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ABSTRACT: The kinetics of electron transfer between the Rhodobacter sphaeroides R-26 reaction center
and nine soluble c-cytochromes have been analyzed and compared to the patterns of the surface electrostatic
potentials for each of the proteins. Characteristic first-order electron-transfer rates for 1:1 complexes
formed at low ionic strength between the reaction center and the different c-cytochromes were identified
and found to vary by a factor of almost 100, while second-order rates were found to differ by greater than
10%. A correlation was found between the location of likely electrostatic interaction domains on each
cytochrome and its characteristic rate of electron transfer. The interaction domains were identified by
mapping electrostatic potentials, calculated from the Poisson~Boltzmann equation, onto simulated “encounter
surfaces” for each of the cytochromes and the reaction center. For the reaction center, the c-cytochrome
binding domain was found to have almost exclusively net negative potential (<-3 kT) and to be shifted
slightly toward the M-subunit side of the reaction center. The location of interaction domains of
complementary, positive potential (>3 kT) differed for each cytochrome. The correspondence between
electrostatic, structural, and kinetic properties of 1:1 reaction center—cytochrome complexes leads to a
proposed mechanism for formation of reaction center—cytochrome electron-transfer complexes that is primarily
driven by the juxtaposition of regions of delocalized complementary potential. In this mechanism the
clustering of charged residues is of primary importance and not the location of specific residues. A consequence
of this mechanism is that many different sets of charge distributions are predicted to be capable of stabilizing
a specific configuration for a reaction center—cytochrome complex. This mechanism for reaction center
association with water-soluble c-cytochromes fits molecular recognition mechanisms proposed for
c-cytochromes in nonphotosynthetic systems. In general, the kinetic scheme for reaction center driven
cytochrome oxidation was found to vary between a simple two-state model, involving cytochrome in free
and reaction center bound states, and a three-state model, that includes cytochrome binding in kinetically
competent (“proximal”) and incompetent (“distal”) modes. The kinetically incompetent mode of cytochrome
binding is suggested not to be an intrinsic feature of the reaction center—cytochrome association but is likely
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to be due to variation in the physical state of the reaction center.

The oxidation of water-soluble c-cytochromes by the
Rhodobacter sphaeroides reaction center has provided a useful
experimental system for investigations into the mechanisms
of bimolecular electron transfer. The reaction center was the
first reaction partner where c-cytochrome oxidation could be
examined with single-turnover kinetics (Dutton et al., 1975;
Moser & Dutton, 1988). Theresolution of the Rb. sphaeroides
R-26 reaction center crystal structure (Allen et al., 1986,
1987; Chang et al., 1991; El-Kabbani et al., 1991; Tiede et
al., 1988), combined with the knowledge of several cytochrome
structures (Bhatia, 1981; Bushnell et al., 1990; Holden et al.,
1987; Louie & Brayer, 1990; Louie et al., 1988; Matsuura et
al., 1982; Salemme et al., 1973; Takano & Dickerson, 1981),
allows the mechanism for the formation of transient electron-
transfer complexes between the reaction center and the
c-cytochromes to be addressed with atomic detail.

Electron transfer occurs from ferrous cytochrome ¢ to the
light-generated, cation free radical of the bacteriochlorophyll
dimer, P*, in the reaction center. The P* state is formed with
a reaction time of 3 ps following laser excitation and has a
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lifetime on the seconds time scale in the presence of excess
quinone acceptors (Gunner, 1991). Subsequent single-
turnover electron-transfer kinetics from the cytochrome to
P* have been well-studied in vivo and in vitro. Cytochrome
¢, oxidation in Rb. sphaeroides cells and intact membrane is
strongly biphasic, with nearly equal extents of two components
having reaction times of 1-4 and 100-400 us (Dutton et al.,
1975; Joliot et al., 1989; Overfield et al., 1979). One
interpretation attributes the multiphasic kinetics to two
different modes of cytochrome binding to the reaction center,
termed “proximal” and “distal”, that yield fast and slow kinetic
phases, respectively (Dutton et al., 1975; Dutton & Prince,
1978). A more recent analysis of P* reduction kinetics as a
function of light saturation suggests that the multiphasic in
vivo kinetics are not due to multiple modes of binding of the
cytochrome to the reaction center but instead arise from the
association of two reaction centers and one ubiquinone-
cytochrome c oxidoreductasein a “supercomplex” in the intact
membrane (Joliot et al., 1989; Lavergne & Joliot, 1991). The
data suggest that the reaction centers are associated in a
manner such that the binding of cytochrome on one reaction
center competitively inhibits binding at the other (Joliot et
al., 1989; Lavergne & Joliot, 1991).

In contrast to the general agreement on the kinetic format
measured for cytochrome oxidation in vivo, different kinetic
results have been reported for reaction center driven cyto-
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chrome oxidation with isolated proteins at low ionic strength
in detergent solutions. Rosen et al. (1979, 1983) found that
the oxidation of horse cytochrome ¢ and Rb. sphaeroides
cytochrome ¢, can be described by a simple equilibrium of the
cytochrome in solution with a single reaction center bound
state, as shown in Scheme 1. The oxidation times, 7. = k!,
for bound Rb. sphaeroides cytochrome ¢, and horse cyto-
chrome ¢ were found to be 1 and 20 us, respectively (Rosen
et al,, 1983, 1979).

Scheme |
ka ke
cyt free = cyt bound — cyt ox
k_a

In contrast to this simple kinetic scheme, other workers
(Dutton & Prince, 1978; Moser & Dutton, 1988; Overfield
& Wraight, 1986; Overfield et al., 1979) found that reaction
center driven cytochrome oxidation requires a three-state
model, as shown in Scheme I1. By analogy to the early in vivo

Scheme I1
ke ke ke
cyt free — (distal = proximal) — cyt ox
' ko

model, the distal and proximal states both represent reaction
center—cytochrome complexes, but electron transfer only
occurs from the proximal state (Moser & Dutton, 1988;
Overfield & Wraight, 1986; Overfield et al., 1979). In these
experiments, the oxidation of Rb. sphaeroides cytochrome ¢,
wasseen to be the sum of three reactions: a diffusional second-
order reaction and two first-order reactions (7, = 400-500 us
and 7. = 0.6-1.5 us). The fast component (r.) is attributed
toelectron transfer from cytochrome ina favorable or proximal
configuration. The slower component () is associated with
the conversion time between distal and proximal configura-
tions. The viscosity dependence of this slower reaction
demonstrates the requirement for translational and/or rota-
tional diffusion in the distal to proximal conversion (Moser
& Dutton, 1988). These more complex in vitro kinetics
reproduce the format seen in vivo and imply that an equilibrium
between electron-transfer productive and nonproductive bind-
ing configurationsis an inherent feature of the reaction center—
cytochrome interaction. However, this conclusion is at odds
with the interpretation that the multiphasicin vivo cytochrome
oxidation kinetics arise from the organization of reaction
centers in supercomplexes (Joliot et al., 1989; Lavergne &
Joliot, 1991).

The two sets of in vitro kinetic data agree on the time
constants for the fast oxidation component for each cyto-
chrome, but they differ in the number kinetic components
seen with saturating concentrations of reactants. In the two-
state mechanism all of the cytochrome oxidation occurs with
asingle time constant with saturating amounts of cytochrome,
whilein a three-state mechanism two time constants are seen.
In this paper we present evidence that suggests that the three-
state kinetic model may not be an intrinsic feature of the
reaction center—cytochrome association in vitro but may arise
from differences in the physical state of the reaction center.
Despite the uncertainty in the kinetic pathway for the slow
oxidation components, there is uniform agreement that
electrostatics play a primary role in the stabilization of the
reaction center—cytochrome c electron-transfer complexes, as
indicated by the strong ionic strength dependence for all kinetic
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components (Dutton et al., 1975; Moser & Dutton, 1988;
Overfield & Wraight, 1986).

Two models of an electrostatically stabilized, electron-
transfer complex between the Rb. sphaeroides reaction center
and a soluble c-cytochrome have been built (Allenet al,, 1987;
Tiede et al., 1988; Tiede & Chang, 1988). These models
differ in many substantial ways, including the site for
cytochrome docking on the reaction center and on the
orientation of the cytochrome in the complex (Tiede et al.,
1988; Tiede & Chang, 1988). However, both models are
based upon the premise that the reaction center—cytochrome
complex is stabilized by the formation of complementary
charged pairs formed between specific ionized residues on the
surface of the reaction center and cytochrome proteins.

In order to gain insight into the role of the protein in the
formation of transient electron-transfer complexes, we have
examined the electron transfer between the Rb. sphaeroides
R-26 reaction center and a series of structurally homologous
c-cytochromes. Inthis work we show that characteristic first-
order electron-transfer rates for 1:1 complexes formed at low
ionic strength between the reaction center and the different
c-cytochromes vary by a factor of almost 100, and second-
order rates are found to differ by greater than 106, These
data serve as a guide for the development of a model of the
molecular recognition that leads to the formation of electro-
statically stabilized reaction center—cytochrome ¢ complexes.
We have begun to develop a model that emphasizes the
importance of electrostatic potentials on “encounter surfaces”
for the reaction center and different c-cytochromes. A
comparison of the electrostatic potential surfaces for the
different c-cytochromes and their characteristic rates of
electron transfer suggests that a primary factor in determining
the configuration of a particular reaction center—cytochrome
ccomplex is the structure of delocalized electrostatic potentials
of the two proteins and not the location of specific charged
residues.

MATERIALS AND METHODS

Preparation of Materials. Reaction centers from photo-
synthetically grown Rb. sphaeroides R-26 cells were prepared
with the detergent lauryldimethylamine N-oxide (LDAO) as
described previously (Wraight, 1979). Reaction centers were
eluted from the final DEAE-Sephacel columnin 0.03% LDAO,
160 mM NaCl, 10 mM Tris, and 1 mM EDTA, pH 7.8 at
room temperature. Fractions with an absorbance ratio at
280/802 nm of less than 1.28 were pooled, supplemented with
1 ubiquinone-10/reaction center, and dialyzed overnight
against 0.01% LDAO, 10 mM Tris, and 1 mM EDTA, pH
7.8 at 4 °C. Reaction centers were then stored frozen at —80
°C.

Cytochromes ¢, from Rhodobacter capsulatus, Rhodo-
pseudomonas viridis, and Rb. sphaeroides were isolated
essentially as described previously (Bartsch, 1978). Cyto-
chromes ¢ from tuna, horse, Saccharomyces cerevisiae,
Candida krusei, and Pseudomonas aeruginosa were obtained
from Sigma and were used without further purification.
Extinction coefficients of 30.8 and 27.6 mM-! cm~! were used
for the cytochromes c; and ¢, respectively.

Assay of Electron-Transfer Rates. Single-turnover, laser-
flash-induced electron-transfer rates from the ferroheme to
the photooxidized reaction center were measured in 0.01%
LDAO, 10mM Tris,and 1 mM EDTA, pH 7.8, witha reaction
center concentrationof 1 uM. Inadditiontoavariableamount
of cytochrome, the reaction mixture contained 20 uM
2-hydroxy-1,4-naphthoquinone, 10 uM phenazine methosul-
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fate,and 10 uM ubiquinone-0 as redox mediators. The redox
potential was set at approximately +100 mV by additions of
dithionite in an argon-purged 1-cm path-length cuvette.

The kinetics of electron transfer were routinely measured
by monitoring the single-beam absorbance transients asso-
ciated with the reduction of the flash-induced P* at 860 nm.
Corroborative measurements were also made by monitoring
the disappearance of the P* 1250-nm band and by monitoring
the kinetics of cytochrome oxidation by recording the 550-nm
— 540-nm difference absorbance transients. All three mea-
surements gave equivalent results. The flash excitation was
a 590-nm, 20 nm wide, 1.5 mJ/cm? laser pulse provided by
YAG (Molectron) pumped rhodamine dye laser. The CW
probe beam was shuttered to open 50 ms before the laser
excitation, and the shutter closed immediately after each single-
beam transient was recorded. Four to eight transients were
averaged at a single wavelength, with 20 s between recordings.
There were no discernible differences between the individual
transients. The detector was a silicone avalanche photodiode
(EG&G) that provides a response time of less than 0.1 us.

The absorbance transients were fit to the sum of one to
three single exponentials, using a Levenberg-Marquardt
nonlinear least squares fitting routine (Dr. Seth Snyder, ANL).
These were unrestricted fits for the amplitudes and reaction
times. The initial guess values were systematically changed
toensure that the solutions did not correspond to local minima.

Electrostatic Calculations. Electrostatic potential maps
for the c-cytochromes and the reaction center were calculated
from the X-ray crystal structures using the program DelPhi.
The program calculates the electrostatic potential throughout
a volume that includes a protein using a linearized form of
the Poisson-Boltzmann equation (Gilson & Honig, 1988;
Gilsonetal., 1985; Nicholls & Honig, 1991). Thecoordinates
for the tuna (Takano & Dickerson, 1981), Rhodospirillum
rubrum (Bhatia, 1981; Salemme et al., 1973), and P.
aeruginosa (Matsuura etal., 1982) cytochromes were obtained
from the Brookhaven Protein Data Bank (Abola et al., 1987;
Bernstein etal., 1977), files Scyt/pdb, 3c2c.pdb,and 451c.pdb,
respectively. The coordinates of the horse heart (Bushnell et
al., 1990) and yeast iso-1 (Louie & Brayer, 1990; Louie et al.,
1988) cytochromes ¢ were provided by Prof. G. Brayer
(University of British Columbia). The coordinates of the Rb.
capsulatus cytochrome ¢; (Holden et al., 1987) were provided
by Prof. H. Holden (University of Wisconsin, Madison).
Cytochromes ¢, have been crystallized from Rb. sphaeroides
(Allen, 1988) and R. viridis (Miki et al., 1986), but the
structures are not yet available. In lieu of these structures,
models were built from homologous cytochrome structures.
A model of the Rb. sphaeroides cytochrome ¢, (Tiede et al.,
1988; Tiede & Chang, 1988), was built by modifying the
structure of the cytochrome ¢, from Paracoccus denitrificans
(Ambler et al., 1981; Timkovich & Dickerson, 1976). The
model cytochrome was built by replacing the charged amino
acid side chains on the P. denitrificans protein with residues
corresponding to the Rb. sphaeroides sequence. This required
33 changes plus deletion of seven residues from the C-terminus.
Before the Rb. capsulatus structure became available, the P,
denitrificans structure was the most closely homologous to
the Rb. sphaeroides cytochrome ¢, (Meyer & Kamen, 1982).
This model of the Rb. sphaeroides cytochrome ¢, was used
in the electrostatic calculations described below. Similarly,
a model of the Rps. viridis cytochrome was built from the
tuma structure, requiring 20 side-chain replacements, plus
the addition of five residues to the C-terminus. Inboth models,
only the ionized side chains were altered to match those of the
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target sequence using the program BIOGRAF. The peptide
backbones of the parent structures were not altered. The new
residues were positioned to give a compact structure, without
making contacts with other residues in the structure. These
model structures were used in an attempt to estimate the
electrostatic consequences of the different distributions of
charged residues in the Rb. sphaeroides and Rps. viridis
sequences.

Procedures for the calculation of electrostatic potential
throughout a volume that includes a protein have been
described in detail (Gilson & Honig, 1988; Gilsonet al., 1985;
Gunner & Honig, 1991; Nicholls & Honig, 1991). A dielectric
constant of 80 was assigned to the water-accessible regions,
and a dielectric constant of 4 was assigned to the protein
interior (Harvey, 1989). Water-accessible regions were
defined by tracing the protein with a 1.4-A-radius probe
molecule. The calculations included an ionic strength of 20
mM and a Stern layer (electrolyte exclusion zone) of 2 A.

An “encounter surface” was simulated for each protein by
a Connelly surface that was calculated by tracing the structure
witha 5-A-radius probe. Thissurface, rather than one defined
by the atomic van der Waals radii, was used to model an
encounter surface for two reasons. First, the 5-A Connelly
was used to approximate a more typical distance of closest
approach in a simple reaction center—cytochrome collision
that does not involve the rearrangement of protein side chains.
In docking two protein structures without the mutual rear-
rangement of protein side chains, the large size of these
macromolecules only allows one or a very small number of
residues to be in vander Waals contact. Thereare substantial
regions on the van der Waals surface which are not accessible
to the companion protein, without mutual rearrangement of
the protein side chains. The 5-A Connelly surface, rather
than the van der Waals surface, was used to test for likely
regions of strong electrostatic potential in bimolecular com-
plexes that do not depend upon specific charge pairing or
mutual rearrangement of side chains. Second, electrostatic
potentials on the 5-A Connelly surface were found to be less
sensitive to the exact positions of the amino acid side chains
than a surface generated with the atomic van der Waals radii.
Uncertainty in side-chain position is clearly a feature of the
model Rb. sphaeroides and Rps. viridis cytochrome structures.
In addition, side-chain location is frequently uncertain in
measured crystal structures due to motional averaging. The
assay of electrostatic potentials on the 5-A Connelly surface
allows the electrostatic properties of the different cytochromes
to be compared, even though the side-chain positions are not
uniformly known.

The electrostatic calculations were done with two atom
charge sets. One included only the terminal nitrogen and
oxygen atoms of lysine, arginine, aspartate, and glutamate
residues, the N- and C-terminal atoms, and the heme atoms
(Northrupetal., 1981). The other charge set assigned partial
charges to all protein (CHARMM20), heme (Northrup et
al., 1981), and reaction center pigment (Gunner & Honig,
1991) atoms. Protons were added to the structures as described
previously (Gunner & Honig, 1991). The resulting electro-
static potential maps on the encounter surfaces calculated
with the full and partial charge sets did not differ in gross
features of the electrostatic potential maps but differed mainly
in the level of detail detected in the contours.

Dipole moments, up = Xg;, were calculated for each
cytochrome, where g; and r; represent the charge and position
of the ith atom with respect to the center of mass (Dixon et
al., 1989; Koppenol & Margoliash, 1982; Northrup et al.,
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Table I: Electron-Transfer Rates between the Rb. sphaeroides Reaction Center and a Series of ¢-Cytochromes

cytochrome-independent kinetic compounds

cytochrome-dependent
kinetic compounds

cytochrome redox? (mV) 1% (us) A¢ 2% (us) A€ Kp (uM) ky (M-1s71)
sphaeroides 350 0.7(0.2) 0.9 2(1) 0.1 1-3 2(1) x 10°
capsulatus 365 0.5¢(0.2) 0.9 3(2) 0.1 4-6 8(2) X 108
tuna 260 0.7(0.2) 0.6 12(2) 0.4 0.5-1 2(1) X 10°
horse 260 1.0(0.2) 0.3 23(4) 0.7 1-4 1(1) X 10°
cerevisiae 260 0.0 40(5) 1.0 0.4-1.4 4(1) x 108
krusei 265 0.0 44(5) 1.0 0.7-1.2

rubrum 324 0.0 0.0 2% 1084
viridis 300 0.0 0.0 6(1) X 107
aeruginosa 270 0.0 0.0 <103

¢ En(P/P*) = 450 mV. ? Lifetimes of the first-order kinetic components. The numbers in parentheses are the standard deviation of lifetimes
determined by curve-fitting absorbance transients measured in titrations with varying cytochrome concentration. < Relative amplitudes of first-order
components in the fast-phase kinetics. The absolute amplitudes of the fast-phase components varied in titrations with different reaction center samples
as indicated in Figure 2 and in the text, but the number of kinetic components resolved in the fast kinetic phase and their lifetimes and amplitudes
with respect each other were found to be constant. The amplitudes in this table reflect the relative contribution to the fast-phase kinetics. ¢ Long et

al., 1989.

1986). In addition, positive u+ = Yg+r; and negative u_ =
Y q_r;charge moments were calculated using only the positively
and negatively charged atoms, respectively. These charge
moments provide a measure of anisotropy in the distribution
of positive and negative charges with respect to the center of
mass. For example, the vector sum of the atom positions will
be zero for a uniform charge distribution, yielding a null
moment. Incontrast, the moment will be large if the charged
atoms are clustered in one portion of the molecule. The
magnitude of the charge moment, normalized for total positive
or negative charge, |u+|/Lg+or |u_|/ Lq-, provides a parameter
for charge anisotropy that is independent of the total number
of charged atoms. The normalized charge moments have been
used to compare extents of charge clustering in the different
cytochromes.

RESULTS

Electron-Transfer Characterization

The kinetics for electron transfer from the ferrocytochromes
to the photooxidized Rb. sphaeroides reaction center at low
ionic strength were examined as a function of cytochrome
concentration for eight cytochromes. The reaction center
concentration was 1 uM in each experiment. The optical
transients were fit as the sum of one to three single-exponential
components. The amplitudes and lifetimes of the kinetic
components at each cytochrome concentration were allowed
tovary without restriction. A comparison of the time constants
as a function of cytochrome concentration allowed the kinetic
components to be classified as having reaction times that were
either independent or dependent upon cytochrome concen-
tration. Thekinetic components whose rates were independent
of cytochrome concentration identified first-order electron-
transfer reactions associated with reaction center—cytochrome
complexes existing before the laser flash, The kinetic
components whose rates changed with different cytochrome
concentrations identified higher order kinetic processes. In
general, the electron transfer from the ferrocytochrome to
photooxidized reaction center was found to be the sum of both
first- and second-order kinetic components. However, each
cytochrome could be associated with a characteristic set of
rate constants and kinetic components. Table I summarizes
the characteristic kinetic parameters found for the different
cytochromes. The cytochromes are listed in decreasing order
of electron-transfer efficacy with the reaction center. Rep-
resentative kineticsare shown in Figure 1. Toa variable extent
(0%—-10%), a slow component with a reaction time in the

millisecond time range was seen in the reduction kinetics for
P* with all cytochromes. When present, the amplitude and
rate constant of this minor component did not appear todepend
upon cytochrome concentration. This kinetic component is
not included in the descriptions below and, as discussed later,
is assumed toreflect a fraction at the reaction center population
that is not capable of forming rapid electron-transfer complexes
with the soluble c-cytochromes.

Oxidation Kinetics with Rb. sphaeroides Cytochrome c;.
P* reduction kinetics as a function of Rb. sphaeroides
cytochrome c; concentration are shownin Figure 1A. Strongly
multiphasic kinetics are seen. Residuals tofits of the reduction
transient with 5 uM cytochrome and 1 uM reaction center
with two (middle) and three (bottom) components are shown
in the lower portion of the figure. The three-component fit
can be seen to be marginally better. This was consistently
seen in the kinetics at all cytochrome ¢, concentrations. The
three-component model fit the fast phase as the sum of two
components, with reaction times of 0.7 and 2 us in an
approximate 9 to 1 relative amplitude ratio, respectively, at
each cytochrome concentration. The independence of the
reaction times for these two fast components identifies them
as first-order kinetic processes that are associated with reaction
center—cytochrome complexes existing before the photooxi-
dation of the reaction center. The increase in the amplitudes
of these fast-phase components with respect to the slow phase
reflects a shift in the binding equilibrium toward the bound
state as the cytochrome concentration increased. Theseresults
are compatible with previous work that has described the first-
order kinetic response as a single exponential, with a reaction
time of 0.6-1.4 us (Long et al., 1989; Overfield et al., 1979;
Rosen et al., 1983).

In contrast to the relatively consistent kinetic description
of the fast, first-order component, there has been considerable
variation in the kinetic model and rate constants reported in
the literature for the slower kinetic phase. In general, the
reaction rate of the slow component is seen to increase with
increasing cytochrome concentration. Atlow cytochromeand
reaction center concentrations, this slow component displays
a linear dependence on cytochrome concentration reflecting
a collisional rate process. Second-order rate constants are
reported in the range 1.5 X 108-8 X 108 M-! s-I. In many
(Long et al., 1989; Moser & Dutton, 1988; Overfield et al.,
1979) but not all cases (Rosen et al., 1983, 1979), this second-
order process has been seen to reach a pseudo-first-order limit,
with the limiting reaction time reported in the range of 65—
600 us (Long et al., 1989; Moser & Dutton, 1988; Overfield
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FiGure 1. Reduction kinetics for P*, measured at 860 nm as a function of cytochrome concentration. Part A shows the transients measured
in the presence of 0 and then 1-10 uM Rb. sphaeroides cytochrome ¢;. The lower two individual traces are the residuals from fitting the
absorbance transient measured with 5 uM cytochrome as the sum of two and three exponential components. The amplitudes and lifetimes
of the components in the two-component fit were 4; = -3.73 X 102, r; = 1.0 us and 4, = -1.00 X 102, 7, = 92 us. The parameters in the
three-component fit were 4, = -3.35 X 102, 7, = 0.7 ps, 4, = ~0.72 X 102, 7, = 2.2 us, and 4; = -0.97 X 102, r; = 102 us. Part B shows
the absorbance transients in the presence of 0 and then 1-10 uM tuna cytochrome ¢. The lower two individual fraces are the residuals from
fitting the absorbance transient measured with 5 uM cytochrome as the sum of two and three exponential components. The amplitudes and
lifetimes of the components in the two-component fit were 4; = -2.39 X 102, 7, = 1.7 us and 4, = -2.64 X 102, 7, = 42 us. The parameters
in the three-component fit were 4; = -2.61 X 102, 7, = 0.8 us, 4; = -1.92 X 102, 7, = 14 us, and 4; = ~1.28 X 102, 73 = 143 us. Both
samples contained 1 uM reaction center, 0.03% LDAO 10 mM Tris and 1 mM EDTA, plus redox mediators as descnbed under Materials

and Methods. The samples were posed at a reduction potential of 100 mV in an argon-purged, anaerobic 1-cm path-length cuvette.

et al.,, 1979). The percentage of the cytochrome oxidation
proceeding by the pseudo-first-order pathway was reported to
be either 26% (Long et al., 1989) or 50% (Mosher & Dutton,
1988; Overfield et al., 1979).

In this work we have reproduced several of the different
kinetic formats reported in the literature. An illustration is
shown in Figure 2A, with a Scatchard plot of two titrations
of the reaction center with Rb. sphaeroides cytochrome c;.
The fraction of reaction centers with bound cytochrome ¢,
was defined as the sum of both first-order components. The
two experiments differed only in the reaction center batch,
which were identical as far as could be determined by SDS-~
PAGE, ion-exchange chromatography, and optical absorption
assays of protein purity, and both reaction center preparations
exhibited equivalent photochemical oxidation and recovery
kinetics in the absence of added cytochrome. The same
cytochrome c; batch was used in both experiments, and all
other conditions (0.03% lauryldimethylamine N-oxide, 10 mM
Tris, 1 mM EDTA, pH 7.8) were as equivalent as possible.
The reaction times and relative extents of the two fast
components were equivalent in the two titrations, as described
above. However, the experimentally determined disassociation
constant and extent of the fast kinetic phases differed. Inone
experiment (marked by circles, Figure 2A) the fast phases
showed a dissociation constant of 0.9 uM, with 1 cytochrome
binding site per reaction center. The concentration dependence
of the rate constant for the slow kinetic phase in this titration
fits a second-order dependence (k, = 2 X 10° M~! s71)
throughout the cytochrome concentration range (Figure 3A).
In this experiment, all of the cytochrome oxidation can be
explained by a simple equilibrium between reaction center—
cytochrome complexes that give rise to first-order kinetics
and free states that show a collisional reaction without
approaching a pseudo-first-order limit at high cytochrome
concentration. The presence of two first-order components
in the fast phase suggests a modified form of the two-state

kinetic model, in which free cytochrome is in equilibrium with
two different forms of the reaction center~cytochrome com-
plex, each associated with the different electron-transfer time
constant.

In the titration with the second reaction center sample,
shown by the squares in Figure 2A, the rate and ratio of the
fast kinetic components are unchanged. However, the first-
order kinetic components bind more weakly, exhibiting a
disassociation constant of 2.2 uM, and extrapolate to a reduced
stoichiometry of 0.8 site per reaction center with saturating
cytochrome concentration. The remainder of cytochrome
oxidation occurs through the slower kinetic pathway. The
reaction rate of the slow phase deviates from a linear
dependence upon cytochrome concentration that passes
through the origin as expected for a second-order reaction
(Figure 3A). A double-reciprocal plot of these data (Figure
4) shows that the slow kinetic component for this second
experiment can be described by Michaelis~Menten kinetics
with a limiting reaction time, 1/Vp,, of about 55 us and a
Michaelis constant, Ky, of 20 uM. This behavior differs
markedly from the slow kinetic component detected in the
first experiment. This set of data is consistent with the three-
state model described above (Dutton & Prince, 1978; Moser
& Dutton, 1988; Overfield & Wraight, 1986; Overfield et al.,
1979), in which the bound cytochrome is distributed between
kinetically competent, proximal, and incompetent, distal,
configurations. In terms of the previously defined model
(Dutton & Prince, 1978; Moser & Dutton, 1988; Overfield
& Wraight, 1986; Overfield et al., 1979), the data in Figure
4 suggest that the reaction time for the distal to proximal
conversionis about 55 us (k.= 1.8 X 104s-!), Thisisconsistent
with a 65-us component reported in one set of data (Long et
al., 1989) but is considerably shorter than the 500-600-us
reaction time reported in other sets (Moser & Dutton, 1988;
Overfield et al., 1979).
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FIGURE 2: Scatchard plots of cytochrome binding to the Rb. sphaeroides reaction center. Cytochrome titrations with respect to the fixed
reaction center concentration of 1 uM were carried out as shown in Figure 1. Independent fits to the electron-transfer kinetics as a function
of cytochrome concentration identified first-order kinetic components with reaction times that remained constant throughout the titration. The
fraction of bound cytochrome at a specific cytochrome concentration was identified by the relative extent of the cytochrome oxidation proceeding
with first-order kinetics. The different symbols mark titrations with different reaction center samples. Other conditions were as described
in Figure 1 and in the text. Representative lines are drawn through the data, and the corresponding binding constants are shown in the figure.
Part A shows titrations with Rb. sphaeroides cytochrome ¢,. The axes intercepts for the line drawn through the data marked with circles
correspond to a disassociation constant, Kp, of 0.9 uM and a stoichiometry, n, of 0.98 site per reaction center. The line drawn through the
data marked with squares corresponds to a Kp of 2.2 uM and n = 0.83. Part B shows titrations with Rb. capsulatus cytochrome c;. The line
drawn through the filled squares corresponds to a Kp of 4.5 uM and n = 0.9. The line through the open squares corresponds to a Kp of 5.8
uMand n=0.78. Part C shows titrations with tuna cytochrome ¢. The line correspondstoa Kpof 1 uM and n=0.97. Part D shows titrations
with horse heart cytochrome ¢. Lines corresponding to Kp = 1 uM, n = 0.6 and Kp = 3.6 uM, n = 0.4 are drawn through the data marked
with filled and open symbols, respectively. Part E shows titrations with S. cerevisiae cytochrome c¢. Lines with Kp = 1.4 uM, n = 0.9 and
Kp = 0.4 uM, n = 0.9 are drawn through the data. Part F shows titrations with C. krusei cytochrome ¢. Lines with Kp = 1.2 uM, n = 0.78
and Kp = 0.7 uM, n = 0.63 are drawn through the data. Cytochrome titrations measured with different reaction center samples are indicated
with different symbols. In each case, the experimental conditions were as identical as possible.

Differences in the maximal extent of the fast kinetic center, possibly its aggregation number. This possibility is
components were seen for other cytochromes, also suggesting discussed later.
variations between simple two-state and three-state kinetic In contrast to the variation seen in the behavior of the slow
models. One possible explanation is that the electron-transfer kinetic component, both in this work and in the comparison
incompetent mode of binding is not an intrinsic feature of the of literature reports, it is important to emphasize that the
Rb. sphaeroides reaction center—cytochrome ¢, interaction reaction times measured for the rapid, first-order cytochrome

but rather is a function of a variable feature of the reaction oxidation components were the same for all reaction center
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FIGURE 3: Plots of the rate of the cytochrome concentration dependent kinetic component versus cytochrome concentration. Part A shows
the Rb. sphaeroides cytochrome ¢, dependent kinetic components measured with two different reaction center samples. One titration, marked
by the circles, shows a linear dependence corresponding to a second-order rate constant of 2 X 10° M~! s-!. The accompanying first-order
components are shown by the titration marked with circles in Figure 2A. The second titration, marked by the filled squares, does not show
the expected linear dependence that passes through the origin as expected for a second-order kinetic process. The same data are shown plotted
ina double-reciprocal plot, indicated by the unfilled squares in Figure 4. The first-order components accompanying these slow kinetic components
are shown by the squares in Figure 2A. Part B shows the concentration dependence in the rate of the slow kinetic component for other
cytochromes. Three separate titrations with horse cytochrome c, using different reaction center preparations, are marked by filled circles, filled
squares, and inverted triangles. The same data are shown in a double-reciprocal plot in Figure 4 using the same symbols. The corresponding
Scatchard plot for the fast-phase components is shown in Figure 2D using the same symbols. The triangles mark a titration for S. cerevisiae
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FIGURE 4: Double-reciprocal plots of the slow, cytochrome-dependent
kinetic components. The squares mark the plot for Rb. sphaeroides
cytochrome c;. These slow kinetic components were accompanied
by the fast, first-order components marked by the filled sqaures in
Figure 2A. Thecircles mark a plot of the slow-phase kinetics for Rb.
capsulatus cytochrome ¢,. The binding behavior for the accompa-
nying fast-phase components is shown in Figure 2A, marked with the
unfilled squares. The filled squares, filled circles, and inverted
triangles mark titrations with horse cytochrome ¢ using different
reaction center samples. These data were also plotted in Figure 3B
using the same symbols, and the corresponding plots for the fast-
phase components are shown in Figure 2D, marked with the same
symbols. The line drawn through the unfilled symbols corresponds
toa V., ! of 56 us and Ky of 20 uM. The line drawn through the
filled symbols corresponds to a V,,~! of 44 us and Ky of 10 uM.

preparations. This suggests that these kinetic parameters are
intrinsic, characteristic features of the Rb. sphaeroides reaction
center—cytochrome ¢; interaction. Asa result, these fast kinetic
components will be the focus of the ensuing comparison
between the electron-transfer characteristics of the different
c-cytochromes and their electrostatic properties.

Other Cytochromes with Predominately Submicrosecond
Oxidation Kinetics. The electron transfer between the Rb.
sphaeroides reaction center and the Rb. capsulatus cyto-
chrome ¢, was found to closely parallel the kinetics recorded

for the Rb. sphaeroides cytochrome. The time constant of
the fastest first-order component was detected to be marginally
faster than with the Rb. sphaeroides cytochrome. A small
contribution from a slower first-order component was also
detected with a reaction time of about 3 us, slightly slower
than with the Rb. sphaeroides cytochrome. Thekinetic pattern
is similar to that seen with the Rb. sphaeroides cytochrome,
suggesting that both cytochromes form similar complexes with
the reaction center. Fast first-order components were not
detected in a recent study of the electron transfer between the
Rb. capsulatus cytochrome and the Rb. sphaeroides reaction
center (Caffrey etal., 1992), presumably because these kinetics
are faster than the >1-us time response used in this previous
work. Scatchard plots of Rb. capsulatus cytochrome c; also
showed the disassociation constant for the first-order com-
ponents to vary with different reaction center preparations in
the range 4-6 uM (Figure 2B), with the maximum extent of
first-order stoichiometry varying between 0.78 and 0.9 site
per reaction center. In the titration in which the maximum
extent of the fast, first-order components extrapolated to 0.78
site per reaction center, the slow kinetic phase could be resolved
to reach a pseudo-first-order reaction time limit of about 55
us,shownin Figure 4. A lineardependence of electron-transfer
rates for the slow phase at low cytochrome concentrations
suggested a second-order rate constant of about 8 X 108 M-!
s,

The electron-transfer kinetics with tuna cytochrome ¢ are
shown in Figure 1B. The residuals clearly show that if the
data are to be fit as the sum of single exponentials, then at
least three components are needed. The two fastest compo-
nents in the fits had lifetimes of 0.7 and 12 us with amplitudes
that corresponded to 60% and 40%, respectively, of the total
first-order absorbance change. Both thelifetimes and relative
amplitudes of these two components were found to be
approximately constant during the titration with tuna cyto-
chrome. The fast oxidation phase of the tuna cytochrome ¢
differs from those of the Rhodobacter cytochromes c, by having
two first-order components of nearly equal amplitude. While
the extents of these components with respect to each other
remained constant during the titration with changing cyto-
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chrome concentration, Scatchard plotsindicate that their sum
accounts for 1 binding site per reaction center. These data
also are supportive of a simple, two-state kinetic model with
no (10% or less) second-order component reaching a pseudo-
first-order limit. However, these data show the tuna cyto-
chrome to form at least two Kkinetically distinguishable
complexes with the reaction center. One mode of tuna
cytochrome ¢ binding to the reaction center appears to yield
electron-transfer rates comparable to those of the major first-
order component with the Rb. sphaeroides and Rb. capsulatus
cytochromes, while the second mode yields a reaction time
approximately 17 times slower and is close to the next three
cytochromes listed in Table I.

Cytochromes with Predominately Tens of Microseconds
Oxidation Kinetics. The reaction time for the predominant
first-order kinetic component for the horse, S. cerevisiae, and
C. krusei cytochromes ¢ was found to be on the tens of
microseconds time scale. For horse cytochrome ¢ this
predominant first-order component was found to have a
reaction time of 23 us that represented 70% of the first-order
kinetic change. A faster first-order kinetic component was
also indicated with a 1-us reaction time, that comprised the
remaining 30% of the first-order kinetic response. The reaction
time for the major component is in good agreement with
previous work that describes the first-order kinetics as a single
component measured with 3 uM reaction center concentration
(Rosen et al., 1983). More recent curve-fitting techniques
have also found that the first-order oxidation kinetics of horse
cytochrome ¢ are better fit as the sum of two exponentials
(Long et al., 1989), although in this case the fit gave nearly
equal contributions of components with reaction times of 9
and 55 us. Thesediffer from the kinetic components obtained
here. However, it may be significant to note that these latter
experiments (Longetal., 1989) used a 10-fold higher reaction
center concentration (10 uM). It is not clear whether the
kinetic differences arise from the different experimental
conditions or whether the differences result from different
fitting procedures. However, the difference inreaction center
concentrations used in these experiments may be significant
in light of the possible aggregation state dependence of the
slow-phase cytochrome kinetics discussed below.

Unlike the other cytochromes listed in Table I, the amplitude
of the fast, first-order oxidation phase for horse cytochrome
¢ was seen to extrapolate to significantly less than 1 site per
reaction center in Scatchard plots for all reaction center
preparations (Figure 2). The stoichiometry varied from 0.4
to 0.75 site per reaction center in different experiments, with
the dissociation constant varying in the range 1-5 uM. In
these titrations, the slow kinetic component reached a pseudo-
first-order limit, with a reaction time of 44—55 us (Figures 3B
and 4). Thus, the in vitro kinetics for horse cytochrome ¢
appear to require a three-state model unlike the other
cytochromes. However, like the other cytochromes, the
variation in the extent and reaction times of the slow kinetic
component with different reaction center preparations suggests
that these kinetic properties are not necessarily characteristic
features of the horse cytochrome ¢ interaction with the reaction
center. This conclusionis reenforced by noting that the double-
reciprocal plots show that the slow kinetic phase for one
titration with horse cytochrome ¢ matches those with Rb.
Sphaeroides and Rb. capsulatus cytochromes c, (Figure 4).

The oxidation of cytochromes ¢ from S. cerevisiae and C.
krusei differed from the othersin that the fast oxidation phase
was adequately described by a single first-order kinetic
component. The oxidation time found for both cytochromes
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was about 40 us. Faster kinetic components were not seen.
A reaction time of 20 us was reported for the fast-phase
component of yeast cytochrome ¢ (Long et al., 1989).

Considerable variation was seen in the relative extents of
the fast, concentration-independent and slower, cytochrome-
dependent kinetic components. For example, for the C. krusei
cytochrome c the stoichiometry of first-order binding sites
varied in the range of 0.6 to 0.8 per reaction center, with
corresponding dissociation constants of 0.7 uM and 1.2 uM,
respectively (Figure 2). The titrations with the S. cerevisiae
cytochrome cshowed considerable scatter in the relative extents
of the fast and slow kinetic components. Representative lines
through the data reflect disassociation constants of 0.4 uM
and 1.4 pM with 0.9 binding site per reaction center.

The slow phase of the S. cerevisiae cytochrome ¢ oxidation
exhibited a linear dependence on cytochrome concentration,
reflecting a second-order rate constant of about 4 X 108 M-!
s~! (Figure 3B). The absence of a pseudo-first-order limit to
the slow oxidation phase is consistent with the binding assays
that show that the stoichiometry of binding sites for the fast
kinetic phase is close to 1 per reaction center. The kinetic
data for the S. cerevisiae cytochrome ¢ suggest a simple two-
state kinetic mechanism. Incontrast, the slow oxidation phase
of the C. krusei cytochrome did not exhibit a linear dependence
on cytochrome concentration with the 1 uM reaction center
concentration used in these assays. This behavior suggests
that the slow oxidation phase occurs from a distal site having
an disassociation constant comparable to 1 uM. With
increasing cytochrome concentration the slow phase appeared
to reach a limit with reaction times in the range 200—600 us.
The existence of a pseudo-first-order limit to the slow-phase
C. krusei oxidation is consistent with the binding assays that
show that the stoichiometry for the fast, first-order oxidation
phase is significantly less than 1 site per reaction center. Like
the horse cytochrome ¢, the C. krusei cytochrome appears to
require a three-state kinetic model, although, again, the relative
extent of the pseudo-first-order component showed consid-
erable variation in different experiments.

Cytochromes with No First-Order Oxidation Kinetics. The
last three cytochromes in Table I show no first-order
component in the electron-transfer kinetics. The electron-
transfer kinetics between the Rs. rubrum cytochrome ¢; and
the Rb. sphaeroides reaction center were not measured here,
but previous work showed that the reaction occurs exclusively
by a second-order process with a rate constant of 2.4 X 108
M-! at low ionic strength (Long et al., 1989). Our results for
the Rps. viridis cytochrome c, are similar. We find that the
electron transfer from the Rps. viridis cytochrome ¢, to the
reaction center occurs exclusively by a second order mech-
anism, with a rate constant of approximately 6 X 107 M-! 5!,

Finally, no electron transfer could be detected during the
lifetime of P* (approximately 1 s) with concentrations up to
75 uM cytochrome ¢-551 from P. aeruginosa. The absence
of even a collisional electron transfer is surprising since this
cytochrome is the smallest cytochrome with the largest access
to the heme edge (Meyer & Kamen, 1982).

Electrostatic Characterization

For all the cytochromes examined, the redox driving force
for the ferrocytochrome to P* electron transfer is relatively
small (100-200 mV). There is no correlation between this
driving force and the characteristic electron-transfer rate. This
suggests that the different first-order electron-transfer times
for the cytochromes listed in Table I are likely to arise from
differencesin the structure of 1:1 reaction center—cytochrome
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FIGURE 5: Structure of the Rb. sphaeroides R-26 reaction center. Part A shows the a-carbon backbone. The vertical helix on the far right
is the A-helix of the L-subunit, and the A-helix of the M-subunit is on the left [see Allen et al. (1986, 1987), Chang et al., (1991), Deisenhofer
and Michel (1989), El-Kabbani et al. (1991), Tiede et al. (1988), and Yeates et al. (1987) for nomenclature]. The single transmembrane
helix of the H-subunit is in the front center of the structure. The approximate 2-fold symmetry axis of the reaction center is vertical. More
detailed discussions of this view of the reaction center can be found in Allen et al. (1986, 1987), Chang et al. (1991), Deisenhofer and Michel
(1989), El-Kabbani et al. (1991), Tiede et al. (1988), and Yeates et al. (1987). The reaction center (10° MW) has approximate dimensions
of 40 A X 70 A X 75 A. The relative size of the reaction center compared to the water-soluble c-cytochromes can be seen in docking models
(Allen et al., 1987; Tiede et al., 1988; Tiede & Chang, 1988). Part B shows the positions of the nominally ionized lysine, arginine, glutamate,
and aspartate residues and the bacteriochlorophyll dimer with the reaction center oriented as in part A. Part C shows the calculated -3 kT

isopotential energy surface along with the bacteriochlorophyll dimer and ionized amino acid side chains.

complexes. A 100-fold difference in rate can be readily
explained by differences on the order of 3.3 A in the electron-
tunneling distance between P and the heme edges (Moser et
al., 1992). Thedata in Table I provide criteria for developing
a molecular model for the assembly of reaction center—
cytochrome complexes. The ability to eliminate all of the
first-order kinetic components with high ionic strength (e.g.,
> 0.2 M NaCl) argues for the importance of electrostatics in
the formation of these complexes. We have used the program
Delphi, which uses a finite-difference method to find solutions
to the linearized Poisson—-Boltzmann equation (Gilson &
Honig, 1988; Gilson et al., 1985; Gunner & Honig, 1991;
Nicholls & Honig, 1991) to characterize the electrostatic
properties of the Rb. sphaeroides reaction center and c-cy-
tochromes.

Rb. sphaeroides Reaction Center. Figure SA shows the
peptide backbone of the Rb. sphaeroides reaction center (10°
MW). The positions of the glutamate, aspartate, lysine, and
arginine residues are shown in Figure SB. The membrane-
spanning portion of the reaction center is associated with the
region without charged residues (Allen et al., 1987; Deisenhofer
& Michel, 1989; Roth et al., 1991; Yeates et al., 1987). The
reaction center has an approximate symmetry axis that runs
through the middle of the protein, parallel to the membrane-
spanning direction. The position of the bacteriochlorophyll
dimer is also shown in Figure 5B. The surface of the reaction
center that contains the cytochrome binding domain is on top
of the views shown in Figure 5. We have previously noted
that the cytochrome binding domain is likely to be shifted
toward the M-side (left in Figure 5) of the reaction center due
to the symmetry-breaking clustering of charged residues on
this side (Tiede & Chang, 1988). Figure 5C shows the —3-kT
energy surface (assuming a positive test charge) calculated
for the reaction center. The region above and to the left of
thedimer can beseen to be a region of strong negative potential.
However, while this view provides insight into possible
trajectories for study of association dynamics, we have found
that another format is more useful for identifying likely

electrostatic interaction domains in docked complexes.

Figure 6 shows three views of an encounter surface for the
reaction center. This surface was calculated by tracing the
structure with a 5-A-radius probe. Thissurface approximates
the closest approach for a collision between the reaction center
and a cytochrome that is not sensitive to the precise
conformation of the amino acid side chains. Figure 6A shows
the encounter surface viewed perpendicular to the symmetry
axis. The single H-subunit transmembrane helix is in the
center front and is labeled HA. The L- and M-subunits are
on the right and left, and the periplasmic and cytoplasmic
surfaces are onthe top and bottom, respectively. Thelocations
of the L and MA-helices are labeled as LA and MA. This
reaction center orientation is the same as shown in Figure 5A
and has been well-described (Allen et al., 1986, 1987; Chang
et al., 1991; Deisenhofer & Michel, 1989; Tiede et al., 1988).
The encounter surface is colored according to the value of the
electrostatic potential at each point. The red and blue regions
mark areas on this surface where the electrostatic potential
is -3 and 23 kT, respectively. Intermediate potential values
are scaled in yellow and light blue. The direction of the net
dipole moment is marked by the dotted red line transecting
this volume. The negative pole exits on the reaction center
periplasmic surface, and the positive pole exits on the
cytoplasmic surface. The projection of the dipole along the
P to Q4 direction is greater than along the P to Qg direction.

Figure 6B shows the portion of the reaction center encounter
surface exposed to the cell periplasm, viewed along the
symmetry axis. This contains the c-cytochrome binding
domain. The location and orientation of P underneath this
surface are indicated by the bacteriochlorophyll macrocycles
drawn in white. This view also shows the exit of the negative
pole of the dipole, marked by the dotted line.

Figure 6 provides a complete description of the electrostatic
interaction between the reaction center and an idealized
molecule of 5-A radius with uniform charge. The regions in
red mark locations of low potential energy for a positively
charged ion and function as electrostatic binding sites. The
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FIGURE 6: Electrostatic potentials mapped onto an encounter surface of the Rb. sphaeroides reaction center. Two views of the reaction center
encounter surface are shown. Part A (left) shows the encounter surface viewed with the reaction center positioned as shown in Figure 5A.
The locations of the transmembrane A-helices of the L- and M-subunits are indicated, along with the location of the single H-subunit transmembrane
helix. The encounter surface is colored according to the electrostatic potential on the surface. Regions with potentials of >3 and <-3 kT
are marked by blue and red, respectively. Potential values between 0 and 3 kT, and 0 and -3 kT, are scaled between white and blue, and white
and red, respectively. The dotted line marks the position of the dipole vector; the negative pole exits on the periplasmic surface (top in figure),
and the positive pole exits on the cytoplasmic surface (bottom in figure). Part B (right) shows the periplasmic surface of the reaction center
encounter surface that contains the cytochrome ¢ binding site. The location and orientation of P underneath this surface are indicated by the
superimposed bacteriochlorophyll dimer structure drawn in white. This view of the encounter surface also shows the exit of the negative pole

of the dipole vector, marked by the dotted line.

periplasmic surface of the reaction center is seen to only have
a broad binding site for cationic molecules, while the
cytoplasmicsurface has a number of possible anion and cation
bindingsites. Electrostaticinteractions with the c-cytochromes
will be complicated by their anisotropic shape and charge
distributions.

c-Cytochromes. Previously, electrostatic isopotential sur-
faces have been calculated for horse, tuna, P. aeruginosa, and
Rs. rubrum cytochromes (Matthew, 1985; Northrup et al.
1990; Weber & Tollin, 1985) using analogous finite-difference
methods to the linearlized Poisson-Boltzmann equation as
described here. In this paper we have calculated the
electrostatic potential maps for the remaining cytochromes
listed in Table I. In addition, we have shown how the
electrostatic potentials map onto encounter surfaces for each
cytochrome. This presentation identifies likely electrostatic
interaction domains on the cytochromes. The electrostatic
characteristics of the encounter surfaces for the c-cytochromes
were carried out using various atom charge sets as described
under Materials and Methods. The results shown in Figures
7 and 8 used the CHARMM charge set for the protein atoms
(including added hydrogens), and the heme atoms were
assigned charges according to Northrup et al. (1981).

Dipole moments were also calculated for each of the
cytochromes (Koppenol & Margoliash, 1982; Northrup et
al,, 1986). The position of the dipole moment with respect
to the center of mass is also shown for the cytochromes in
Figure 7 and 8. The direction of the cytochrome dipole
moments provides a crude indication of the direction along
which the electrostatic potential diminishes most slowly with
increasing distance from the encounter surface. The mag-
nitude of the dipole vector provides a measure of the anisotropy
in the charge distribution for each cytochrome. As described
under Materials and Methods, the charge anisotropy can be
broken down further, by calculating the positive, |u+|/Zq+,

and negative |u_|/Lg_, charge moments. The normalization
yields a parameter for charge clustering that is independent
of the total number of charged atoms. The c-cytochrome
dipole and charge moments are listed in Table II.

For all cytochromes, the encounter surfaces are shown
viewed directly at the exposed heme edge, along the Fe atom
to heme pyrrole C4C atom direction. The position where the
Fe—C4C direction intersects the encounter surface is marked
with a cross. The C-pyrrole ring is the most solvent exposed
portion of the heme. The Fe-C4C direction lies in the heme
plane and passes closest to the thioether link analogous to
Cys-17 in the horse sequence. Molecular orbital calculations
have found that heme = orbitals are delocalized significantly
onto the bridging cysteinyl sulfur atoms and that this represents
the closest approach of the heme 7 system to the solvent (Tollin
etal., 1986). For comparison toa cytochrome structure, this
same view is shown in Figure 7A for the Rb. capsulatus
cytochrome ¢;. The heme edge is positioned vertically, with
the histidine and methionine ligands on the right and left,
respectively. Inthe following discussion, references to positions
on the encounter surface are made with respect to the heme
position in this orientation for the cytochrome.

The electrostatic map calculated from the Rb. capsulatus
cytochrome ¢, crystal structureis shown in Figure 7B,C. Figure
7B shows the encounter surface for the front surface of the
cytochrome. The most dominant feature of this surface is the
area of strong positive potential (>3 kT) located, in this view,
below and tothe left of the heme crevice. Residues underneath
this patch include lysines-54, -84, -93, and -99. The positions
of the NZ atoms for these residues are indicated in the figures.
This region complements the region of negative potential
associated with the cytochrome binding domain on the reaction
center surface. In contrast, the back side of the cytochrome,
Figure 7C, shows areas of predominately negative potential.
The direction of the dipole vector shows that, at distances
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FiGure 7: Electrostatic potential maps of the Rb. capsulatus and Rb. sphaeroides cytochromes ¢;. Part A (top left) shows the atomic structure
of the Rb. capsulatus cytochrome, viewed along the heme Fe atom to C4C atom direction. The end-on view of the Fe—~C4C atom direction
is marked by a cross as it is in the subsequent views of the cytochrome encounter surfaces. The heme is vertical, and viewed edge on, with
the histidine and methionine ligands on the right and left, respectively. The positions of the a-carbon atoms for lysine-14, -29, -84, -91, -93,
and -102 are marked. This orientation is the same for all the subsequent views of the cytochrome encounter surfaces (expect for part C). Part
B (top right) shows the Rb. capsulatus cytochrome ¢, encounter surface, viewed with the cytochrome in the same orientation as shown in part
A. The Fe to C4C atom direction is marked with the cross. Red and blue mark areas where the electrostatic potential is <-3 and >3 kT,
respectively. Potential values between 0 and 3 kT, and 0 and -3 kT, are scaled between white and blue, and white and red, respectively. The
direction of the dipole moment is indicated by the line intersecting the encounter surface. The numbers mark the location of the NZ atoms
of specific lysine residues underneath the encounter surface. Part C (bottom left) shows the encounter surface for the Rb. capsulatus cytochrome,
viewed along the heme Fe to C4C direction but from the back of the molecule. The cytochrome is rotated 180° from the view in part B. Part
D (bottom right) shows the electrostatic potentials calculated for the Rb. sphaeroides cytochrome, mapped onto its encounter surface. The
color scheme and other markings are as described above.

away from the encounter surface, the region to the left of the
heme edge will continue to have the strongest positive potential,
and the regions of negative potential are located on the back
of the molecule.

The electrostatic map calculated for the model of the Rb.
sphaeroides cytochrome ¢, (Figure 7D) shows similar features.
The region of strongest positive potential on the encounter
surface is located below and to the left of the heme. Residues
underneath this patch include Lys-95,-97,-99,and -103. The
direction of the dipole moment also shows that the regions
Just to the left of the heme edge will continue to have the
greatest positive potential at distances away from the encounter

surface. The negative potential regions are located on the
back side of the cytochrome. Thesimilarity of the electrostatic
properties of these cytochromes parallels the similar electron-
transfer capacities with the reaction center.

For the Rb. capsulatus and Rb. sphaeroides cytochromes,
the position of the positive end of the dipole was found not to
accurately track the location of the region of strongest positive
potential on the encounter surfaces. This is seen in Figure
7B,D by the intersection of the dipole outside of the regions
of strongest positive potential. This result can be understood
from the fact that the dipole is the vector sum of the location
of all charges, while Coulomb’s law weights the contribution
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FiGURE 8: Electrostatic potentials mapped onto encounter surfaces for c-cytochromes. Parts A-C (top left, top right, middle left) show the
electrostatic maps for the mitochondrial cytochromes ¢ from tuna, horse, and S. cerevisiae, respectively. Parts D-F (middle right, bottom
left, bottom right) show the electrostatic maps for the cytochromes that do not form productive 1:1 electron-transfer complexes with the reaction
center. Part D shows the electrostatic map for Rps. viridis cytochrome c,; part E, P. aeruginosa cytochrome c-551; and part F, Rs. rubrum
cytochrome c,. In each case, the encounter surface is viewed along the heme Fe to C4C atom direction as described in Figure 7, and other
markings are as described in Figures 6 and 7.

Table II:  Electrostatic Properties of ¢-Cytochromes
species net charge? no. of (+) residues? no. of (=) residues® lu+|/Zq+b (A) jul/Tq-t (A) lup| (D) 0p° (deg)
sphaeroides -2 16 16 0.28 0.67 687 17
capsulatus 0 18 16 0.33 0.51 529 32
tuna +6 18 9 0.31 0.55 370 66
horse +6 21 12 0.20 0.49 283 39
cerevisiae +6 19 11 0.56 0.46 554 72
rubrum -1 17 16 0.13 0.50 345 1
viridis +1 15 12 0.25 0.54 274 21
aeruginosa -3 9 10 0.58 0.86 167 49

2 No. of (+) residues refers to the number of lysine and arginine residues; no. of () residues refers to the number of glutamate and aspartate residues.
The heme charge set (Northrup et al., 1981) yields a charge of ~2 for the heme group due to the two propionic acids. Differences between the net
charge and the sum of the positive, negative, and heme residues are due to species differences in the acetylation of the N-terminus. Each of the charge
sets used in the electrostatic potential calculations yielded the same net charge, although the charge and dipole moments changed. The values shown
in the table reflect the CHARMM charge set for the protein atoms. ? [u+|/Zg+ and |u_|/Zq_ are the positive and negative charge moments, normalized
for total positive and negative charge. A uniform charge distribution would yield a moment of 0 A. © Angle between the dipole moment and the heme

Fe atom to C4C atom direction.

of remote charges to the electrostatic potential by the inverse
of the distance. This makes the dipole moment more sensitive
to the presence of remote charged atoms. We have seen this
property in calculations of electrostatic potential and dipole
moments with different atom charge sets. The dipoledirection
was found to shift by 10°-20°, depending upon whether only
terminal acidic and basic residues were assigned charges and
whether heme atoms or C- and N-terminal charges were
included. Significantly, with each of these charge sets the
region of strongest positive potential remained in the same
position as shown in the Figure 7. This emphasizes the
importance of the clustering of charged residues to produce
restricted regions of strong potential. Similar shifts in the
direction of the dipole moment were previously calculated for
horse cytochrome ¢ with different charge sets (Northrup et
al., 1986).

A different pattern of electrostatic potential was calculated
from the crystal structures of the three cytochromes that
exhibited predominately tens of microseconds first-order
kinetics. The front view of the encounter surfaces, along the
Fe to heme atom C4C directions, for the tuna, horse, and S.
cerevisiae cytochromes are shown in parts A, B, and C of
Figure 8, respectively. In each case the region of strongest
positive potential, which complements the negative potential
on the reaction center surface, is located above and to the left
of the heme crevice. For both tuna and horse cytochromes,
this region includes lysines-13, -72, -73, -86, and -87. The
shift to the top of the heme crevice is the greatest for S.
cerevisiae cytochrome c¢. The area of strongest positive
potential is broader and includes Lys-4, -5, -11, -13, -72, -73,
-86, -87, and -89. The location of the NZ atoms of these
residues is marked in Figures 8. The positive portion of the
dipole moment is seen to roughly track the location of the
patch of strongest positive potential more closely with the
mitochondrial cytochromes than it does with the bacterial
cytochromes ¢;. Thisis largely a result of large, excess positive
charge of the mitochondrial cytochromes (Table II). The
clustering of excess positive charge largely determines both
the location of strongest positive potential and the direction
of the dipole moment. The number of charged residues is
similar for the three mitochondrial cytochromes, as seen by
the list in Table II. However, a comparison of the positive
charge moments shows that the S. cerevisiae cytochrome

differs from the horse or tuna cytochrome by having a less
uniform distribution of positively charged residues. This is
reflected in the larger magnitude of the dipole moment, listed
in Table II, for the S. cerevisiae cytochrome compared to the
horse and tuna cytochromes.

The pattern of electrostatic potential calculated from a
model of the Rps. viridis cytochrome ¢, (Figure 8D) differs
markedly from the previous cytochromes that form 1:1
electron-transfer complexes with the reaction center. The
major difference is that the charge distribution on the Rps.
viridis cytochrome does not produce an area of strong positive
potential on the left side of the heme. The three small patches
of positive potential are seen on the encounter surface. These
aresituated above single lysine residues. The largest, but still
comparatively small, region of positive potential is situated to
the right of the heme crevice. The shift in the location of net
positive charge is also reflected by the shift in the direction
of the dipole moment to the right side of the heme.

Calculations of the electrostatic potential maps from the
crystal structure of the cytochrome ¢-551 from P. aeruginosa
areshownin Figure 8E. This cytochrome exhibits no capacity
for electrontransfer with the reaction center. Theelectrostatic
map shows that there are no areas of strong positive potential
on the front surface of the cytochrome. The electrostatic
potential on the encounter surface just above and to the left
of the heme cleft is weakly negative. This can account for
repulsive collisions with the reaction center cytochrome binding
site with cytochrome orientations that are pxpected to be
conducive for electron transfer.

A comparison of the electrostatic maps w1th the electron-
transfer capacities suggests a correlation between the presence
of an area of positive potential on the left side of the heme
edge and the ability to form a productive electron-transfer
complex with the reaction center. However, one exception
was found. The electrostatic map calculated from the Rs.
rubrum crystal structure (Figure 8F) is qualitatively similar
to those of the Rb. sphaeroides and Rb. capsulatus cyto-
chromes. The electrostatic maps for Rs. rubrum cytochrome
shows a similar region of strong positive potential below and
to the left of the heme edge, although the kinetics reported
for this cytochrome differ significantly from those of the Rb.
sphaeroides and Rb. capsulatus cytochromes. One possible
difference is that regions of positive potential on the left side
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of the heme appear to be somewhat smaller on the Rs. rubrum
encounter surface than for Rb. capsulatus and Rb. sphaeroi-
des. A comparison of the charge moments shows that this is
likely a consequence of a slightly less complete clustering of
positively charged residues for the Rs. rubrum cytochrome.
The diminished charge clustering is alsoreflected in the smaller
dipole moment for the Rs. rubrum cytochrome compared to
those from Rb. capsulatus and Rb. sphaeroides. However,
as discussed below, the energetic consequences of these
differences must await more detailed calculations with the
various docked structures.

Table I1 lists the net charge and dipole moments calculated
for the different cytochromes using the atom charge sets
described under Materials and Methods. Values for the tuna,
horse, and P. aeruginosa cytochromes are consistent with those
reported previously using similar charge sets (Dixon et al,,
1989; Koppenol & Margoliash, 1982; Northrup et al., 1986).
Further discussion of the comparison between kinetic and
electrostatic properties of the c-cytochromes is given below.

DISCUSSION
Kinetic Model

We have found that the first-order time constants are the
most reproducible, characteristic features of the electron
transfer between the reaction center and a series of water-
soluble c-cytochromes. This consistency suggests that these
kinetic components are intrinsic features of the reaction center—
cytochrome interaction. The resolution of multiple first-order
components in the fast kinetic phase for several cytochromes
suggests that these cytochromes can form multiple productive
electron-transfer complexes with the reaction center.

In contrast to the reproducibility of the first-order kinetics,
considerable variation was seen in the presence of slower, higher
order kinetic components that reach a pseudo-first-order rate
limit at high cytochrome concentration. For all cytochromes
except for horse and C. krusei cytochromes c, titrations were
observed that identified a two-state equilibrium between free
and bound states as the simplest kinetic model. Even for the
horse and C. krusei cytochromes, the variability in the extent
of the pseudo-first-order cytochrome oxidation suggests that
this mode of binding to the reaction center is not necessarily
an intrinsic feature of the reaction center—cytochrome inter-
action. The presence of this kinetic component appears to be
subject to experimental variation. Although we have not
identified the source of this variation, it appears to be linked
to the physical state of the reaction center.

A supercomplex organization for the reaction center has
been proposed to account for the complex kinetic pattern
observed in vivo (Joliot et al., 1989, 1990; Lavergne & Joliot,
1991). Inthis model, the reaction centers are proposed to be
dimerized in such a manner that the binding of cytochrome
to one reaction center prevents binding at the other (Joliot et
al., 1989, 1990; Lavergne & Joliot, 1991). This proposal
provides a conceptual model showing how reaction center
dimerization can force cytochrome oxidation to follow a three-
state kinetic scheme with only one type of cytochrome binding
site. Although it is not clear whether this interpretation can
be applied to the in vitro kinetics, this model is one example
of how the aggregation state of the reaction center can affect
cytochrome oxidation kinetics, without altering the physical
basis for the reaction center—cytochrome interaction. Pre-
liminary analysis of small angle neutron scattering experiments
shows that reaction centers in LDAO detergent solutions are
at least partially aggregated and are likely to exist in a
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distribution of aggregation states (Thiyagarajan & Tiede,
1990). Although other properties of the reaction center may
also be changing, these experiments raise the possibility that
variations in the aggregation state of the reaction center in
vitro may be linked to the variations in the slow cytochrome
oxidation kinetics.

It is important to emphasize that, in spite of the variation
found in the minor, slow kinetic components, the major portion
of the cytochrome oxidation at saturation occurs by a rapid,
first-order reaction in vitro. The rapid, first-order kinetic
time constants are invariant in different experiments, and
these time constants are found to be intrinsic, characteristic
features of specific reaction center—cytochrome pairs.

Origin for Differences in Characteristic Electron-Transfer
Times. Characteristic first-order electron-transfer times for
the listed cytochromes differed by nearly 2 orders of magnitude,
ranging from 0.5t0 40 us. Second-order rate constants ranged
from 109t0 <10' M-1s~!, Theabsence of a correlation between
electron-transfer characteristics and the redox potential of
the different cytochromes shows that the variation in driving
force for the reaction is not likely to be responsible for the
variation in rate. Instead, the characteristic first-order
electron-transfer times are likely to reflect different structural
constraints imposed by the individual reaction center-
cytochrome complexes. The kinetic data in this paper can be
used as a guide to develop molecular models for reaction
center—cytochrome ¢ association that account for the differ-
ences in cytochrome docking to the reaction center.

Electrostatic Docking Model

The ability to eliminate the first-order kinetic components
for all cytochromes at high ionic strength indicates that the
reaction center—cytochrome electron-transfer complexes are
likely to be primarily stabilized by electrostatic interactions.
The electrostatic calculations described in this paper are the
first step in developing a quantitative model of the molecular
interactions between the reaction center and the c-cytochromes.
The mapping of electrostatic potentials onto encounter surfaces
of the reaction center and c¢-cytochromes identifies likely
interaction domains. Forthereaction center, the c-cytochrome
binding domain is found to be nearly exclusively of net negative
potential (<3 kT) that is shifted slightly toward the M-subunit
side of the reaction center. The cytochromes that are capable
of electron transfer to the reaction center show complementary
regions of strong positive potential near the heme edge. One
striking correlation is seen in the location of these electrostatic
interaction domains on the Rb. sphaeroides and horse
cytochromes and the interaction domains predicted previously
from optical dichroism measurements (Tiede, 1987).

Previous dichroism measurements showed that the horse
and Rb. sphaeroides cytochromes differed in their orientation
in electron-transfer complexes formed with the reaction center
(Tiede, 1987). The dichroism measured for the Rb. sphaeroi-
des cytochrome ¢, predicted that the surface facing the reaction
center was essentially that shownin Figure 7. The orientation
for the horse cytochrome was measured to be different.
Compared to the Rb. sphaeroides cytochrome, the interaction
domain for the horse cytochrome was rotated by 8° further
away from the heme plane and rotated by 32° toward the top
of the heme crevice. This location matches closely the region
of maximum positive potential shown in Figure 8B.

Preliminary docking studies show that minimum energy
configurations for the reaction center—cytochrome complexes
will occur when the areas of strong positive potential are
positioned over the area of strong negative potential on the
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reaction center. In doing this with the Rb. sphaeroides and
Rb. capsulatus cytochromes, the shapes of the proteins and
the locations of the area of positive potential cause the surface
similar to the views shown in Figure 7B,D to be facing the
reaction center. This configuration places the heme edge,
with the thiol bridge to Cys-19 (homologous to Cys-17 in the
horsesequence), directly over the reaction center. Incontrast,
placement of the region of strongest positive potential for the
horse cytochrome on top of the reaction center interaction
domain causes the surface above and to the left (with respect
to the cytochrome orientations in Figures 7 and 8) of the
hemeedge to be facing the reaction center. This configuration
rotates the heme edge away from the reaction center, which
is in agreement with the dichroism measurements and the
slower electron-transfer kinetics for the complex formed with
the horse cytochrome compared to the Rb. sphaeroides
cytochrome.

This correspondence between the locations of regions of
positive potential and the dichroism and kinetic measurements
for the horse and Rb. sphaeroides cytochromes leads us to
propose a mechanism for the formation of reaction center—
cytochrome electron-transfer complexes that is primarily
driven by the justaposition of regions of delocalized comple-
mentary potential. Inthis mechanism the clustering of charged
residues is of primary importance and not the location of
specific residues. A consequence of this mechanism is that
many different sets of charge distributions are capable of
stabilizing a specific configuration for a reaction center—
cytochrome complex. This mechanism lessens the importance
of the location of specific charged residues in the protein
sequences and provides an explanation for the lack of a
correlation between electron-transfer rates and coincident
lysine positions in aligned proteinsequences (Longet al., 1989;
Tiede & Vashishta, 1991).

Once ina docked structure, the clustering of charged residues
allows many configurations to have different pairs of residues
associated in complementary charge pairs. We have seen this
effect in preliminary docking studies. Once a cytochrome is
positioned on the reaction center, there are many different
small rotations that yield configurations of approximately
equivalent stabilization (C. H. Chang and D. Tiede, unpub-
lished resuits). Similar observations have been previously
made for the cytochrome c—cytochrome bs complex (Burch
et al., 1990; Mauk et al., 1986). Side-chain reorganization
indocked complexes (Wendoloski et al., 1987) will significantly
increase the possibilities for the formation of different sets of
charge pairs, particularly given the size and flexibility of the
lysine, arginine, glutamate, and aspartate side chains.

Apart from the Rs. rubrum cytochrome, an assembly
mechanism primarily driven by delocalized electrostatic
domains appears toaccount for the ordering of the cytochromes
in terms of electron-transfer efficacy to the reaction center.
All of the cytochromes that form productive 1:1 electron-
transfer complexes with the reaction center have the region
of strongest positive potential on the left side of the heme
cleft. Overlapping the regions of strongest positive potential
for the tuna, horse, and S. cerevisiae cytochromes on top of
the reaction center would cause the heme edge to rotate away
from the reaction center. This can be expected to slow the
rate of electron transfer with respect to the Rb. capsulatus
and Rb. sphaeroides cytochromes. The shift away from the
heme edge is the most severe for the S. cerevisiae cytochrome
¢, which is in accord with the slowness of its electron transfer
compared to the other cytochromes.
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The Rps. viridis cytochrome differs from the others in that
the regions of strong positive potential are to the right and
below the heme cleft. Presumably, binding in this orientation
does not permit rapid first-order electron transfer. Finally,
the absence of electron transfer with the P. aeruginosa
cytochrome can be understood from the absence of regions of
strong positive potential surrounding the heme edge. Optical
dichroism measurements for the different reaction center—
cytochrome complexes will provide a means of verifying the
orientations predicted by the regions of strong positive potential
on the encounter surfaces.

The similarity of the electrostatic potential maps for the
Rs. rubrum, Rb. sphaeroides,and Rb. capsulatus cytochromes
suggests that the electron-transfer kinetics ought to be similar
forall three. The reported pronounced difference in electron-
transfer characteristics for the Rs. rubrum cytochrome (Long
et al., 1989) contradicts the qualitative similarity found here
between the Rs. rubrum and the Rb. capsulatus and Rb.
sphaeroides cytochromes. One possible explanation for the
contradiction is that a rapid (r < 1 us) electron transfer of
the Rs. rubrum cytochromeina 1:1 complex with the reaction
center was missed in the earlier work. However, this appears
unlikely because the time resolution reported in these exper-
iments was sufficient to detect such a rapid electron transfer
(Long et al., 1989). A reevaluation of the electron-transfer
kinetics with Rs. rubrum cytochrome ¢, is currently underway.
Another possibility is that the ability to form a productive 1:1
complex with the reaction center may be sensitive to more
subtle electrostatic characteristics of the cytochromes. One
difference was noted between the electrostatic maps of the
Rs. rubrum and the Rb. capsulatus and Rb. sphaeroides
cytochromes. The Rs. rubrum cytochrome appears to have
a slightly smaller extent of net positive charge clustering on
the left side of the heme edge. This is reflected in the slightly
smaller area of the region of greatest positive potential and
smaller dipole moment with respect to the Rb. capsulatus and
Rb. sphaeroides cytochromes. Possibly, the positive potential
on the front surface of the Rs. rubrum cytochrome falls below
a threshold needed to stabilize a productive electron-transfer
complex. A quantitative model of reaction center—cytochrome
association is currently being developed to evaluate differences
in the energy of stabilization for the different docked
complexes.

Itis noteworthy that cytochromes ¢, from Rs. rubrum (Hall
etal., 1987a; Rickle & Cusanovich, 1979; Vander Wal et al.,
1987) and Rps. viridis (Knaff et al., 1991) do not show rapid,
first-order reactions when oxidized by their physiological
oxidants, the Rs. rubrum reaction center, and the cytochrome
subunit of the Rps. viridis reaction center, respectively.
Neither the cytochrome c; nor the reaction center from Rs.
rubrum appears to be optimized for electron transfer. This
conclusion is suggested by observations that horse cytochrome
cis a faster reductant for the Rs. rubrum reaction center than
is the physiological partner Rs. rubrum cytochrome ¢, (Van
der Wal et al., 1987) and that the Rs. rubrum reaction center
is a less efficient oxidant of both Rs. rubrum cytochrome c;
and horse cytochrome ¢ than is the Rb. sphaeroides reaction
center [compare data in Hall et al. (1987a,b), Long et al.
(1989), and Van der Wal et al. (1987)]. Apart from the
discussion in the preceding paragraph, there is no explanation
for these differences.

Comparison to Previous Models for Reaction Center—
Cytochrome Association. Two models of the Rb. sphaeroides
reaction center—cytochrome complex have been built on the
basis of the X-ray structure of the Rb. sphaeroides reaction
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center (Allen et al., 1987; Tiede et al., 1988; Tiede & Chang,
1988). While the two models differ in many respects (Tiede
et al.,, 1988; Tiede & Chang, 1988), both models are based
upon the assumption that the reaction center—cytochrome
complex is primarily held together by a collection of com-
plementary charge pairs or salt bridges between specific
residues on the reaction center and cytochrome surfaces. These
models imply a specific role for each of the interacting amino
acid residues. However, there is little experimental support
for such a specific role.

Chemical modification of single lysine residues has been
used to probe the interaction domains on Rb. sphaeroides
cytochrome ¢, and horse cytochrome c¢ surfaces for binding
to the Rb. sphaeroides reaction center (Hall et al., 1987b;
Longetal., 1989; Vander Waletal., 1987). Dramaticchanges
in electron-transfer kinetics are induced upon modification of
specific residues. However, these changes may be induced by
a combination of steric and more delocalized electrostatic
perturbations rather than by removal of specific amino acid
interactions. Thereis good agreement between theinteraction
domains predicted by the optical dichroism, chemical mod-
ification, and electrostatic maps reported here [see Tiede and
Dutton (1992) for review].

Estimates of the strength of the electrostatic stabilization
of the Rb. sphaeroides reaction center-Rb. capsulatus
cytochrome ¢; complex have been made by modeling the ionic
strength dependence of the second-order rate constant (Caffrey
et al., 1992). The electrostatic interaction energy was
determined for the wild-type cytochrome c» and three single-
site mutants where lysine residues (12, 14, and 32) were
converted to glutamate or aspartate residues. Theelectrostatic
interaction energies were interpreted in terms of charge pairing
between these residues and specific residues on the reaction
center surface (Caffrey et al., 1992). However, an alternate
explanation is to interpret the interaction energy as due to the
delocalized potential. It is noteworthy that the mutagenesis
studies find that the residues on the right side of the heme
cleft play a less important role in the electrostatic stabilization
than the lysine residue above the heme cleft (Caffrey et al.,
1992). Thisisinkeeping with the proposal that the interaction
domains for the Rb. capsulatus and Rb. sphaeroides cyto-
chromes are shifted toward the left side of the heme cleft. The
results of both the chemical modification studies and the
estimates of electrostatic stabilizations are compatible with
the interpretation that the reaction center—cytochrome com-
plexes are primarily stabilized by delocalized electrostatic
potentials.

Comparisons to Nonphotosynthetic Systems. Factors
controlling bimolecular association and electron transfer have
been extensively examined for reactions between soluble
c-cytochromes and a variety of nonphotosynthetic proteins
[for recent reviews, see Kostic (1990), McLendon (1991),
and McLendon and Hake (1992)]. This work has led to the
general view that the molecular recognition for c-cytochromes
does not involve a classical lock-and-key mechanism but
involves broad patches of complementary charge and hydro-
phobicity (McLendon, 1991; McLendon & Hake, 1992). The
reaction center—cytochrome ¢ interaction fits this view.
Experiments (Burch et al., 1990) and molecular modeling
calculations (Mauket al., 1986; Northrup et al., 1988; Weber
& Tollin, 1985; Wendoloski et al., 1987) indicate that, within
a binding domain, there are likely to be many nearly
isoenergetic configurations which may be dynamically in-
terconverting. Furthermore, kinetic and electrostatic modeling
suggest that there may be multiple electrostatically stabilized
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complexes, distinguishable by differences in electron-transfer
rate (Hoffman et al., 1991; Northrup et al., 1988). The
multiple first-order kinetics observed for the reaction center—
cytochrome ¢ complexes and the preliminary modeling also
support this view.

The electron transfer for 1:1 complexes of cytochrome ¢
and cytochrome ¢ peroxidase (Hahm et al., 1992; Hoffman
et al., 1991) and cytochrome c and cytochrome bs (Willie et
al., 1992) shows “gated” kinetics, analogous to the three-state
kinetic models described for the reaction center. For the
cytochrome ¢ peroxidase system, the slow, gated electron
transfer appears to be an intrinsic feature of the cytochrome
c—cytochrome ¢ peroxidase interaction (Hahm et al., 1992;
Hoffman et al., 1991). This differs from the variability seen
in the presence of this mode of interaction with the reaction
center. However, like the reaction center, the kinetics of the
rapid electron-transfer component with cytochrome c per-
oxidase are dependent upon the species origin of the cyto-
chrome ¢ (Hazzard et al., 1987; Ho et al., 1985; Hoffman et
al,, 1991). Recent NMR measurements also support these
results and show that the molecular contacts between cyto-
chrome ¢ peroxidase and cytochrome c are species dependent
(Moench et al., 1992). These findings are in accord with the
observations discussed above that the c-cytochromes can be
distinguished by their characteristic electron-transfer kinetics
with the reaction center and by their optical dichroism in 1:1
complexes with the reaction center. Finally, binding constants
for the cytochrome c—cytochrome bs (Mauk et al., 1986;
Rodgerset al., 1988), cytochrome c—cytochrome ¢ peroxidase
(Hake et al., 1992), and cytochrome c—flavodoxin (Weber &
Tollin, 1985) complexes are comparable to those of the reaction
center—cytochrome ¢ complexes (Moser & Dutton, 1988;
Overfield et al., 1979; Rosen et al., 1979) and fall in the range
10’-105 M-! depending upon ionic strength, pH, and prep-
aration. This is consistent with the shared mechanism for
molecular interaction in each of these systems.
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