii) a model consisting of monopoles 
and dipoles only is inadequate to capture the realism of the 
local charge distribution near the reactive surfaces. The latter 
possibility has been borne out in BD studies of the reaction 
between ferrocytochrome c and cytochrome c peroxidase 
(Northrup et al., 1986b, 1987a,b, 1988) that showed that the 
diffusional association rates more closely correlate with local 
charge effects than with global electrostatic properties such 
as net monopole and dipole. To test this hypothesis again in 
the context of this reaction, we constructed an alternative 
aligned dipole model in which the dipole vectors are perfectly 
aligned with the electron-transfer region. This model, while 
it departs from the computed electrostatic dipolar properties, 
captures the realism of having a local concentration of charges 
around the electron-transfer surfaces which highly favor the 
reaction and provide more direct steering and docking than 
the computed dipoles. Concentrating the dipolar charges on 
the reaction site does in fact give the correct ionic strength 
dependence throughout the experimental regime and gives 

excellent correlation with experiment with more realistic steric 
criteria, especially with the exponential distance dependent 
model of ET. 

Site-specific mutation and chemical derivatization of 
charged groups provide yet another probe of the mechanism 
responsible for the large bimolecular rates observed in this 
reaction. We have employed the dipolar sphere model with 
both computed and aligned dipoles to predict the effect of 
esterification of the two charged heme propionates on the 
ferrocytochrome b5. By electrostatic analysis, we expected the 
reaction rate of the derivative to decrease from the native 
species by two effects: a diminished monopole attraction and 
a diminished dipole alignment and strength. For the original 
computed dipole model with patch sizes of 20° at I = 0.089 
M and pH 7.0, the theoretical rate constant decreased from 
7.50 X lo8 to 3.10 X IO8 M-l s-l compared to an experimental 
drop from 5.40 X IO8 to 1.57 X lo8 M-I s - I .  Although the 
dipolar sphere simulation predicts the correct direction of the 
effect, the quantitative effect of derivatization cannot be 
predicted simply by the change in global electrostatic properties 
of the protein. The proteins most likely take advantage of more 
specific sorts of charge complementarity than can be repro- 
duced by a monopole/dipole representation, or there are ad- 
ditional steric effects on the reactivity, or additional changes 
in the redox properties of this pair of proteins are involved. 

The pH dependence of the bimolecular rate has been studied 
theoretically by performing repeated Tanford-Kirkwood 
calculations at  different values of pH using the computed 
changes in charge status to modify the net monopoles and 
dipoles of the proteins. As Table I1 indicates, the mono- 
pole-monopole charge product changes only slightly from pH 
6.0 to 8.0, and the magnitude and direction of the dipole 
moments of these proteins vary only modestly. All changes 
in the electrostatic properties were sufficiently modest that little 
pH dependence of the BD-simulated rate constant was ob- 
tained, as borne out by experiment. 

In all previous BD simulation studies, the chemical reaction 
event has been treated as a “black box” and taken to occur 
instantaneously upon collision of certain geometric surfaces. 
In essence, the diffusion away from a collision event is assumed 
to be slow on the time scale of the reactive event. This as- 
sumption is implicit in the patch model employed here. Thus, 
the conventional BD result is only a theoretical upper bound 
estimate to the true bimolecular rate because it does not take 
into account additional retardation of the rate attributable to 
a chemical activation step. Consequently, important factors 
in electron transfer such as the electromotive driving force, 
reorganization energy, etc. have not been accounted for in any 
explicit fashion. To remedy this situation, we have taken a 
beginning step in this study by explicitly incorporating the rate 
constant for the intrinsic electron-transfer step into the BD 
simulation method through the exponential distance-dependent 
model. This provides at  least an initial framework for the 
dynamic coupling between the diffusional association event 
and a noninstantaneous electron-transfer event. The rate 
constant for electron transfer has taken the form A exp(-m), 
with the spatial dependence in the exponential term and all 
other microscopic factors entering through the amplitude A. 
In principle, it should be possible in future studies to vary A 
between various species and mutants to account for changes 
in driving force and other features. Such was not done here. 

In the exponential model, the electron-transfer distance 
parameter CY essentially takes the place of the patch angle 0 
as a measure of reactive region extent. Previous studies 
(Marcus & Sutin, 1985; Maya et al., 1986; McLendon, 1988; 
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Northrup & Herbert, 1989) have estimated values of a = 1.2 
A-' for these types of systems, the latter study being in the 
context of BD simulations of electron self-exchange in Pseu- 
domonas aerug'nosa cytochrome cSs1. Unlike the patch model, 
the exponential model gives an ionic strength dependence that 
correlates well with experiment. Values of a = 1.2 A-' and 
the employment of aligned dipoles gave excellent agreement 
with experiment throughout the ionic strength range. It is 
significant that our exponential electron-transfer rate constant 
did in fact give us the necessary retardation of the rate at high 
ionic strengths to provide a closer fit to the experiment than 
was possible with the patch model. This is because, in the 
exponential model, the overall reaction rate no longer depends 
only on how fast and with what probability the particles diffuse 
to the correct reaction geometry but also on how long they 
persist in the region. Such dynamic information does not enter 
into an "all-or-nothing" geometric model of reactivity. At high 
ionic strengths, the lifetime of the properly oriented pairs is 
diminished. This reaction thus appears not to be purely at the 
diffusion-controlled limit but is partially diffusion-controlled, 
and the chemical activation control portion of the rate is em- 
bodied in the electron-transfer rate constant ke,. 

Our theoretical analysis indicates that the temperature 
dependence is not manifested in the diffusion step but in the 
intrinsic electron-transfer rate constant. Simulations are 
currently underway to compute the bimolecular rate constants 
and docking orientation profiles of this reaction pair using 
lengthy BD calculations with atomic-scale resolution and 
Poisson-Boltzmann-generated potentials. These calculations 
should be able to predict the effects of propionate esterification 
and site-directed mutations more quantitatively and to provide 
better correspondence with experiment without the extensive 
parameterization of the simple dipolar sphere model. 
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ABSTRACT: The arrangement of three subunits of beef heart cytochrome c oxidase, subunits Va, VIa, and 
VIII, has been explored by chemical labeling and protease digestion studies. Subunit Va is an extrinsic 
protein located on the C side of the mitochondrial inner membrane. This subunit was found to label with 
N-(4-azido-2-nitrophenyl)-2-aminoethane[35S]sulfonate and sodium methyl 4- [3H]formylphenyl phosphate 
in reconstituted vesicles in which 90% of cytochrome c oxidase complexes were oriented with the C domain 
outermost. Subunit VIa was cleaved by trypsin both in these reconstituted vesicles and in submitochondrial 
particles, indicating a transmembrane orientation. The epitope for a monoclonal antibody (mAb) to subunit 
VIa was lost or destroyed when cleavage occurred in reconstituted vesicles. This epitope was localized to 
the C-terminal part of the subunit by antibody binding to a fusion protein consisting of glutathione S- 
transferase (G-ST) and the C-terminal amino acids 55-85 of subunit VIa. No antibody binding was obtained 
with a fusion protein containing G-ST and the N-terminal amino acids 1-55. The mAb reaction orients 
subunit VIa with its C-terminus in the C domain. Subunit VIII was cleaved by trypsin in submitochondrial 
particles but not in reconstituted vesicles. N-Terminal sequencing of the subunit VI11 cleavage product 
from submitochondrial particles gave the same sequence as the untreated subunit, Le., ITA, indicating that 
it is the C-terminus which is cleaved from the M side. Subunits Va and VI11 each contain N-terminal 
extensions or leader sequences in the precursor polypeptides; subunit VIa is made without an N-terminal 
extension. 

z e  mammalian cytochrome c oxidase is a multisubunit 
enzyme made up of 13 different subunits, each of which has 

been fully sequenced [e.g., see Anderson et al. (1981), Mei- 
necke et al. (1984), and Meinecke and Buse (1985)l and for 
many of which the genes have been cloned and characterized 
[reviewed in Cao et al. (1988), Lomax and Grossman (1989), 'This work was supported by NIH Grant HL22050. 
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