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ABSTRACT: Interprotein electron transfer plays an important role in biological energy conversion. In this
work, the electron transfer reaction between cytochrome c2 (cyt) and the reaction center (RC)was studied to
determine the mechanisms coupling association and electron transfer. Previous studies have shown that
mutation of hydrophobic residues in the reaction interface, particularly Tyr L162, changes the binding
affinity and rates of electron transfer at low ionic strengths. In this study, the effect of ionic strength on the
second-order electron transfer rate constant, k2, between cyt c2 and native or mutant RCs was examined.
Mutations of hydrophobic and hydrogen bonding residues caused k2 to decrease more rapidly with an
increase in ionic strength. This change is explained with a transition state model by a switch from a
diffusion-limited reaction in native RCs, where electron transfer occurs upon each binding event, to a fast
exchange reaction in the Tyr L162 mutant, where dissociation occurs before electron transfer and k2
depends upon the equilibrium between bound and free protein complexes. The difference in ionic strength
dependence is attributed to a smaller effect of ionic strength on the energy of the transition state compared
to the bound state due to larger distances between charged residues in the transition state. This model
explains the faster dissociation rate at higher ionic strengths that may assist rapid turnover that is important
for biological function. These results provide a quantitative model for coupling protein association with
electron transfer and elucidate the role of short-range interactions in determining the rate of electron
transfer.

Interprotein electron transfer reactions (1) play important
roles in many biological systems necessary for energy conversion
such as photosynthesis and respiration. These reactions between
electron transfer partners involve the processes of protein
association (2-4) and electron transfer (5) which must be
optimized to achieve the necessary high turnover rates. In this
paper, we examine the interprotein electron transfer reaction
between cytochrome c2 and the bacterial reaction center (6) to
improve our understanding of the molecular basis for the
association and electron transfer processes. The effect of mutat-
ing hydrophobic residues in the interface region between the two
proteins on the ionic strength dependence of the second-order
electron transfer rate was studied. The results are quantitatively
described by a transition state model. These studies demonstrate
the role of long-range electrostatic and short-range hydrophobic
interactions in association and electron transfer.

The interprotein electron transfer reaction between cyto-
chrome c2 and the bacterial reaction center (RC)1 plays an

important role in photosynthetic electron transfer (7, 8). The
reaction center is the membrane-bound protein responsible for
the initial light-induced electron transfer reaction in photosynth-
esis. The charge separation results in the oxidation of a primary
donor, D, a bacteriochlorophyll dimer, and the reduction of
a bound quinone acceptor, Q. Cyclic electron transfer coupled
to proton pumping across the photosynthetic membrane is
achieved when electrons from the RC are transferred through
the cytochrome bc1 complex and then carried back to reduce the
oxidized Dþ by the water-soluble electron transfer protein,
cytochrome c2.

The structure of the complex between cyt c2 and the RC
from Rhodobacter sphaeroides has been determined by X-ray
crystallography (9). Measurement of the electron transfer rate
in the cocrystal gave the same value as in solution (ke=1.0�
106 s-1), indicating that the cyt-RC complex in the crystal is in
the active configuration for electron transfer. In the crystal
structure, the cyt c2 is bound on the surface of the RC with the
redox active cofactors, heme and BChl2 in the proximity,
separated by the key residue Tyr L162 on the RC surface
(Figure 1). The interface region between the two proteins can
be divided into two domains: a central hydrophobic domain
consisting of residues making van der Waals, cation-π,
and hydrogen bond contacts surrounded by an electrostatic
domain consisting of oppositely charged residues separated by
solvent.

The reaction between cyt and RC has been extensively
studied (10-12) (for a review, see ref 6). Since the electron
transfer reactions are light-induced, pulsed laser measurements
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can be used to determine the microscopic rate constants. The
simplest scheme (12) that can account for the light-induced
electron transfer reactions for RCs fromRb. sphaeroides is shown
below.

Prior to illumination, the reduced cyt and RC are in
equilibrium between a bound and free state as shown in the
top line (association constant KA=1/KD ∼ 106 M-1). Light
absorption following a short laser pulse leads to electron
transfer forming the oxidized donor and reduced quinone
acceptor (DQ þ hν f DþQ-). In the fraction of RCs having
a bound cyt, the first-order electron transfer reaction occurs on
the time scale of microseconds (ke∼ 106 s-1). For the fraction of
RCs lacking bound cyt, the reaction occurs via a second-order
reaction where k2 ∼ 109 s-1 M-1 at low ionic strengths. The
dissociation rate for cyt c2 is fast (koff ∼ 103 s-1 at low ionic
strengths) (13, 14), allowing fast turnover for cyclic electron
transfer.

The second-order rate constant (k2) is arguably the most
important parameter for the function of the proteins. The value

of k2 is governed by the values of the rates of association (kon),
dissociation (koff), and electron transfer (ke).

k2 ¼ kekon

koffþ ke
ð2Þ

At low ionic strengths, ke . koff for the reaction between cyt c2
andRC, and k2 is in the diffusion-limited regimewhere k2=kon∼
109 s-1M-1. In this regime, electron transfer is limited by the rate
of protein association and independent of the electron transfer
rate (ke), consistent with the finding that k2 is independent of the
driving force for electron transfer (15).

The molecular basis for binding and electron transfer has been
studied. The role of charged residues was demonstrated by many
studies that showed the decrease in the second-order reaction rate
with an increase in ionic strength (11, 14, 16-22). This has been
supported by chemical modification of charged residues (23) and
by site-directed mutagenesis (12, 24). The role of hydrophobic
and hydrogen bonding residues has been demonstrated by site-
directed mutagenesis (21, 25, 26). Mutations of residues found in
the interface between the two proteins in the cocrystal structure
change the values of ke, KA, and k2. However, the mutations of
charged residues and neutral residues have characteristically
different effects. Mutations of charged residues in the solvent-
separated interface region alter k2 in parallel with changes in the
binding affinity (KA). However, these mutations have little effect
on the value of ke (12), which indicates that the short-range
interactions responsible for electron tunneling occur across the

FIGURE 1: Structure of the cytochrome c2-RCcomplex.The cofactors heme (turquoise) on the cyt and bacteriochlorophyll dimer (purple) on the
RC are connected through a tightly packed interface region containing hydrophobic residues Tyr L162 and Leu M191 (green) and hydrogen
bonding residues Asn M187, Asn M188, and Gln L258 (yellow). Outside this tightly packed central region is a region of solvent-separated
complementary charged residues, negatively charged (red) residues on the RC and positively charged (blue) residues on the cyt [Axelrod et al. (9);
PDB entry 1L9B].
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hydrophobic short-range interaction domain in the center of the
contact interface. The complementary charged residues across
the binding interface are solvent-separated and do not make
strong tunneling contacts. Mutations of hydrophobic resi-
dues (21, 25) in the central contact region change both KA and
ke, indicating that hydrophobic interactions are important both
for binding and for electron tunneling. The effect of hydrophobic
mutations on k2 is complex. For mutations with small effects on
KA, k2 is relatively unchanged, indicating that the short-range
interactions do not greatly affect the association rate (kon) but
exert their effect by changing the dissociation rate (koff). How-
ever, mutations that have larger effects on koff and ke can bring
the second-order reaction into the fast exchange regime (ke < koff).
For these mutants, k2 depends on equilibrium binding constant
KA (eq 2) and the value of k2 decreases greatly due to weaker
binding.

In this work, we study the effect of ionic strength on second-
order rate constant k2 for native RCs and three mutant RCs
having neutral changes of hydrophobic residues at the binding
interface. The mutated residues shown in Figure 1 include two
hydrophobic residues, Tyr L162 and LeuM191, which are in van
der Waals contact with the cyt, and three hydrogen bonding
residues, Asn M187, Asn M188, and Gln L258, which form
hydrogen bonds to cyt c2. The residues were all mutated to
Ala. The hydrophobic residues were studied as single mutants
(YA L162 and LA M191), while the three hydrogen-bonded
residues were mutated together to form a triple mutant (called
3�Hbond). The RCs were chosen to represent different reaction
regimes for the electron transfer reaction based on their electron
transfer properties at low ionic strengths. The RCs studied were
(1) nativeRCs that displaydiffusion-limited reactionwhereke>koff;
(2) YAL162RCs wheremutation increases koff and decreases ke,
resulting in a fast exchange reaction for which ke < koff; and (3)
LA M191 and 3�Hbond RCs that are in the diffusion-limited
regime at low ionic strengths but ke is decreased and koff is
increased so that at high ionic strength the reaction is expected to
be in the fast exchange regime. The results show that the
hydrophobic mutations of neutral residues can have significant
effects on the ionic strength dependence of the second-order
electron transfer rate. The effects of an increasing salt concentra-
tion are explained by the difference in the ionic strength
dependence of the association rate and the equilibrium binding
constant. The data are quantitatively fit by a transition state
model in which the effects of ionic strength have different effects
on the energies of the transition state and bound state. These
results show the importance of both electrostatic and hydro-
phobic interactions to the rate of interprotein electron transfer.

MATERIALS AND METHODS

Sample Preparation. The native RCs were isolated from
carotenoidless strain Rb. sphaeroides R-26. Mutant RCs were
expressed inRb. sphaeroides ΔLM1 and prepared and character-
ized as previously described (25, 26). RCs were isolated in 15mM
Tris-HCl (pH 8), 0.025% lauryl dimethylamine-N-oxide
(LDAO), and 0.1 mM EDTA following published proce-
dures (27). The final ratio of absorbance, A280/A800, was e1.5.
The RC samples were then dialyzed for 2 days against buffer
[10 mM Hepes (pH 7.5) and 0.04% dodecyl β-D-maltoside
(Anatrace)]. cyt c2 was isolated and purified as previously
reported (28) to an absorbance ratioA280/A420 ofe0.3. Amixture
of hydroquinone and quinone (∼50 mM QoH2 and 50 mM Qo)

was added prior to the measurement to keep the cyt in the
reduced state.
Kinetic Measurements. The kinetic measurements were

taken using a pulsed laser source and monitoring apparatus
previously described (26). The transient absorbance measure-
ments were taken bymonitoring the absorbance change at 865 nm
due to the oxidation and re-reduction of the primary donor D.
The ionic strength of the solution was changed by addition of
KCl. RC samples were dissolved in 10 mM Hepes (pH 7.5) and
0.04% dodecyl β-D-maltoside (Anatrace). The second-order rate
constant (k2) was determined from the initial slope of the plot of
the observed rate of the slowphase for electron transfer versus the
free cyt in solution. Binding constant KA was determined from a
plot of the fraction with fast kinetics (due to bound cyt) as a
function of free cyt concentration (26). In earlier studies of the cyt
RC reaction, additional first-order electron transfer components
were observed (11, 18, 21). The observation of additional kinetic
components is dependent on sample preparation andmay be due
to aggregation (29). In addition, the value of KD was found to
be dependent on RC concentration, suggesting an aggregation
effect (26). To prevent these problems, the concentration of RCs
was kept low (e0.5 μM) to prevent effects due to aggregation.

MODELING THE ELECTRON TRANSFER RATE

CONSTANT

Transition State Model. The ionic strength dependence of
electron transfer rate k2 between cyt and RCs is modeled by
changes in the association and dissociation rates for formation of
the bound state active in electron transfer. The rate constant for
protein association, i.e., kon, involves the formation of a transient
transition state leading to the bound state (3). The reaction
coordinate diagram for association to form the bound state is
depicted in Figure 2 (12, 30). The solid line represents the change
in free energy upon going from the isolated proteins to the bound
complex. As the two proteins come together, the free energy
increases due to loss of translational entropy until long-range
electrostatic interactions bring the complementary charged sur-
faces of the cyt and RC to form a loosely bound encounter
complex. In the encounter complex, the two protein surfaces are

FIGURE 2: Reaction coordinate diagram for association of the active
cyt-RCcomplex for low ionic strengths (;) and high ionic strengths
(---). The energies of the separated proteins are set equal at the left.
The change due to the ionic strength of the rate of association (kon) is
dependent on the change in energy of the transition state (ΔΔGq),
while the change in the binding equilibrium constant (KA) is depen-
dent on the change in energy of the bound state (ΔΔG). The
parameter R is the ratio of the change in energy of the transition
state (ΔΔGq) and the bound state (ΔΔG) due to ionic strength
(modified from ref 12).
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brought together by long-range electrostatic interactions between
complementary positive and negative charges, but short-range
contacts important for electron transfer (i.e., the heme edge and
Tyr L162) have not been formed. Fluctuations of the orientation
of two proteins in the encounter complex bring them to the
transition state, an ensemble of configurations inwhich the short-
range contacts are oriented properly to form close contacts. The
transition state is a small subset of configurations in the
encounter complex, and part of the transition state barrier is
due to the translational and conformational entropy. This is
emphasized in multidimensional energy landscape pictures of the
reaction coordinate for protein association (3).

The structure of the transition state ensemble for the cyt
c2-RC complex has been modeled by electrostatic calculations
based on mutant data (12, 31). At the transition state, cyt c2 was
found to be well-separated from the RC. The distance between
the heme edge and Tyr L162 in the transition state was estimated
to be 8-10 Å greater than in the bound state. Following the
formation of the transition state, the complex proceeds rapidly to
the state active in electron transfer, presumably by forming short-
range contacts between cyt and RC. The structure of the active
bound state is not known conclusively since electron transfer can
occur over long distances (5).However, it is assumed to be similar
to the cocrystal structure in which short-range contacts between
the heme edge and theRC surface are present and electron transfer
occurs. The structure of the state active in electron transfer is
discussed below.

The dashed line in Figure 2 represents the effect of ionic
strength on the free energies of the states along the reaction
coordinate. The addition of salt lowers the energy of the system
by interactions between ions in solution and charged surface
residues. The stabilization is expected to be greater for the sep-
arated proteins in the initial state than for the transition state or
bound state where access of the ions in solution to charged
residues in the binding interface is hindered by interprotein
interactions. In this figure, the energies of the two systems are
adjusted to be equal at the initial state where the proteins are sep-
arated. The changes in energy appear as increases in the energy of
the transition state (ΔΔGq) and bound state (ΔΔG) relative to the
initial state. If the distances between the cyt and RC are different
in the transition state and bound state, as previously pro-
posed (12, 31), then the access to ions and ionic screening should
be different as well. This should result in different changes in the
transition state energy and binding energy due to ionic strength.
In this model, the change in the activation energy for the

association rate (ΔΔEon) is the change in energy of the transition
state (ΔΔGq) and is taken to be a fraction R of the free energy
change in the bound state.

ΔΔEon ¼ ΔΔG q ¼ RΔΔG ð3Þ
The value of R determines the relative ionic strength dependence
of binding constant KA and second-order rate constant kon. For
R=1, KA and kon have the same dependence on ionic strength.
For smaller values of R, kon has a weaker dependence on ionic
strength than KA. The ionic strength dependence of the dissocia-
tion rate koff also depends onR. The transition statemodel for the
dissociation rate assumes a pseudoequilibrium between the bound
state and transition state. Thus, the change in the activation
energy for the dissociation rate (ΔΔEoff) is given by the difference
between the changes in energies of the two states.

ΔΔEoff ¼ ΔΔG q -ΔΔG¼ ðR-1ÞΔΔG ð4Þ
For R=1, the dissociation rate should not change; for smaller
values of R, the change in activation energy for dissociation
should be negative and the dissociation rate should increase.
Ionic Strength Dependence of k2. The ionic strength

dependence of the association and dissociation rates may be
used to model the second-order rate constants. We use a
phenomenological expression based on theDebye-H€uckel limit-
ing law (32) for the ionic strength dependence of the association
and dissociation rate constants. The association and dissociation
rate constants at ionic strength I [kon(I) and koff(I)] vary
exponentially with the square root of the ionic strength at low
ionic strengths.

konðIÞ ¼ konð0Þe-γI1=2 ¼ konð0Þe-RΔΔG=kBT ð5Þ

koffðIÞ ¼ koffð0Þe-ΩI1=2 ¼ koffð0Þe-ðR-1ÞΔΔG=kBT ð6Þ
where kon(0) and koff(0) are the association and dissociation rate
constants, respectively, at zero ionic strength. This expression is
usually used to model the interaction between small ions at a low
ionic strength (<10 mM). However, we find that it accounts for
the ionic strength behavior of highly charged proteins over a wider
range of ionic strengths. The parametersγ andΩ describe the ionic
strength dependence of the activation energies for association and
dissociation, respectively. They are related to R by

γ

Ω
¼ R

R-1
ð7Þ

FIGURE 3: Transient absorbance changes due to electron transfer from cyt c2 to RC following a laser flash. (A) Native RCs showing biphasic
kinetics characteristic of a diffusion-limited reaction. The fast absorption change (τ=10-6 s) immediately following the laser flash due to reaction
of bound cyt c2 is not resolved in these traces. (B) YA L162 RCs showing monophasic kinetics characteristic of a fast exchange reaction.
The concentrations of the free cytochrome are indicated. The concentrations of RCs are 0.18 μM(native) and 0.46 μM(YAL162) [10mMHepes
(pH 7.5) and 0.04% dodecyl β-D-maltoside].
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Since these parameters have opposite signs (for R < 1), the
association and dissociation rate constants change in opposite
directions; i.e., kon decreases, and koff increases.

The association constant as a function of ionic strength [KA(I)]
is given by

KAðIÞ ¼ konðIÞ
koffðIÞ ¼ KAð0Þe-ðγ-ΩÞI1=2 ¼ KAð0Þe-ΔΔG=kBT ð8Þ

The value of the second-order rate constant for different mutant
(m) RCs as a function of ionic strength [k2

m(I)] is formulated as

km2 ðIÞ ¼
kme ð0Þkmonð0Þe-γI1=2

Km
D ð0Þkmonð0Þe-ΩI1=2 þ kme ð0Þ

þ kmc ð9Þ

where kc
m is an additional parameter that represents the limiting

value of k2 at high ionic strengths. The superscriptm indicates the
values for different native and mutant RCs.
Main Assumptions in the Model. The main assumptions in

determining the parameters in the model are as follows. (1) The
electron transfer rate in the bound state does not change with
ionic strength either for native or formutantRCs. This is justified
by measurements made over a limited range (see below).

kme ðIÞ ¼ kme ð0Þ ð10Þ
(2) The value of R is the same for all RCs. This assumes that the
transition state for binding is the same for all mutant RCs. The
rationale for this is that the transition state is determined by
electrostatic interactions that are not changed in the present
mutant RCs.

RESULTS

Electron Transfer Rate Measurements. The measure-
ments of the rates of electron transfer were taken by monitoring
the reduction of the oxidized donor by reduced cyt c2 following a
laser flash (Figure 3 andTable 1). The kinetics for nativeRCs and
YA L162 RC show qualitatively different behavior as reported
previously (12, 25). For native RCs, the recovery was biphasic
where the amplitudes of the two phases are dependent on the
concentration of cyt. The rate of the fast phase was independent
of cyt concentration and is due to the first-order electron transfer
(ke) from bound cyt to RC (Figure 3A). The rate of the slow
phase was dependent on the cyt concentration and is due to the
second-order reaction (k2) from cyt toRC. For the reaction of cyt
c2 with the YAL162 RCs, the reaction was monophasic at all cyt
concentrations (Figure 3B). The rate of the reaction increased
with cyt concentration, approaching a maximum at high con-
centrations. For LAM191 and 3�Hbond RCs, the reaction was
biphasic at low ionic strengths but became monophasic at high

ionic strengths. The second-order rate constants were obtained
from the initial slope of a plot of the observed rate of the slow
phase versus cyt concentration.
Ionic Strength Dependence of Second-Order Rate Con-

stants. The second-order rate constant (k2) for electron transfer
from cyt c2 toRCwasmeasured as a function of ionic strength for
native and mutant RCs. Figure 4 shows a logarithmic plot of the
rate constants versus the square root of the ionic strength. The
rates are decreased at increasing ionic strengths as expected for ionic
screening of electrostatic interactions. At low ionic strengths, the
plots are linear as expected from simple Debye-Huckle con-
siderations. At high ionic strengths, the rates appear to level off
and approach a limiting value. The solid lines are fits to the
transition state model.

Native RCs have a high value for the second-order rate
constant (k2 = 3.0 � 109 s-1 M-1 extrapolated to zero ionic
strength) which decreases with an increasing ionic strength. LA
M191 and 3�Hbond RCs approach close to the same value of k2
at low ionic strengths and high ionic strengths; however, the
slopes for the mutants are steeper than that of the native form.
Tyr L162 RCs have a lower value of the second-order rate
constant at low ionic strengths than native RCs (by∼10-fold). In
addition, the rate decreases more rapidly with an increasing ionic
strength than that of native RCs. The mutant electron transfer
rate is ∼100-fold slower than the native rate at close to
physiological ionic strength conditions (∼0.15 M). Wachveitl
et al. (21) measured the ionic strength dependence of a series of
mutation to Tyr L162. They found decreases in rate constant k2
for mutation of Tyr 162 to Gly similar to our result for the Tyr
L162 f Ala mutation. However, they found a different ionic
strength dependence. The difference may be due to the difference
in the mutated residues or differences in the conditions of the
experiment.

The experimental values for k2 in Figure 4 were fitted using
eq 9 to test the transition state model. Although there are many
parameters in the model, they are readily evaluated. The values
for ke and KD were obtained from previous measurements on
native and mutant RCs at low ionic strengths (Table 1) (17, 26).
kon and kc were obtained as the limiting rates at high and low
ionic strengths. The values obtainedby fitting are listed inTable 1.
The values of γ,Ω, and R were constrained to be the same for all
RCs. The best values obtained by global fitting were as follows:
γ=8.07( 0.6M-1/2,Ω=-5.56( 0.6M-1/2, andR=0.59( 0.05.
A key parameter in the fitting is the value for the ratio of the
change in the transition state energy for association relative to the

Table 1: Rate and Equilibrium Constants for Native and Mutant RCsa

RC ke (s
-1) KD (M) kon (s

-1 M-1) kc (s
-1 M-1)

native 1.0� 106 3.0 � 10-7 3.0� 109 3.0 � 106

LA M191 1.1 � 105 3.0 � 10-6 1.8� 109 3.0 � 106

3�Hbond 9.0 � 104 4.5 � 10-6 3.4� 109 1.5 � 106

YA L162 8.3 � 103 3.0 � 10-5 >2� 108b 1.0� 105

aValues for ke and KD for native, LAM191, and YA L162 RCs at a low
ionic strength (5 mM) were from ref 25; those for 3�Hbond RCs are from
ref 26. Values for kon and kc were used to fit the data in Figure 4 using eq 9.
The uncertainty in the fitted values was estimated to be 10% for kon and
30% for kc.

bIn the fast exchange limit, kon is not well-determined but must
be faster than k2 (observed).

FIGURE 4: Plot of k2 vs I
1/2 for native and mutant RCs: native (9),

LA M191 ([), 3�Hbond (1), and YA L162 (2). The solid lines are
fits to eq 9.
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change in the binding energy (R=0.59). This ratio is approxi-
mately the ratio of slope of log k2 versus I

1/2 for native RCs and
YA L162 RCs in Figure 4 which are determined by a kinetic
process and a pre-equilibration process. Themodeling resulted in
a reasonably good fit to the data. Although this simple model
does not give an exact fit to the data, it does correctly predict the
trend of a faster decrease in k2 with ionic strength associated with
the transition from the diffusion-limited reaction to the fast
exchange limit.
Ionic Strength Dependence of KA. The ionic strength

dependence of KA was measured for native RCs to derive an
independent measure of R to compare the value obtained for the
mutant YA L162 RCs. The measured values of KA as well as k2
are shown in Figure 5 along with the calculated value of koff
(Figure 6). The value of R was determined from the ratio of the
slope of the plot of log k2 versus I

1/2 to the slope of the plot of log
KA versus I1/2 for native RCs, where it is assumed that kon=k2 in
the diffusion limit. The result was an R value of 0.60( 0.05. This
is in good agreement with the R value of 0.59 ( 0.05 calculated
from fitting the values of k2 versus I1/2 for native and mutant
RCs.

The dissociation rate koff was calculated from the association
rate and the equilibrium constant (koff=kon/KA). The value of
koff increases with an increase in ionic strength (Figure 6).

However, even at relatively high ionic strengths, it was slower
than the electron transfer rate in the bound state (ke=106 s-1).
The value of ke was found to be independent of ionic strength
over the limited range of ionic strengths where it could be
measured due to weaker binding at high ionic strengths.

DISCUSSION

Ionic Strength Dependence of k2. The ionic strength
dependence of k2 (i.e., the initial slope of the plot of log k2 vs I

1/2)
is different for native and mutant RCs (Figure 4). Although
changes have been observed previously for mutations of charged
residues (24), it was not clear how to explain the changes due to
the neutral mutations considered in this study. The results of the
ionic strength dependence of k2 can be explained by changes in
dissociation and electron transfer rates that change the reaction
from the diffusion limit to the fast exchange limit according to a
transition state model.

In native RCs, the electron transfer rate in the bound state is
faster than dissociation (ke> koff), leading to a second-order rate
that is diffusion-controlled. Although the dissociation rate koff
increases with an increasing salt concentration, the value of ke is
so much greater than koff at low ionic strengths (103-fold) that
even at high ionic strengths where ke > koff (see Figure 5) the
reaction remains in the diffusion-controlled regime. Thus, the
ionic strength dependence of k2 should be kinetically controlled
and determined by the changes in the rate of association.
Consequently, the ionic strength dependence, log k2 versus I

1/2,
should have a slope proportional to ΔΔGq=RΔΔG.

The mutation of the critical Tyr L162 residue resulted in a YA
L162 mutant that exhibits a steeper dependence of k2 on ionic
strength than native RCs (Figure 4). This mutation reduces
the electron transfer rate (ke) and increases the dissociation rate
(koff), resulting in a reaction that is in the fast exchange regime
(koff > ke). In this limit, the cyt comes on and off several times
before electron transfer can occur and the rate is proportional to
the probability of a cyt being in the binding site. Thus, the rate
constant becomes k2=keKA, and the ionic strength dependence
should be due to changes in the equilibrium constant KA for
binding to the active state. For this case, the initial slope of a plot
of log k2 versus I

1/2 for this mutant should be proportional to the
free energy for binding to the active state, ΔΔG. The initial slope
of the ionic strength dependence of k2 (Figure 4) for thismutant is
very similar to the ionic strength dependence of the equilibrium
constant KA for binding of cyt c2 to native RCs (Figure 5),
consistent with both effects resulting from changes in the binding
energy, ΔΔG. The steeper slope for the YA L162 RCs compared
to native RCs indicates a larger change in the binding energy
compared to the activation energy (ΔΔGq/ΔΔG=R=0.59).

The effects of ionic strength on k2 for the LA M191 RC and
3�HbondRCs are intermediate between those of the native form
and YA L162 mutant (Figure 4). The mutated residues are close
to Tyr L162 on the RC surface and are in contact with the cyt in
the cocrystal structure. The mutant RCs have lower binding
affinities KA (∼10-fold) and slower electron transfer rates ke
(∼10-fold). However, the changes in koff and ke are not as great as
for the YA L162 RC, and thus, the reaction is diffusion-
controlled at low ionic strengths. However, as the ionic strength
increases, the dissociation rate increases until it exceeds the
(slower) electron transfer rate. As this happens, the reaction
changes from the diffusion-limited regime to the fast exchange
regimewhich ismore sensitive to the ionic strength. The observed

FIGURE 5: Ionic strength dependence of binding constantKA (9) and
second-order rate constant k2 (2) for native RCs. The value of kon is
equal to that of k2 assuming a diffusion-limited reaction. The ratio of
the slopes of log kon and logKA vs I1/2 gives anR value of 0.60( 0.05,
in good agreement with the R value of 0.59( 0.05 obtained from the
fitting of the ionic strength dependence of k2 in native and YA L162
RCs.

FIGURE 6: Ionic strength dependence of koff and ke for native RCs.
The value of koff was calculated from eq 8. The value of koff was
always less than the value of ke (10

6 s-1), justifying the assumption of
a diffusion-limited rate even at higher ionic strengths.
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changes in slope are in accord with the transition state model
(Figure 4).
Effects of Ionic Strength on the Transition State and

Bound State, R. The value of R is related to the effect of ionic
strength on the rates of association and dissociation. For R=1
(i.e., Ω=0 from eq 7), the dissociation rate would not increase
with ionic strength, and for R=0.5 (Ω=-γ from eq 7), the
decrease in the association rate would be equal to the increase in
the dissociation rate. The ionic strength dependencies of protein
association and dissociation reactions in a recent compilation by
Zhou (33) show changes in the rate of association due to ionic
strength weremuch larger than changes in the rate of dissociation
that indicate R values of >0.67. The R value of ∼0.60 found in
this study is low compared to those of other protein systems.
Consequently, for the cyt RC system, there is an appreciable
increase in the dissociation rate with ionic strength. Gerencser
et al. (14) have previously observed an increase in the rate of
dissociation of cytochrome c from the RC with increasing ionic
strength and proposed that this increasemay be important for the
cyt-RC system so that the dissociation is not rate-limiting for
turnover at high light intensities. Perhaps a lower value of Rmay
be a characteristic of protein association reactions that require a
fast dissociation necessary for rapid turnover.

What determines the value of R? The molecular basis for R is
due to the structures of the transition state and bound state. For
R=1, the transition state and bound state would be similar.
Lower values of R indicate that the transition state and bound
state are different. Previous studies of the cyt-RC reaction
compared the change in k2 and KA due to mutation of charged
residues in the cyt-RC interface found the ratio of the change in
transition state energy to binding energy to be R(mutations)=
0.40 ( 0.06 (12). This low value was explained by the longer
average distance between complementary charges in the transi-
tion state leading to smaller changes in Coulomb energies which
vary as 1/r (30, 31). In this study, the change in energy is due to
ionic strength, notmutation of charged residues. Thus, the values
of R determined in the two cases do not have to be identical.
However, the principle reason for the difference in free energy,
i.e., a larger separation between charged residues at the interface,
remains the same. The larger separation between charges in the
transition state may allow greater access to salt that can reduce
the energy of the transition state relative to the bound state. This
may explain the relatively low values of R due to ionic strength.
The structural basis for the ionic strength dependence of the rates
of protein association has been studied by electrostatic calcula-
tions of the free energy stabilization at the transition state (34).
Calculations for the cyt c2-RC complex should help to identify
the origin of the changes in the transition state and bound state
energies due to ionic strength.
Model for Binding and Electron Transfer. The structural

basis for interprotein electron transfer has been a topic of active
research. Hoffman and co-workers have described three regimes
for the energy landscape of interprotein electron transfer, simple,
gated, and dynamic docking (35). The reaction between native
RC and cyt c2 is consistent with the simple regime under
diffusion-limited conditions where the active state is bound
specifically by short-rangehydrophobic andhydrogenbondcontacts.
The reaction of the YA L162 mutant RC having altered hydro-
phobic contacts with cyt c2 is consistent with a dynamic docking
mechanism in which the bound cyt may be in rapid equilibrium
between several states, including inactive as well as active
states.

The structure of the state active in electron transfer is a critical
question. Since electron tunneling can occur over long distances,
as two proteins approach each other electron transfer may occur
from any member of the ensemble of configurations (36). Two
limiting cases have been considered for the cyt-RC reaction, a
tight binding model and a loose binding model. In the tight
binding model, cyt c2 is in a bound state which is optimized for
electron transfer by close van der Waals tunneling contact
between the two proteins (37). An alternative loose binding
model involves a distribution of cyt-RC configurations held
together by long-range electrostatic interactions. In the loose
binding model, van der Waals contact between proteins is not
necessary and electron transfer can occur in theory through
intervening water (38, 39).

The ionic strength dependence of k2 in the fast exchange limit
gives information about the state active in electron transfer and
can help distinguish between the tight binding and loose binding
models. The ionic strength dependence of a loosely bound cyt,
i.e., as in an encounter complex bound by long-range electrostatic
interactions, where the cyt and RC are well-separated, would be
expected to be weaker than that for the bound state and similar to
that of the transition state. Thus, in the fast exchange limit, a
loose binding model would give an ionic strength dependence
similar to that for k2 in native RCs. In contrast, for the tight
binding model, the active state would have an ionic strength
dependence similar to that for the binding of cyt to native RC.
Thus, the similarity between the ionic strength dependence for k2
in YAL162 RCs (Figure 4) and that forKA for the binding of cyt
to native RCs (Figure 5) indicates that in the YA L162 mutant
RC electron transfer occurs from a tightly bound cyt with a
configuration similar to that for the active state of the native cyt
c2-RC complex in solution. This active state in solution is
presumed to have a structure similar to the structure of the
cocrystal since the electron transfer rates (ke) are the same (9).
Although the detailed features of the contact interface between
cyt and RC in the active complex may be different in mutant and
native complexes, overall features should be similar: the two
proteins should be in close contact at the tunneling interface
region in the active state, and the distances between charged
residues should be similar to account for the similarity in ionic
strength dependence. In summary, the ionic strength studies
support the tight binding model for the reaction between cyt c2
and RC in which the structure of the active state for electron
transfer involves close contact between protein residues at the
tunneling interface and does not involve long-range electron
transfer through water.
Functional Features of the Active Site. The results of this

study demonstrate the high degree of optimization of the cyt-RC
reaction. This optimization reflects the importance for rapid
turnover needed to provide energy to the organism. For native
RCs, the reaction is diffusion-controlled even at high ionic
strengths. Even in mutant RCs for which the binding KA and
electron transfer rates ke are greatly reduced, the second-order
rate constant is still fast even at high ionic strengths (Figure 4).
For nativeRCs and twomutantRCs, the limiting rate (kc) is∼3�
106 s-1 M-1. This rate is typical for the association of proteins at
high ionic strengths (40). Mutation of Tyr L162 greatly reduces
the second-order rate constant. The limiting rate at high ionic
strengths is much lower than for native RCs. However, even for
this case the second-order rate constant at physiological ionic
strength (∼0.15 M) is greater than 106 s-1 M-1. This rate should
be fast enough to support fast electron transfer in the confines of
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the bacterial membranes where the cyt concentration may be
relatively high (41) and reaction rates are increased due to a
reduction in dimensionality (42). Indeed, the YA L162 mutant is
able to grow under normal photosynthetic growth conditions
(data not shown). Thus, while short-range hydrophobic interac-
tions are important in binding and electron transfer, the cyt-RC
reaction does not critically rely on the detailed structure of the
contact interface. This suggests that only a rough match between
the two contact surfaces is necessary as opposed to a detailed
lock-and-key fit.

The robust nature of the cyt RC reaction may be attributed to
the design of the protein-protein interface. Desirable features of
the binding reaction that allow the system to search quickly
through different configurations to attain the active configura-
tion are the same as for protein folding (43). These include the
absence of high barriers and the absence of traps (i.e., long-lived
bound inactive states) as well as a well-defined and stable final
state. The cyt-RC interface accomplishes this using a small
central region with short-range binding interactions close to the
region of strongest electronic interaction surrounded by a region
of charged residues. These features are shared by many pro-
tein-protein interfaces (44). A notable feature of the cyt-RC
interface is the protrusion of the hydrophobic binding surface
(Figure 1). The key contact residue Tyr L162 sticks out over
BChl2 which allows it to make strong tunneling contact with
the heme edge even when the charged residues are far apart.
These structural featuresmay be responsible for the relatively low
value of R which may contribute to the fast dissociation rate. On
the basis of structures of protein-protein interfaces, a suggestion
has been made that the fast dissociation rate may be associated
with poor packing (45). In the case of the cyt-RC complex, the
loose packing of the region between charged residues may
facilitate the faster dissociation under physiological conditions
while still retaining the small region of hydrophobic short-range
contacts important for specific binding and fast electron transfer.

CONCLUSIONS

The effects of ionic strength on second-order rate constant k2
for electron transfer between cyt c2 and native and mutant RCs
can be changed by mutations of neutral hydrophobic and
hydrogen bonding residues. The loss of hydrophobic interactions
causes k2 to decrease more rapidly with an increase in ionic
strength. These changes can be explained by changes to the rates
of binding and electron transfer due to neutral residues leading to
a change from the diffusion limit to the fast exchange limit. The
ionic strength effects can be described by a transition state model
in which the stronger ionic strength dependence in the fast
exchange limit is caused by differences in the structure of the
active bound state and transition state. The difference between
the transition state and bound state structures causes the
dissociation rate to increase with an increase in ionic strength.
This fast dissociation rate is an important feature for protein-protein
reactions that require a high level of turnover. The ionic strength
dependence of the YA L162 mutant RC second-order reaction
with cyt (in the fast exchange limit) is similar to that for the
binding of cyt to native RCs, suggesting that the structure of
the active state is similar for both cases. This suggests that the
structure of the state active in the second-order electron transfer
reaction is similar to that of the structure of the cocrystal complex
with close van der Waals contacts between reaction partners.
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