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ABSTRACT: Electrostatic interactions are important for protein-protein association. In this study, we
examined the electrostatic interactions between two proteins, cytochromec2 (cyt c2) and the reaction
center (RC) from the photosynthetic bacteriumRhodobacter sphaeroides, that function in intermolecular
electron transfer in photosynthesis. Electrostatic contributions to the binding energy for the cytc2-RC
complex were calculated using continuum electrostatic methods based on the recent cocrystal structure
[Axelrod, H. L., et al. (2002)J. Mol. Biol. 319, 501-515]. Calculated changes in binding energy due to
mutations of charged interface residues agreed with experimental results for a protein dielectric constant
εin of 10. However, the electrostatic contribution to the binding energy for the complex was close to zero
due to unfavorable desolvation energies that compensate for the favorable Coulomb attraction. The
electrostatic energy calculated as a function of displacement of the cytc2 from the bound position showed
a shallow minimum at a position near but displaced from the cocrystal configuration. These results show
that although electrostatic steering is present, other short-range interactions must be present to contribute
to the binding energy and to determine the structure of the complex. Calculations made to model the
experimental data on association rates indicate a solvent-separated transition state for binding in which
the cytc2 is displaced∼8 Å above its position in the bound complex. These results are consistent with
a two-step model for protein association: electrostatic docking of the cytc2 followed by desolvation to
form short-range van der Waals contacts for rapid electron transfer.

Interprotein electron transfer plays an important role in
the biological processes of photosynthesis and respiration
(1-3). In these systems, water-soluble electron transport
proteins, such asc-type cytochromes, shuttle between specific
membrane-bound electron donor and acceptor proteins.
Efficient electron transport in these systems requires a
specific binding of the electron carrier so that the redox
cofactors are close enough for the electron transfer reaction
to proceed and fast enough so that rapid association and
dissociation rates do not limit the electron flow. Electrostatic
interactions play an important role in bringing the two
proteins together for electron transfer. In this study, we
examine electrostatic interactions between the reaction center
(RC)1 and cytochromec2 from the photosynthetic bacterium
Rhodobacter sphaeroidesusing the recently determined
X-ray crystal structure of the cytc2-RC complex (4) to
determine their role in the association process.

Protein-protein association processes have been studied
by several theoretical and experimental methods (for general
reviews, see refs2, 3, and5-7). The studies can typically

be categorized as calculation of binding affinities (8-16),
prediction of unknown bound structures (17-24), or model-
ing the kinetics of the binding process (25-31). Proteins
can be characterized as fast binders (kon > 108 M-1 s-1) or
slow binders (kon < 107 M-1 s-1) (7). The binding process
of the fast binders is diffusion-limited and controlled by long-
range “electrostatic steering” (32-34), and it exhibits a strong
dependence on ionic concentration. One the other hand, the
slow binders are controlled by shorter-range interactions and
are less dependent on ion concentration. For the general
mechanism of the binding process, a two-step mechanism
has been discussed (5, 7, 28, 35). The first step is diffusional
association to form an encounter complex. Following the first
step, the second step is rearrangement to form the fully bound
complex. Short-range interactions such as van der Waals
interactions are important at this stage.

The RC is the membrane protein involved in the initial
light-induced electron transfer step in membranes of pho-
tosynthetic bacteria (for reviews see refs36 and37). Light-
induced electron transfer in RCs results in the oxidation of
a primary donor, D, a bacteriochlorophyll dimer, and the
reduction of a bound quinone Q. A water-soluble cytc2

transfers an electron to the RC, connecting the RC with the
cytochromebc1 complex and completing the electron transfer
cycle, resulting in proton pumping across the membrane and
generation of a membrane potential driving ATP synthesis.
The mechanism of the binding process and electron transfer
reactions between cytc2 and the detergent-solubilized RCs
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have been extensively studied (4, 38-44). The reaction
scheme can be described as follows (37):

When RCs are in the neutral state (DQ) and cytc2

equilibrates with a dissociation constantKD in the dark, two
populations of RCs are present, a fraction of RCs having
bound cytc2 and a fraction with no bound cytc2. Following
light excitation, the reaction shows at least two phases: a
first-order phase (ke ∼ 106 s-1), which corresponds to the
electron transfer reaction rate of the already bound state, and
a slower phase with a second-order rate constantk2 (37),
which is limited by the kinetics of docking of cytc2 to RC
for those RCs lacking a bound cytc2. The second-order rate
constant is dependent on ionic strength and is close to the
diffusion limit at low ionic strengths (k2 ∼ 109 M-1 s-1, 5
mM) (42). Thus, the cytc2 and RC can be considered a fast
binding system. The observation of biphasic kinetics as well
as the finding that the second-order rate constant is inde-
pendent of driving force for electron transfer (38) indicate
thatke is faster thankoff and thatk2 (∼kon) is determined by
the kinetics for association rather than by the rate of electron
transfer.

The X-ray crystal structure of the complex between the
cyt c2 and RC shows the cytc2 docked with the heme edge
contacting Tyr L162 directly above the bacteriochlorophyll
dimer (see Figure 1). Hydrophobic interactions, inter-
molecular hydrogen bonds, and a cation-π interaction
contribute short-range contacts to orient the two proteins in
the bound state of the complex. The close contact between

the heme edge with the surface of the RC provides a strong
tunneling pathway for electron transfer (40). Measurement
of the rate of electron transfer from cytc2 to the RC in the
crystal showed that the rateke (106 s-1) was the same as
that in solution, indicating that the configuration of cytc2 in
the crystal is the same as the active configuration in solution.
Charged residues on the cytc2 and RC are located in the
binding interface between the two proteins. These are shown
in projection from above the RC surface in Figure 2. A
cluster of positively charged residues on cytc2 centered
around Lys C103 are positioned opposite a cluster of
negatively charged residues on the RC centered around Asp
M184 in position for favorable electrostatic interaction. The
oppositely charged residues are separated by distances of
more than 4.5 Å, indicative of solvated charged residues.

The importance of electrostatic interactions for binding
and association was shown by mutations of charged residues
on the RC and cytc2 (42, 45), by chemical modification
studies (46), and by reactions with cytochromes from
different species (47). Tetreault et al. (42) showed that
mutation of charged residues on the RC resulted in changes
in the second-order rate constant (k2) and the dissociation
constant (KD). A log-log plot of k2 versus 1/KD (i.e., a free
energy plot of rate vs binding) was linear with a slopeR of
∼0.4. The slope (Bro¨nsted coefficient),R, indicates a
similarity between the structure of the transition state and
that of the bound state. In this study, we analyze the
electrostatic interaction between the cytc2 and RC in the
bound complex (4) using a dielectric continuum model.
Results from these calculations are compared to the experi-
mental data. In addition, the electrostatic energy is examined
as a function of the distance between the cytc2 and RC as
the cytc2 is moved as a rigid body into its bound position
in the complex. We show that electrostatic interactions are
important for guiding the cytc2 and RC into proximity prior
to binding but that electrostatic interactions alone do not
determine the structure of the bound complex. In addition,
a model for the transition state is proposed which explains
the Brönsted coefficient (R ) 0.4).

FIGURE 1: Representation of the cytc2-RC structure, showing the
heme position above the BChl dimer. The coordinates varied in
this study are shown. (1) One-dimensional translation, in which
cyt c2 is displaced from the reaction center (RC) surface along the
perpendicularzdirection. (2) Two-dimensional translation, rotation,
in which cyt c2 is displaced from the RC along the direction and
rotated by an angleω around thez axis. (3) Three-dimensional
translation (no rotation), in which cytc2 is displaced in three
dimensions (x, y, andz) in the space above the RC surface, but in
which the orientation of cytc2 is fixed in the cocrystal orientation.
The H subunit of RC is not included in our calculations.

FIGURE 2: Top surface projection view of charged residues located
in the interface region of the cytc2-RC complex showing acidic
residues on the RC (red), basic residues on the cytc2 (purple), heme
(magenta), and the BChl dimer donor (red). The RC L (yellow)
and M (light blue) subunits and cytc2 (pink) are shown. Thex and
y axes are as indicated. Thez axis is perpendicular to the plane of
the page. The length of the arrow is 20 Å. Modified from Axelrod
et al. (4).
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METHODS

The binding free energy (∆G) is defined as the difference
in free energy between the bound and unbound states

and it can be written in the form (12)

where∆Gelec and ∆Gnp are the electrostatic and nonpolar
contributions, respectively, to binding free energy.∆Gstrain

accounts for possible distortions in the proteins upon
complexation; however, this term would be small for the
target system, since the structural change upon binding is
found to be small (4). The last entropy term (∆S) describes
the loss of configurational entropy due to the loss of
backbone and side chain torsional freedom, and translational
and rotational degree of freedom upon complex formation.

While the nonpolar contributions are known to play an
important role at the last stage of binding process, in this
study we focus on the electrostatic contributions. The
electrostatic contribution to the free energy for binding was
calculated using a continuum electrostatic model. The protein
molecules are treated as point charges within a region having
a dielectric constantεin surrounded by solvent with a
dielectric constantεext of 80. The electrostatic free energy
for binding is due to two types of interactions (12)

where ∆Gcoul(εin) is the change in the pairwise Coulomb
energy calculated between charges on different proteins using
εin and∆Gsolv(εin,εext) is the desolvation energy, the change
in the electrostatic contribution to the solvation energy. The
desolvation energy is due to the removal of high-dielectric
water at the interface upon complex formation. In the
continuum model,Gsolv(εin,εext) is equal to the reaction field
energy, the self-energy (Born energy) energy for transferring
charges from a medium with a high dielectric constantεext

to a medium with a low dielectric constantεin, and∆Gsolv is
the change inGsolv upon binding. The values for∆Gcoul and
∆Gsolv are calculated from the X-ray crystal structures of
the cyt c2, RC, and cytc2-RC complex by solving the
Poisson-Boltzmann equation using the programDelPhi (48)
with charge parameters from the AMBER force field (49)
and atom radii parameters from PARSE (50). The protein
surface was defined by rolling a ball with a radius of 1.4 Å
over the molecule (50). Mutated residues were modeled into
the structure of the complex using SwissPdb Viewer (51).
The best configuration was selected by considering non-
bonded clashes and hydrogen bonds, assuming that the
positions of the nonmutated residues were not changed.
Hydrogen atoms were added using the AMBER software
package (52). Since these modifications and hydrogen
addition may add structural crushes, for each structure, 100
steps of minimization for relaxing added hydrogen atoms
were performed, and in addition, three schemes of minimiza-
tion were performed (see Results) to obtain structures that
were used in the electrostatic calculations. Computations
were carried out using two steps of focusing. For the first
step, the spacing grid was set to 1 Å and the protein complex

filled 40% of the box. For the second step, these values were
0.5 Å and 80%, respectively. For each step, 1000 iterations
were performed to achieve convergence. The exterior
dielectric constant (εext) was set to 80 through the study, and
the interior dielectric constant (εin) was varied from 1 to 20
to fit the experiment data (see Results). The ionic strength
was set to 0, since the corresponding experiments were
carried out at a low ionic strength (∼5 mM). Test calculations
showed that the ionic strength did not have a significant effect
on the calculated energies.

To evaluate the electrostatic energy changes during the
binding process, one-, two-, and three-dimensional energy
surfaces were calculated as cytc2 was displaced from its
position in the complex. The coordinate axes for the
displacements were defined as shown in Figure 1. The iron
atom of heme in the complex was defined as the origin
O(0,0,0). Thezaxis was defined as the perpendicular vector
connecting the heme Fe with the vector between the two
Mg atoms in the special pair, defined as they direction. The
magnesium of DL is located on they > 0 side. (1) The one-
dimensional surface was obtained by displacing the cytc2

along the z axis. (2) The two-dimensional surface was
obtained by displacing the cytc2 along thezaxis and rotating
it around thezaxis by an angleω. (3) The three-dimensional
surface was obtained by displacing the cytc2 as a rigid body
from its position in the cocrystal structure without rotation.
After displacement of the cytc2, an additional 100 steps of
minimization were performed to relax unphysical contacts
between atoms, prior to the calculation of the electrostatic
interaction.

RESULTS

Changes in Electrostatic Energy Due to Mutation of
Charged Residues.The role of electrostatic interactions in
the binding process was examined using a dielectric con-
tinuum model. This model was tested by calculating changes
in the binding free energy (δ∆Gelec) resulting from mutating
charged residues on the RC and comparing these calculated
changes to the experimental results of Tetreaultet al. (42).
The charged residues mutated in this study do not make van
der Waals contact with cytc2 (4). In addition, these mutations
were found experimentally to have only small effects on the
first-order rate constant for electron transfer from cytc2 to
RC. Thus, we assume that the orientations of the bound cyt
c2 in the mutant complexes are the same as that found in the
native complex and that the changes in binding free energy
are due to the change in electrostatic interactions.

Calculations were performed for the mutations changing
the charge of surface residues on the RC. The modified RCs
were DK(M184) (i.e., Asp M184f Lys), DK(L261), DK-
(M88), EK(M95), DK(M292), DK(L257), DK(L155), EK-
(M100), EK(M111), DN(M184), EQ(M95), DN(M292),
DN(L261), QE(L258), and DK(L155)/DK(L257). From the
calculated electrostatic contributions to the binding energy,
∆Gelec, of each mutant, the changes due to mutations [i.e.,
δ∆Gelec ) ∆Gelec(mutant)- ∆Gelec(wild type)] are obtained
for different values ofεin, and compared to experimental
measurements (42). The results with an internal dielectric
constantεin of 10 are shown in Figure 3. Quantitative
agreement between the calculated and experimental values
for the free energy was found (slopea ) 1.0). Other values

∆G ) Gbound- Gunbound

∆G ) ∆Gelec+ ∆Gnp + ∆Gstrain- T∆S

∆Gelec) ∆Gcoul(εin) + ∆Gsolv(εin,εext)
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of εin also show good correlation, i.e., correlation coefficient
R of ∼1. The experimental data could be fairly well fit by
a range ofεin values of 2-20 (slopesa ) 1.2-0.8). These
results support the model used in the calculation and indicate
that the orientation of the cytc2 in the complex is not changed
by the mutation.

The dielectric constant in the dielectric continuum model
calculations implicitly includes electronic and nuclear re-
laxations responding to the change in charge distributions,
and thus, the structure used for calculation may affect the
optimal dielectric constant obtained in the above calculations
(for example, see ref53). In particular, the scheme of
minimization, which introduces relaxation in structure due
to the mutations, would have an affect. Thus, we tested three
minimization schemes: (1) 100 steps of minimization of only
the mutated residue (other residues are fixed), (2) scheme 1
plus 100 steps of minimization of side chains of all residues
(main chain atoms are fixed), and (3) 1000 steps of
minimization allowing motion of all side chains. The results
of these calculations are shown in Figure 3b. Calculations
with scheme 2 showed smaller values of slopea than scheme
1. The best slope for both schemes 1 and 2 was obtained
with an εin of 10. The best correlation coefficient was

obtained with scheme 2. Presumably, the relaxation allowed
in scheme 2 is beneficial. However, the more extensive
relaxation allowed by scheme 3 gives lower correlation
coefficients, possibly due to distortions in structure intro-
duced by long minimization without solvent. From these
results, we selected Scheme 2 for minimization in the
following calculations. We continue to examine the effect
of varying the dielectric constant, since a range of protein
dielectric constants give good agreement with experimental
data.

Coulomb and DesolVation Energies. The Coulomb and
desolvation energy contributions to the changes in electro-
static energy due to mutation were also examined. Tetreault
et al. (42) compared the change in binding free energy due
to mutating negatively charged residues to either positively
charged residues or neutral residues, i.e., “charge-reversing”
(from negative to positive) or “charge-neutralizing” (from
negative to neutral) mutations. The ratio of change in free
energy due to the of two mutations (γ) was calculated

For all of four sets,γ was close to1/2. From this result, since
1/2 is the value one can expect from Coulomb’s law, the
authors concluded that the desolvation energy is small for
this system.

Here, we reexamine this result with our calculations. For
each of the mutations,δ∆Gsolv andδ∆Gcoul were calculated.
The results, shown in Figure 4, show that the desolvation
energyδ∆Gsolv is not small. Instead, the desolvation energy
was found to be proportional to the change in the Coulomb
contribution to the free energy (δ∆Gsolv ∼ -0.7δ∆Gcoul).
Thus, the change in total electrostatic energy was propor-
tional to the change in Coulomb interaction energy;δ∆Gelec

∼ 0.3δ∆Gcoul. Since in the continuum modelδ∆Gcoul is
calculated from Coulomb’s law using a dielectric constantε

equal toεin, this observation implies that we can estimate
the change in the electrostatic interaction due to mutation
from Coulomb’s law with a single dielectric constant of∼10/
0.3 (∼30) and explains the resultingγ of 1/2. The origin of
this linear relationship and its general applicability to other
systems require further study. We should also note that the
simple Coulomb relationship applies only when calculating
δ∆Gelec but does not apply when calculating∆Gelec.

FIGURE 3: Calculated and experimental values for the change in
binding free energy (δ∆Gbinding) due to mutation of charged residues
on the RC. (a) Plot of the best fit between theory and experiment
obtained using anεin of 10. The slopea equals 1.0. (b) Effect of
internal dielectric constants (εin) and minimization scheme on the
comparison ofδ∆Gbinding between calculation and experiments on
the slopea and correlation coefficientR. Three minimization
schemes, mutated residue only (×), 100 steps with all residues (O),
and 1000 steps with all residues (0), are compared. Linear fitting
of computational results to experimental results is performed for
each mutation, which gives the relationδ∆Gcalc ) aδ∆Gexp + b. R
is the correlation coefficient between experimental and computa-
tional data. Regardless of the minimization condition, anεin of 10
gives the quantitatively best agreement with the experimental value;
i.e., the slope equals 1.00. The 100 steps minimization gives the
best correlation.

FIGURE 4: Calculated changes in the reaction field energy (δ∆Gsolv)
and Coulomb energy (δ∆Gcoul) due to mutations of charged
residues. The mutated residues were the same as in Figure 3. The
plot shows that the two energies are linearly related;δ∆Gsolv ∼
-0.7δ∆Gcoul.

γ )
δ∆G(-) f (0)

δ∆G(-) f (+)
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Electrostatic Energies at Different Docking Configura-
tions. To elucidate the role of electrostatic energies in the
docking and binding process, the electrostatic energies were
calculated for different positions of the cytc2 relative the
RC. Configurations of the cytc2 and RC were explored as
the cytc2 moves away from the RC in one, two, and three
dimensions. In these calculations, we assume that the cytc2

is oriented with the heme edge pointing toward the RC plane
as in the crystal structure. This is reasonable since the cytc2

has a large dipole moment (µ ) 120eÅ) despite having only
a small net charge of-2e. The front surface of the cytc2

containing the exposed heme edge is positively charged, and
the binding surface of the RC has a strong negative charge.
A preliminary study of the effects of rotation of the cytc2

perpendicular to the dipole axis was done by calculating the
electrostatic energy of the system for rotation of the cytc2

around thex andy axes atz ) 10 Å, x ) 0, andy ) 0. The
value of∆Gelec, calculated using the continuum model, was
found to be close to a minimum when the cytc2 was in the
cocrystal orientation. The average value of the rotation energy
was increased by 1.6 kcal/mol for rotation of(45° around
the x and y axes, indicating that electrostatic interactions
orient the cytc2 at the RC surface at this distance.

In the one-dimensional study, the electrostatic energy was
calculated as a function of displacement of the cytc2 along
thezdirection, perpendicular to the RC surface using values
of εin between 1 and 20 (Figure 5a). The total electrostatic
energy is negative (favorable) as the cytc2 approaches the

RC but goes through a minimum at a distance of∼3 Å,
independent ofεin, and becomes less favorable at shorter
distances. To understand the increase in energy at short
distances, the two contributions to the electrostatic energy,
the Coulomb interaction and the Poisson-Boltzmann reac-
tion field energy, were calculated separately. The results for
an εin of 10 are shown in Figure 5b. The Coulomb energy
(∆Gcoul) decreased with decreasing distance, as expected for
interactions between opposite charges. The reaction field
energy (∆Gsolv) increased with decreasing distance, due to
removal of the solvent from the charged interface. This
increase in energy is attributed to the effect of desolvation;
i.e., a closer approach would require the removal of solvent
from charged residues. Similar results were found using
different values ofεin between 1 and 20. The repulsive effect
of electrostatic desolvation is weaker for larger values of
εin. It should be noted that in principle the best value forεin

may be different at different values ofz. However, the effect
of varying εin is expected to be small and not significant at
z > 3 Å. For all values ofεin, the minimum electrostatic
energy occurs at a distance longer than that observed in the
crystal structure.

In the two-dimensional study, the effect of rotating the
cyt c2 around thezaxis at different values ofzwas examined.
The two-dimensional energy surface calculated (using an
εin ) 10) for translation and rotation is shown in Figure 6.
A shallow minimum in the electrostatic energy was found
at z ) 3 Å andω ) 40°. The position of this minimum was
independent ofεin. Thus, as the cytc2 approaches the RC
surface, the electrostatic potential energy surface will tend
to orient the cytc2 reasonably close to the orientation in the
cocrystal structure. Forz values of 5-10 Å, the energy
difference between the favorable and unfavorable orientations
is in the range of 1-2 kcal/mol (∼2-3kBT), which is suitable
for electrostatic steering. These results show that electrostatic
interactions lead cytc2 near to the bound position; however,
they do not determine the structure of the bound complex.

In the three-dimensional study, the effect of translating
the cytc2 in a plane perpendicular to thezaxis was examined.
For simplicity, the cytc2 was translated along thex, y, and

FIGURE 5: Electrostatic energy surface for one-dimensional transla-
tion along thezaxis (azof 0 corresponds to the cocrystal structure).
(a) Total electrostatic energy vs distance for different dielectric
constants.εin ) 1 (O), 2 (b), 4 (4), 8 (2), 10 (0), and 20 (9). The
minimum electrostatic energy is at∼3 Å. At z > 4 Å, the
electrostatic energy is almost independent ofεin, since there is large
solvent region (withεext ) 80) between two molecules. At smaller
values ofz, the electrostatic energy becomes less favorable due to
electrostatic desolvation. The desolvation effect is strongest for low
values ofεin. (b) Contributions to the total electrostatic energy
calculated with an internal dielectric constantεin of 10: Coulomb
interaction energy,∆Gcoul (4), reaction field (electrostatic solvation
energy),∆Gsolv (O), and total electrostatic energy,∆Gelec (0).

FIGURE 6: Two-dimensional electrostatic energy surface forz axis
translation and rotation around thezaxis. The minimum electrostatic
energy configuration (dark blue) is close to that of the final state,
but the cytc2 is displaced and rotated above the final position in
the X-ray structure (z ) 3 Å, ω ∼ 40°). Electrostatic interactions
lead cytc2 toward the bound state (electrostatic steering); however,
they do not determine the final structure of the complex (0,0).

Cytochromec2-Reaction Center Electrostatic Interactions Biochemistry, Vol. 42, No. 40, 200311655



z directions without rotation. The electrostatic energies in
thex-y plane for different values ofz are shown in Figure
7. At z ) 10 Å, a broad minimum is found near the position
of the bound complex at the origin but displaced tox andy
values of-5 and-5 Å, respectively. At smaller values of
z, the position of the minimum shifts. Atz ) 2, the potential
energy surface is greatly restricted to values near the bound
configuration. This is partly due to the steric constraints due
to fixing the cytc2 configuration to that of the bound state.
This energetic restriction is indicative of a steering effect.
However, as in the one- and two-dimensional studies, the
position of minimum energy, nearx and y values of
approximately-5 and-3 Å, respectively, forz∼ 6 Å, does
not correspond to the position of the bound complex.

Comparison between the Electrostatic Energy at Different
Distances with Transition State Energies. In this section,
calculations that model the transition state for the association
process are presented. Experimentally, a Bro¨nsted coefficient
R of 0.4 was observed for mutations of charged residues on
the RC (42). To characterize the structure of the transition
state, we model it as a state in which the cytc2 is displaced
linearly along thez direction without rotation from its
orientation in the bound state. The change in electrostatic
energyδ∆G(z) due to mutation of a residue was calculated
with the cytc2 a distancez from its bound state. The ratio
of the energy changeδ∆G(z)/δ∆G°(z)0) was taken to be
the ratio of the change in transition state energy to the change
in final state energy and should be equal toR. The best fit
to an R of 0.40 from the calculations for the different
mutations was obtained at a distance of 8 Å. This is shown
in panels a and b of Figure 8. The optimal distance of 8 Å
was independent of the dielectric constant fromεin values
of 1-10. Thus, these calculations are consistent with a
transition state for binding in which cytc2 is located atz ∼
8 Å above the RC compared to the X-ray cocrystal structure.

This would position the transition state near the region of
minimum electrostatic energy (wherex, y, andz ∼ -5, -3,
and 6 Å, respectively) discussed in the previous section.

FIGURE 7: Three-dimensional electrostatic energy surfaces for translation of cytc2 with respect to the RC surface. The electrostatic energy
in the x-y plane is shown at different values ofz. The cytc2 is fixed in the orientation of the cocrystal structure. The cross at the origin
indicates the position of the bound complex. The electrostatic energy decreases as the cytc2 approaches the RC surface (electrostatic
steering). The minimum electrostatic energy occurs when the cytc2 is displaced to a position (x ) -5 Å, y ) 0, andz ) 6 Å) reasonably
close to the position of the final complex. In this configuration, the heme is roughly located above Asp M184 (see Figure 2). Some of the
unfavorable energy configurations (red regions atz < 6) are due to spatial overlap of the two protein surfaces.

FIGURE 8: (a) Calculations modeling the Bro¨nsted coefficient. The
free energy changes for mutations in complexes displaced alongz
by 8 Å and 0 give a slopeR of 0.41( 0.05, in agreement with the
experimental value of 0.40. (b) Values ofR for different displace-
ments along thez axis. The best fit to anR of 0.40 is at a distance
of 8 Å. This distance was almost independent ofεin.
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Effect of Nonelectrostatic Contributions to the Binding
Energy. In the simple model used in these calculations, it is
assumed that the changes in binding energy due to mutation
of charged residues are only due to electrostatic interactions.
However, nonelectrostatic contributions (e.g., due to van der
Waals contacts) may also be present. These contributions
are not expected to be large since in the cytc2-RC complex
the charged residues are not in van der Waals contact (4).
In addition, the close fit of the binding energy by the
electrostatic calculation suggests that electrostatic interactions
dominate. The possible nonelectrostatic effects of mutation
are expected to decrease the binding affinity due to unfavor-
able contacts. If a nonelectrostatic, positive contribution of
20% to the binding energy is assumed to be present, the
parameters from the electrostatic calculations would be
modified. The new parameters would be an optimalεin of
∼20 (Figure 3), a small favorable electrostatic contribution
to the binding energy∆Gelec of approximately-2 kcal/mol
(Figure 5), and a lower limit for the distancez in the
transition state of∼6 Å (Figure 8, assuming that the
transition state energy is totally electrostatic).

DISCUSSION

Electrostatic Contribution to the Binding Energy. In this
study, the electrostatic energies between cytc2 and RC were
calculated for the cytc2 positioned in the bound state or in
configurations approaching the bound state. The continuum
electrostatic model gave good agreement with experimental
results for the free energy changes upon modification of
charged surface residues on the RC when a protein dielectric
constant of 10 was used (Figure 3). However, calculation of
the electrostatic energy as a function of distance indicates
that the electrostatic interaction does not dominate the
binding energy but instead is close to zero and slightly
unfavorable (∆Gelec ∼ 1 kcal/mol at anεin of 10) when the
cyt c2 is in the position of the bound state (Figure 5). This
indicates that other interactions, such as hydrophobic con-
tacts, van der Waals interactions, and the entropy contribution
of displaced water, must be considered to account for the
binding energy.

The difference between the two results, i.e., the changes
in free energy upon mutation and the relatively unchanged
total energy, are not contradictory since the total electrostatic
energy for binding (∆Gelec) is not equal to the sum of the
changes in free energyδ∆Gelec due to mutation of single
residues as pointed out by Hendsch and Tidor (54). This
occurs because the contribution of each residue to the total
binding energy is the desolvation energy plus one-half of
the Coulomb energy due to the residue. However, the
replacement of a residue with a different residue by mutation
results in a change in the desolvation energy and the loss of
all of the Coulomb energy due to the residue (for the case
of mutation to a neutral residue). Thus, mutational results
tend to overemphasize the Coulomb contribution compared
to the desolvation effects.

The small unfavorable electrostatic contribution to the
binding energy is somewhat surprising in view of the large
number of complementary charged residues on cytc2 and
the RC in the interaction region. However, the unfavorable
effects of desolvation leading to unfavorable free energies
for burying charges due to protein association have been

observed in other protein associations studied using Poisson-
Boltzmann electrostatic calculations (12, 25, 26, 55). This
has been explained by the loss of the stabilization effect due
to polarization of bulk water molecules (56, 57). The
exclusion of solvent generally destabilizes charges buried
by the protein association process. The fact that in the cyt
c2-RC complex, the charges are not completely buried and
in all cases are partially solvated (4) indicates that the system
is designed to maximize the electrostatic contribution to the
stability of the cyt c2-RC complex by minimizing the
electrostatic desolvation penalty. The partial solvation of the
charged groups may also explain the relatively highεin value
of 10 found to be optimal in this study (16).

Electrostatic Contribution to the Docking Process. Even
though the electrostatic interactions do not enhance the
binding energy, they play a key role in the docking process.
A general feature of the docking calculations for different
configurations is a minimum electrostatic energy when the
cyt c2 is close to the surface of the RC (Figures 5-7). The
electrostatic energy surfaces show smooth decreases in
energy that lead to an encounter complex in which the cyt
c2 is positioned within 5-10 Å of its position in the final
complex. The relatively broad shallow energy profile allows
the cytc2 to readily explore configurations near this minimum
and to access the transition state leading to the final state
active in electron transfer. This result agrees with the
electrostatic analysis of Tiedeet al. (58), who commented
on the diffuse nature of the electrostatic potential energy
surface of the cyt and RC, allowing cytochromes from a
variety of different species to bind to the RC.

The absolute minimum for the electrostatic energy in the
three-dimensional study was found atx and y values of
approximately-5 and-3 Å, respectively, for az of 6 Å
(Figure 7). This would position the heme edge of the cytc2

above Asp M184 (see Figure 2). This position agrees with
the placement of cytc2 based on electrostatic calculations
reported by Adiret al. (59). However, it disagrees with the
position of the cytc2 in the bound complex (4), showing
that electrostatic interactions do not determine the structure
of the bound state. This general feature of the energy surface
was obtained with a simplified model in which the orienta-
tions of the cytc2 were in a restricted range. Although
extensive evaluation of the energy surface over more
configurations should lead to a more detailed energy profile,
the general result of these calculations is expected to remain
unchanged. In view of the relatively nonspecific nature of
electrostatic interactions, short-range interactions must be
invoked to account for the specific structure of the cytc2-
RC complex observed in the crystal structure with cytc2

optimally positioned on the RC surface for electron transfer
(4, 37). Several possible short-range hydrophobic contacts
between the heme edge and Phe C102 on the RC and Tyr
L162 and Leu M191 on the RC and a cation-π contact
between Arg C32 and Tyr M295 are observed in the crystal
structure that may account for the specific binding (4). Thus,
a “two-step mechanism” (7, 28, 35) can be applied to binding
in this system. The binding process consists of the shift from
an electrostatic interaction to van der Waals interactions.

Model for the Transition State. Electrostatic calculations
were used to model the transition state for the association
process. The method used in this study is an alternative to
calculating the free energy as a function of position to obtain
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the transition state and is based on fitting changes in rate
due to mutation assuming that this change is due to
electrostatic interactions. Experimental results from a Bro¨n-
sted plot (42) and a double mutant study (41) showed that
in the transition state the cytc2 was in an orientation similar
to that of the final state. Using results from electrostatic
calculations, we propose a model of the transition state that
is consistent with experimental data. We make the simplify-
ing assumption that our one-dimensional model, i.e., docking
of the cytc2 along thez direction, is a representation of the
association process. For this simple model, the best fit with
a Brönsted coefficientR of 0.4 occurs at az distance of 8 Å
(Figure 8). Thus, the experimental results are best reproduced
by a transition state in which the cytc2 is displaced by∼8
Å along thez axis away from the RC. In the proposed
transition state, the van der Waals contacts between cytc2

and RC have not yet been formed and thus the transition
state energy should be dominated by long-range electrostatic
interactions while short-range interactions between uncharged
residues should not be very important. This agrees with the
observation that mutations to uncharged residues on the RC,
Leu M192 and Tyr M295 involved in short-range hydro-
phobic and cation-π interactions, respectively, have little
effect on the second-order rate constant (i.e., Bro¨nsted
coefficient of∼0.1; X. M. Gong and K. Weber, unpublished
results).

To a first approximation, the transition state corresponds
to the peak in the free energy along the reaction coordinate
(60). Since only the electrostatic contributions were repre-
sented in the plot shown in Figure 5a, no peak is present at
z) 8 Å. This is expected since the free energy barrier results
from enthalpic and entropic contributions that were not
explicitly considered in our calculations. One possible
contribution to the free energy barrier is the energy required
for bond breaking when removing solvent water molecules
between the two proteins. Atz ) 8 Å, there is enough
separation that two or more solvent water layers are between
the cytc2 and RC. This solvation layer impedes short-range
interactions at the interface between the electron transfer
cofactors, heme and BChl2, where the surfaces come into
van der Waals contact in the bound state. The energy for
removal of the final layers of water bound to the two surfaces
prior to formation of the complex may be responsible for
the barrier (26, 61). Another contribution to the free energy
barrier for association is the loss of translational and
rotational entropy due to association. Zhou has demonstrated
that a peak in a smooth electrostatic potential surface, such
as Figure 5a, may be produced by including the change in
the translational entropy with distance (62).

The proposed model for the transition state is consistent
with the transition state descriptions for other fast binding
systems (4, 5, 28, 29). Seltzer and Schreiber have analyzed
the transition state for the association of barnase and barstar
using an electrostatic calculation similar that that used in
the study presented here (63). They calculated the effect of
mutations to the energy of an encounter complex having
space for one water molecule between the two proteins and
obtained a Bro¨nsted coefficient of 0.8 for a log plot of the
association rate versus the electrostatic energy calculated for
the encounter complex. This result could be explained if the
transition state was positioned at a larger distance than that
of the encounter complex, separated by the diameter of two

or more water molecules, consistent with our study. Frisch
et al. have analyzed the association process of barnase and
barstar (29). They find that interactions of charged residues
are important for the transition states, while interactions of
uncharged residues are not important. In addition, they
concluded that the desolvation of the interface has not yet
occurred from the observation that the activation entropy was
close to zero.

We can characterize the electron transfer process more
quantitatively by estimating the electron transfer rate as a
function of distance of the cytc2 from the RC surface by
using the exponential dependence of the rate of electron
transfer with a distancek which equalskee-âr whereâ )
1.61-1.75 Å-1 for transfer through an aqueous interface (64).
An electron transfer rate at the transition state (ke) ∼1 s-1 is
obtained, a factor of 106 slower than in the bound state. A
similar slow rate would be calculated for the cytc2 positioned
at the electrostatic energy minimum. However, fluctuations
in distance, bringing the cytc2 in closer contact with the
active site, greatly increase the rate of electron transfer. The
simplest model for the second-order electron transfer rate
process is that the two proteins associate to form a cytc2-
RC complex having the same structure as that of the
cocrystal, in which the heme edge is in van der Waals contact
with Tyr L162 on the RC. While this assumption is
reasonable, we cannot rule out the possibility that electron
transfer occurs at other configurations prior to formation of
the thermodynamically stable state. The actual situation will
depend on the rates of the binding to the active configuration
compared to binding to inactive configurations and relative
to the rates of electron transfer from different configurations
(65). Although clear funnel-like behavior (electrostatic
steering) was confirmed in the studies of the electrostatic
landscape, the real binding process is likely to include a
number of different paths. Thus, it is likely that the transition
state is not a single structure but an ensemble of structures.
However, since electrostatic interactions are long-range
effects, the overall features of the transition state are expected
to agree with the model presented here.

CONCLUDING REMARKS

In this study, we used a simple continuum model to
calculate the electrostatic contribution to the energy surface
for the binding between cytochromec2 (cyt c2) and the
bacterial reaction center (RC) fromR. sphaeroides. The
model was able to simulate experimental data on the effects
of mutation of charged residues on binding and rates of
association. These calculations indicate that electrostatic
interactions play an important role in the rate of docking
but are less important in determining the structure of the
complex and do not make a major contribution to the binding
energy. In addition, the transition state for association was
characterized as a solvent-separated complex with the cyt
positioned ∼8 Å, the diameters of at least two water
molecules, farther from the RC than in the bound state.

Further calculations are necessary to improve upon this
simple electrostatic model and characterize the final step in
binding. Steered molecular dynamics simulations provide a
tool for this more detailed analysis by allowing for residue
flexibility and explicit solvation. Preliminary results by
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Luthey-Schulten and collaborators with this new approach
are encouraging and will allow for more quantitative studies
in the future (F. Autenrieth, K. Schulten, and Z. Luthey-
Schulten, unpublished results). Detailed studies of the
transition state should include the role of other configurations
in the binding process and the role of electron transfer from
different configurations. The theoretical and experimental
mechanism, which may be used to explore this transition
state ensemble in this problem, is similar toΦ value analysis
in protein folding (66, 67). Utilizing this approach, one will
be able to identify the participation of individual amino acids
at this transition state ensemble. Further studies of the binding
energy should deal with the entropy of binding and calcula-
tion of the van der Waals interactions.
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