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ABSTRACT. Electrostatic interactions are important for proteprotein association. In this study, we
examined the electrostatic interactions between two proteins, cytochrpifogt c;) and the reaction

center (RC) from the photosynthetic bacteriRhodobacter sphaeroidethat function in intermolecular
electron transfer in photosynthesis. Electrostatic contributions to the binding energy for ttye-BE

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
€in 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 theg frgpim 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 cytc, is displaced~8 A above its position in the bound complex. These results are consistent with

a two-step model for protein association: electrostatic docking of the,dgilowed by desolvation to

form short-range van der Waals contacts for rapid electron transfer.

Interprotein electron transfer plays an important role in be categorized as calculation of binding affinitié&s-(6),
the biological processes of photosynthesis and respirationprediction of unknown bound structurels?-24), or model-
(1—3). In these systems, water-soluble electron transporting the kinetics of the binding proces25-31). Proteins
proteins, such astype cytochromes, shuttle between specific can be characterized as fast bindédgg & 10° Mt s7%) or
membrane-bound electron donor and acceptor proteins.slow binders Ko, < 10" M~1 s7%) (7). The binding process
Efficient electron transport in these systems requires a of the fast binders is diffusion-limited and controlled by long-
specific binding of the electron carrier so that the redox range “electrostatic steering32—34), and it exhibits a strong
cofactors are close enough for the electron transfer reactiondependence on ionic concentration. One the other hand, the
to proceed and fast enough so that rapid association andslow binders are controlled by shorter-range interactions and
dissociation rates do not limit the electron flow. Electrostatic are less dependent on ion concentration. For the general
interactions play an important role in bringing the two mechanism of the binding process, a two-step mechanism
proteins together for electron transfer. In this study, we has been discusse8, {7, 28, 35). The first step is diffusional
examine electrostatic interactions between the reaction centemssociation to form an encounter complex. Following the first
(RC)* and cytochrome, from the photosynthetic bacterium  step, the second step is rearrangement to form the fully bound
Rhodobacter sphaeroidessing the recently determined complex. Short-range interactions such as van der Waals
X-ray crystal structure of the cyt,—RC complex §) to interactions are important at this stage.
determine their role in the association process. . The RC is the membrane protein involved in the initial

Proteln—proteln.assomatlon processes have been St“d'edlight-induced electron transfer step in membranes of pho-
by geveral theoretical and experimental methods (for generaltosynthetic bacteria (for reviews see réBand37). Light-
reviews, see refg, 3, and5—7). The studies can typically gy ced electron transfer in RCs results in the oxidation of

a primary donor, D, a bacteriochlorophyll dimer, and the
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Ficure 1: Representation of the cgsi—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 c; is displaced from the reaction center (RC) surface along the
perpendiculae direction (2) Two-dimensional translation, rotation,

in which cytc; is displaced from the RC along the direction and
rotated by an angle around thez axis. (3) Three-dimensional
translation (no rotation), in which cyt;, is displaced in three
dimensionsX, y, andz) in the space above the RC surface, but in
which the orientation of cyt; is fixed in the cocrystal orientation.
The H subunit of RC is not included in our calculations.

have been extensively studied, (38—44). The reaction
scheme can be described as follows3)(
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equilibrates with a dissociation constaddy in the dark, two
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Ficure 2: Top surface projection view of charged residues located
in the interface region of the cyb—RC complex showing acidic
residues on the RC (red), basic residues on thedgurple), heme
(magenta), and the BChl dimer donor (red). The RC L (yellow)
and M (light blue) subunits and cygt (pink) are shown. Th& and

y axes are as indicated. Thexis is perpendicular to the plane of
the page. The length of the arrow is 20 A. Modified from Axelrod
et al. (4).

the heme edge with the surface of the RC provides a strong
tunneling pathway for electron transfetOj. Measurement

of the rate of electron transfer from cgt to the RC in the
crystal showed that the rate (10° s™') was the same as
that in solution, indicating that the configuration of cytin

the crystal is the same as the active configuration in solution.
Charged residues on the ogt 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 aytcentered
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 A, indicative of solvated charged residues.

populations of RCs are present, a fraction of RCs having The importance of electrostatic interactions for binding

bound cytc, and a fraction with no bound cygt. Following

and association was shown by mutations of charged residues

light excitation, the reaction shows at least two phases: aon the RC and cyt, (42, 45), by chemical modification

first-order phasek ~ 10° s7%), which corresponds to the

studies 46), and by reactions with cytochromes from

electron transfer reaction rate of the already bound state, anddifferent species 47). Tetreaultet al. (42) showed that

a slower phase with a second-order rate constari87),
which is limited by the kinetics of docking of cyb to RC
for those RCs lacking a bound agt The second-order rate

mutation of charged residues on the RC resulted in changes
in the second-order rate constakt)(and the dissociation
constant Kp). A log—log plot ofk; versus 1Ky (i.e., a free

constant is dependent on ionic strength and is close to theenergy plot of rate vs binding) was linear with a slapef

diffusion limit at low ionic strengthsk, ~ 10° M~1s1, 5
mM) (42). Thus, the cyt; 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 transf&8] indicate
thatk. is faster thark.¢ and thatk, (~kon) is determined by

~0.4. The slope (Bhasted coefficient),a, 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 cytand RC in the
bound complex 4) using a dielectric continuum model.
Results from these calculations are compared to the experi-

the kinetics for association rather than by the rate of electron mental data. In addition, the electrostatic energy is examined

transfer.

The X-ray crystal structure of the complex between the
cyt c; and RC shows the cyb 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 interaction

as a function of the distance between the @yand RC as
the cytc, is moved as a rigid body into its bound position
in the complex. We show that electrostatic interactions are
important for guiding the cyt, and RC into proximity prior

to binding but that electrostatic interactions alone do not
determine the structure of the bound complex. In addition,

contribute short-range contacts to orient the two proteins in a model for the transition state is proposed which explains
the bound state of the complex. The close contact betweenthe Brinsted coefficientd = 0.4).
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METHODS filled 40% of the box. For the second step, these values were
0.5 A and 80%, respectively. For each step, 1000 iterations
were performed to achieve convergence. The exterior
dielectric constantety) was set to 80 through the study, and
AG =Gy g~ G the interior dielectric constang;{) was varied from 1 to 20
ound = unbound 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-6 mM). Test calculations
+ Aan + AGg,,— TAS showed that the ionic strength did not have a significant effect
on the calculated energies.

where AGeec and AGy, are the electrostatic and nonpolar ~ To evaluate the electrostatic energy changes during the
contributions, respectively, to binding free energyGsirain binding process, one-, two-, and three-dimensional energy
accounts for possible distortions in the proteins upon surfaces were calculated as aytwas displaced from its
complexation; however, this term would be small for the position in the complex. The coordinate axes for the
target system, since the structural change upon binding isdisplacements were defined as shown in Figure 1. The iron
found to be small4). The last entropy termAS) describes atom of heme in the complex was defined as the origin
the loss of configurational entropy due to the loss of O(0,0,0). Thez axis was defined as the perpendicular vector
backbone and side chain torsional freedom, and translationalconnecting the heme Fe with the vector between the two
and rotational degree of freedom upon complex formation. Mg atoms in the special pair, defined as thdirection. The
While the nonpolar contributions are known to play an magnesium of Dis located on the > 0 side. (1) The one-
important role at the last stage of binding process, in this dimensional surface was obtained by displacing thecgyt
study we focus on the electrostatic contributions. The along thez axis. (2) The two-dimensional surface was
electrostatic contribution to the free energy for binding was obtained by displacing the cgt along thez axis and rotating
calculated using a continuum electrostatic model. The proteinit around thez axis by an angl@. (3) The three-dimensional
molecules are treated as point charges within a region havingsurface was obtained by displacing the cyas a rigid body
a dielectric constank, surrounded by solvent with a from its position in the cocrystal structure without rotation.
dielectric constant.y of 80. The electrostatic free energy After displacement of the cyt,, an additional 100 steps of

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 fornil@)

AG = AG

elec

for binding is due to two types of interaction2j minimization were performed to relax unphysical contacts
between atoms, prior to the calculation of the electrostatic
AC-"elec: AG'coul(ein) + AG‘solv(ein’eext) interaction.

where AGgou(ein) is the change in the pairwise Coulomb RESULTS

energy calculated between charges on different proteins using

ein and AGson{ein €ex) is the desolvation energy, the change Changes in Electrostatic Energy Due to Mutation of
in the electrostatic contribution to the solvation energy. The Charged Residue§he role of electrostatic interactions in
desolvation energy is due to the removal of high-dielectric the binding process was examined using a dielectric con-
water at the interface upon Comp|ex formation. In the tinuum model. This model was tested by CalCUIating Changes
continuum modelGson(€in,cex) is €qual to the reaction field  in the binding free energyAGeed resulting from mutating
energy, the self-energy (Born energy) energy for transferring charged residues on the RC and comparing these calculated
charges from a medium with a high dielectric constant changes to the experimental results of Tetreautil. (42).

to a medium with a low dielectric constaat, andAGsy iS The charged residues mutated in this study do not make van
the change iGso Upon binding. The values fakGeou and der Waals contact with cy (4). In addition, these mutations
AGSOlV are calculated from the x_ray Crysta' structures of were found expel’imenta”y to have Only small effects on the
the cytc, RC, and cytc,—RC complex by solving the first-order rate constant for electron transfer from cyto
Poissoﬁ-Bo'tzmann equation using the progrﬂB'PI'“ (48) RC. ThUS, we assume that the Ol’ientations Of the bound Cyt
with charge parameters from the AMBER force fielt) C; in the mutant complexes are the same as that found in the
and atom radii parameters from PARSED), The protein  Native complex and that the changes in binding free energy
surface was defined by rolling a ball with a radius of 1.4 A are due to the change in electrostatic interactions.

over the molecule50). Mutated residues were modeled into Calculations were performed for the mutations changing
the structure of the complex using SwissPdb Viewst).( the charge of surface residues on the RC. The modified RCs
The best configuration was selected by considering non- were DK(M184) (i.e., Asp M184— Lys), DK(L261), DK-
bonded clashes and hydrogen bonds, assuming that th€M88), EK(M95), DK(M292), DK(L257), DK(L155), EK-
positions of the nonmutated residues were not changed.(M100), EK(M111), DN(M184), EQ(M95), DN(M292),
Hydrogen atoms were added using the AMBER software DN(L261), QE(L258), and DK(L155)/DK(L257). From the
package %2). Since these modifications and hydrogen calculated electrostatic contributions to the binding energy,
addition may add structural crushes, for each structure, 100AGge Of €ach mutant, the changes due to mutations [i.e.,
steps of minimization for relaxing added hydrogen atoms 0AGeec = AGeledMutant)— AGeedwild type)] are obtained
were performed, and in addition, three schemes of minimiza- for different values of,, and compared to experimental
tion were performed (see Results) to obtain structures thatmeasurements4g). The results with an internal dielectric
were used in the electrostatic calculations. Computations constantej, of 10 are shown in Figure 3. Quantitative
were carried out using two steps of focusing. For the first agreement between the calculated and experimental values
step, the spacing grid was sett A and the protein complex  for the free energy was found (slope= 1.0). Other values
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; i Ficure 4: Calculated changes in the reaction field enefigyGso)

-1 0 1 2 3 4 5 and Coulomb energydAG.,,) 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 rela@NGgo ~
—0.70AGcout

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-
OB S R duced by long minimization without solvent. From these
§ ' results, we selected Scheme 2 for minimization in the

06, s " 5 2 following calculations. We continue to examine the effect

protein dielectric constant i of varying the dielectric constant, since a range of protein
Ficure 3: Calculated and experimental values for the change in dielectric constants give good agreement with experimental
binding free energydAGyinging due to mutation of charged residues data.
on the RC. (a) Plot of the best fit between theory and experiment Coulomb and Desohtion Energies The Coulomb and
obtained using ami, of 10. The slopea equals 1.0. (b) Effect of  desolvation energy contributions to the changes in electro-

|nternalld|electr|c constants;{) and minimization scheme on the static energy due to mutation were also examined. Tetreault
comparison 0BAGpinging between calculation and experiments on

the slopea and correlation coefficienR. Three minimization etal (42_) Compar_ed the change in _blndlng free e”ergy_due
schemes, mutated residue onky)( 100 steps with all residuesy, to mutating negatively charged residues to either positively
and 1000 steps with all residueS)( are compared. Linear fitting ~ charged residues or neutral residues, i.e., “charge-reversing”
of computational results to experimental results is performed for (from negative to positive) or “charge-neutralizing” (from

each mutation, which gives the relatioAGcac = adAGexp + b. R . f . p
is the correlation coefficient between experimental and computa- negative to neutral) mutations. The ratio of change in free

tional data. Regardless of the minimization conditioneamf 10 energy due to the of two mutationg)(was calculated
gives the quantitatively best agreement with the experimental value;
i.e., the slope equals 1.00. The 100 steps minimization gives the O0AG(—) — (0)

best correlation. 14 OAG(H) — (1)

of €, also show good correlation, i.e., correlation coefficient

R of ~1. The experimental data could be fairly well fit by For all of four setsy was close td/,. From this result, since

a range of, values of 2-20 (slopesa = 1.2—-0.8). These 1, is the value one can expect from Coulomb’s law, the

results support the model used in the calculation and indicateauthors concluded that the desolvation energy is small for

that the orientation of the cyp in the complex is not changed  this system.

by the mutation. Here, we reexamine this result with our calculations. For
The dielectric constant in the dielectric continuum model each of the mutation®AGg., anddAGeoy Were calculated.

calculations implicitly includes electronic and nuclear re- The results, shown in Figure 4, show that the desolvation

laxations responding to the change in charge distributions, energyd AGs, is not small. Instead, the desolvation energy

and thus, the structure used for calculation may affect the was found to be proportional to the change in the Coulomb

optimal dielectric constant obtained in the above calculations contribution to the free energy¥yAGsoy ~ —0.70AGcou).

(for example, see reb3d). In particular, the scheme of Thus, the change in total electrostatic energy was propor-

minimization, which introduces relaxation in structure due tional to the change in Coulomb interaction ener@Gejec

to the mutations, would have an affect. Thus, we tested three~ 0.30AGgou. Since in the continuum modelAGgou IS

minimization schemes: (1) 100 steps of minimization of only calculated from Coulomb’s law using a dielectric constant

the mutated residue (other residues are fixed), (2) scheme lequal toei,, this observation implies that we can estimate

plus 100 steps of minimization of side chains of all residues the change in the electrostatic interaction due to mutation

(main chain atoms are fixed), and (3) 1000 steps of from Coulomb’s law with a single dielectric constant-ef’

minimization allowing motion of all side chains. The results 3 (~30) and explains the resulting of /.. The origin of

of these calculations are shown in Figure 3b. Calculations this linear relationship and its general applicability to other

with scheme 2 showed smaller values of slaghan scheme  systems require further study. We should also note that the

1. The best slope for both schemes 1 and 2 was obtainedsimple Coulomb relationship applies only when calculating

with an ¢, of 10. The best correlation coefficient was O0AGeiec but does not apply when calculatidgGeies
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S translation and rotation around thexis. The minimum electrostatic
Z10f energy configuration (dark blue) is close to that of the final state,
) but the cytc; is displaced and rotated above the final position in
204 the X-ray structure= 3 A, w ~ 40°). Electrostatic interactions
<<D;" lead cytc, toward the bound state (electrostatic steering); however,

S
o

A 70 15 they do not determine the final structure of the complex (0,0).
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FicURe 5: Electrostatic energy surface for one-dimensional transla- RC but goes through a minimum at a distance~& A,

?O)n 1f}|0"|g thHaXIS (azof 0 COWESP%ndS to thfe CO(;?lrf)f/S'fal St(rjqclture)- independent oti,, and becomes less favorable at shorter
a) Total electrostatic energy vs distance for different dielectric gistances. To understand the incr in ener hor
constanisey = 1(0).2 )4, 3(4). 10 0 and 20 The 3 2102s 10 ETREE L0 I st eneray.
minimum electrostatic energy is at3 A. At z > 4 A, the v . . 9y,
electrostatic energy is almost independent,gfsince there is large  the Coulomb interaction and the Poissdoltzmann reac-
solvent region (withe,; = 80) between two molecules. At smaller  tion field energy, were calculated separately. The results for
values ofz the electrostatic energy becomes less favorable due to an ¢;, of 10 are shown in Figure 5b. The Coulomb energy

electrostatic desolvation. The desolvation effect is strongest for low (A ; ; ;
2 : r with reasing distan X for
values ofe. (b) Contributions to the total electrostatic energy (AGcou) decreased with decreasing distance, as expected fo

calculated with an internal dielectric constaptof 10: Coulomb interactions be_tween oppo_site Charge_s. The reaction field
interaction energyAGeou (4), reaction field (electrostatic solvation ~ €nergy AGson) increased with decreasing distance, due to
energy),AGsoy (O), and total electrostatic energiGelec (0). removal of the solvent from the charged interface. This

increase in energy is attributed to the effect of desolvation;

Electrostatic Energies at Different Docking Configura- i.e., a closer approach would require the removal of solvent
tions To elucidate the role of electrostatic energies in the from charged residues. Similar results were found using
docking and binding process, the electrostatic energies weredifferent values ot;, between 1 and 20. The repulsive effect
calculated for different positions of the cgt relative the of electrostatic desolvation is weaker for larger values of
RC. Configurations of the cyt, and RC were explored as . It should be noted that in principle the best valuedgr
the cytc, moves away from the RC in one, two, and three may be different at different values nfHowever, the effect
dimensions. In these calculations, we assume that the,cyt of varying e, is expected to be small and not significant at
is oriented with the heme edge pointing toward the RC plane z > 3 A. For all values ofej,, the minimum electrostatic
as in the crystal structure. This is reasonable since the;cyt energy occurs at a distance longer than that observed in the
has a large dipole moment & 120eA) despite having only  crystal structure.
a small net charge of-2e. The front surface of the cyt, In the two-dimensional study, the effect of rotating the
containing the exposed heme edge is positively charged, anctyt ¢, around thez axis at different values afwas examined.
the binding surface of the RC has a strong negative charge.The two-dimensional energy surface calculated (using an
A preliminary study of the effects of rotation of the ayt ein = 10) for translation and rotation is shown in Figure 6.
perpendicular to the dipole axis was done by calculating the A shallow minimum in the electrostatic energy was found
electrostatic energy of the system for rotation of the@yt atz=3 A andw = 40°. The position of this minimum was
around thex andy axes az = 10 A, x =0, andy = 0. The independent ot;,. Thus, as the cyt, approaches the RC
value of AGeieq calculated using the continuum model, was surface, the electrostatic potential energy surface will tend
found to be close to a minimum when the cytwas inthe  to orient the cyt, reasonably close to the orientation in the
cocrystal orientation. The average value of the rotation energycocrystal structure. For values of 5-10 A, the energy
was increased by 1.6 kcal/mol for rotation6#5° around  difference between the favorable and unfavorable orientations
the x andy axes, indicating that electrostatic interactions s inthe range of 42 kcal/mol (~2—3kgT), which is suitable
orient the cytc, at the RC surface at this distance. for electrostatic steering. These results show that electrostatic

In the one-dimensional study, the electrostatic energy wasinteractions lead cyt; near to the bound position; however,
calculated as a function of displacement of the @yalong they do not determine the structure of the bound complex.
thezdirection, perpendicular to the RC surface using values In the three-dimensional study, the effect of translating
of €, between 1 and 20 (Figure 5a). The total electrostatic the cytc; in a plane perpendicular to tlexis was examined.
energy is negative (favorable) as the cytapproaches the  For simplicity, the cyic, was translated along the y, and
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Ficure 7: Three-dimensional electrostatic energy surfaces for translation of ajth respect to the RC surface. The electrostatic energy

in the x—y plane is shown at different values nf The cytc; 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 asdhepproaches the RC surface (electrostatic
steering). The minimum electrostatic energy occurs when the,dgtdisplaced to a positionx(= —5 A, y = 0, andz = 6 A) 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 regiong at 6) are due to spatial overlap of the two protein surfaces.

z directions without rotation. The electrostatic energies in : : : : S )
the x—y plane for different values af are shown in Figure : : : : : :
7.Atz=10 A, a broad minimum is found near the position
of the bound complex at the origin but displacectandy
values of—5 and—5 A, respectively. At smaller values of
z, the position of the minimum shifts. At= 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 cytc, configuration to that of the bound state.
This energetic restriction is indicative of a steering effect. -1
However, as in the one- and two-dimensional studies, the
position of minimum energy, neax and y values of
approximately—5 and—3 A, respectively, foz ~ 6 A, does
not correspond to the position of the bound complex. 1.0
Comparison between the Electrostatic Energy at Different

3AG . (z=8) (kcal/mol)

Distances with Transition State Energida this section, 5 08
calculations that model the transition state for the association E
process are presented. Experimentally, &Bted coefficient o6
o of 0.4 was observed for mutations of charged residues on 3
the RC @2). To characterize the structure of the transition ® o4
state, we model it as a state in which the cyis displaced é

s3]

linearly along thez direction without rotation from its
orientation in the bound state. The change in electrostatic
energydAG(z) due to mutation of a residue was calculated 0 ; ; ;
with the cytc, a distancez from its bound state. The ratio 0 5 ) 10 15
of the energy changéAG(2)/0AG°(z=0) was taken to be

. . » FIGURE 8: (a) Calculations modeling the Brsted coefficient. The
the ratio of the change in transition state energy to the changeygq energy changes for mutations in complexes displaced along

in final state energy and should be equabtoThe best fit by 8 A and 0 give a slope of 0.41=+ 0.05, in agreement with the
to an o of 0.40 from the calculations for the different experimental value of 0.40. (b) Values @ffor different displace-

mutations was obtained at a distance of 8 A. This is shown ments along the axis. The best fit to an. of 0.40 is at a distance

in panels a and b of Figure 8. The optimal distance of 8 A °f 8 A. This distance was almost independentgf

was independent of the dielectric constant fremvalues

of 1-10. Thus, these calculations are consistent with a This would position the transition state near the region of
transition state for binding in which cyt is located atz ~ minimum electrostatic energy (whexgy, andz ~ —5, —3,

8 A above the RC compared to the X-ray cocrystal structure. and 6 A, respectively) discussed in the previous section.

©
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Effect of Nonelectrostatic Contributions to the Binding observed in other protein associations studied using Peisson
Energy In the simple model used in these calculations, it is Boltzmann electrostatic calculation$2( 25, 26, 55). This
assumed that the changes in binding energy due to mutatiorhas been explained by the loss of the stabilization effect due
of charged residues are only due to electrostatic interactionsto polarization of bulk water moleculess§, 57). The
However, nonelectrostatic contributions (e.g., due to van der exclusion of solvent generally destabilizes charges buried
Waals contacts) may also be present. These contributionsby the protein association process. The fact that in the cyt
are not expected to be large since in the@ytRC complex c,—RC complex, the charges are not completely buried and
the charged residues are not in van der Waals condact ( in all cases are partially solvated) (ndicates that the system
In addition, the close fit of the binding energy by the is designed to maximize the electrostatic contribution to the
electrostatic calculation suggests that electrostatic interactionsstability of the cytc,—RC complex by minimizing the
dominate. The possible nonelectrostatic effects of mutation electrostatic desolvation penalty. The partial solvation of the
are expected to decrease the binding affinity due to unfavor- charged groups may also explain the relatively highalue
able contacts. If a nonelectrostatic, positive contribution of of 10 found to be optimal in this study.§).

20% to the binding energy is assumed to be present, the Electrostatic Contribution to the Docking Proce$sven
parameters from the electrostatic calculations would be though the electrostatic interactions do not enhance the

modified. The new parameters would be an optimalbf binding energy, they play a key role in the docking process.
~20 (Figure 3), a small favorable electrostatic contribution A general feature of the docking calculations for different
to the binding energ\Gelec Of approximately—2 kcal/mol configurations is a minimum electrostatic energy when the
(Figure 5), and a lower limit for the distancein the cyt ¢, is close to the surface of the RC (Figures®. The
transition state of~6 A (Figure 8, assuming that the electrostatic energy surfaces show smooth decreases in
transition state energy is totally electrostatic). energy that lead to an encounter complex in which the cyt
c, is positioned within 5-10 A of its position in the final
DISCUSSION complex. The relatively broad shallow energy profile allows
the cytc, to readily explore configurations near this minimum
Electrostatic Contribution to the Binding Energy this and to access the transition state leading to the final state

study, the electrostatic energies betweerncgwnd RC were active in electron transfer. This result agrees with the
calculated for the cyt, positioned in the bound state or in  electrostatic analysis of Tiedt al. (58), who commented
configurations approaching the bound state. The continuumon the diffuse nature of the electrostatic potential energy
electrostatic model gave good agreement with experimentalsurface of the cyt and RC, allowing cytochromes from a
results for the free energy changes upon modification of variety of different species to bind to the RC.
charged surface residues on the RC when a protein dielectric The absolute minimum for the electrostatic energy in the
constant of 10 was used (Figure 3). However, calculation of three-dimensional study was found atand y values of
the electrostatic energy as a function of distance indicatesapproximately—5 and—3 A, respectively, for & of 6 A
that the electrostatic interaction does not dominate the (Figure 7). This would position the heme edge of thegyt
binding energy but instead is close to zero and slightly above Asp M184 (see Figure 2). This position agrees with
unfavorable AGgec ~ 1 kcal/mol at arej, of 10) when the the placement of cyt; based on electrostatic calculations
cyt ¢, is in the position of the bound state (Figure 5). This reported by Adiret al. (59). However, it disagrees with the
indicates that other interactions, such as hydrophobic con-position of the cytc, in the bound complex4), showing
tacts, van der Waals interactions, and the entropy contributionthat electrostatic interactions do not determine the structure
of displaced water, must be considered to account for the of the bound state. This general feature of the energy surface
binding energy. was obtained with a simplified model in which the orienta-
The difference between the two results, i.e., the changestions of the cytc, were in a restricted range. Although
in free energy upon mutation and the relatively unchanged extensive evaluation of the energy surface over more
total energy, are not contradictory since the total electrostatic configurations should lead to a more detailed energy profile,
energy for binding AGeied is not equal to the sum of the  the general result of these calculations is expected to remain
changes in free energyAGeec due to mutation of single  unchanged. In view of the relatively nonspecific nature of
residues as pointed out by Hendsch and Tide#).(This electrostatic interactions, short-range interactions must be
occurs because the contribution of each residue to the totalinvoked to account for the specific structure of the cyt
binding energy is the desolvation energy plus one-half of RC complex observed in the crystal structure with cyt
the Coulomb energy due to the residue. However, the optimally positioned on the RC surface for electron transfer
replacement of a residue with a different residue by mutation (4, 37). Several possible short-range hydrophobic contacts
results in a change in the desolvation energy and the loss ofbetween the heme edge and Phe C102 on the RC and Tyr
all of the Coulomb energy due to the residue (for the case L162 and Leu M191 on the RC and a catiam contact
of mutation to a neutral residue). Thus, mutational results between Arg C32 and Tyr M295 are observed in the crystal
tend to overemphasize the Coulomb contribution comparedstructure that may account for the specific bindidg Thus,
to the desolvation effects. a “two-step mechanism7( 28, 35) can be applied to binding
The small unfavorable electrostatic contribution to the in this system. The binding process consists of the shift from
binding energy is somewhat surprising in view of the large an electrostatic interaction to van der Waals interactions.
number of complementary charged residues oncgydand Model for the Transition StateElectrostatic calculations
the RC in the interaction region. However, the unfavorable were used to model the transition state for the association
effects of desolvation leading to unfavorable free energies process. The method used in this study is an alternative to
for burying charges due to protein association have beencalculating the free energy as a function of position to obtain
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the transition state and is based on fitting changes in rateor more water molecules, consistent with our study. Frisch
due to mutation assuming that this change is due to et al. have analyzed the association process of barnase and
electrostatic interactions. Experimental results from anBro  barstar 29). They find that interactions of charged residues
sted plot 42) and a double mutant stud¢1) showed that are important for the transition states, while interactions of
in the transition state the cgt was in an orientation similar ~ uncharged residues are not important. In addition, they
to that of the final state. Using results from electrostatic concluded that the desolvation of the interface has not yet
calculations, we propose a model of the transition state thatoccurred from the observation that the activation entropy was
is consistent with experimental data. We make the simplify- close to zero.

ing assumption that our one-dimensional model, i.e., docking  \we can characterize the electron transfer process more
of the cytc; along thez direction, is a representation of the  guantitatively by estimating the electron transfer rate as a
association process. For this Simple model, the best fit with function of distance of the cyty from the RC surface by
a Brinsted coefficient. of 0.4 occurs at adistance of 8A  ysing the exponential dependence of the rate of electron
(Figure 8). Thus, the experimental results are best reproducedransfer with a distanc& which equalske? whereg =
by a transition state in which the cgi is displaced by~8 1.61—1.75 A L for transfer through an aqueous interfagd)(
A along thez axis away from the RC. In the proposed An electron transfer rate at the transition stat® £1 st is
transition state, the van der Waals contacts betwee,cyt optained, a factor of £0slower than in the bound state. A
and RC have not yet been formed and thus the transitionsjmilar slow rate would be calculated for the cypositioned
state energy should be dominated by long-range electrostaticat the electrostatic energy minimum. However, fluctuations
interactions while short-range interactions between unchargedin distance, bringing the cyt; in closer contact with the
residues should not be very important. This agrees with the active site, greatly increase the rate of electron transfer. The
observation that mutations to uncharged residues on the RCgjmplest model for the second-order electron transfer rate
Leu M192 and Tyr M295 involved in short-range hydro- process is that the two proteins associate to form agyt
phObiC and cationx interaCtionS, reSpeCtively, have little RC Comp|ex having the same structure as that of the
effect on the second-order rate constant (i.e.;nBted  cocrystal, in which the heme edge is in van der Waals contact
coefficient of~0.1; X. M. Gong and K. Weber, unpublished  with Tyr L162 on the RC. While this assumption is
results). reasonable, we cannot rule out the possibility that electron
To a first approximation, the transition state corresponds transfer occurs at other configurations prior to formation of
to the peak in the free energy along the reaction coordinatethe thermodynamically stable state. The actual situation will
(60). Since only the electrostatic contributions were repre- depend on the rates of the binding to the active configuration
sented in the plot shown in Figure 5a, no peak is present atcompared to binding to inactive configurations and relative
z=8 A. This is expected since the free energy barrier results to the rates of electron transfer from different configurations
from enthalpic and entropic contributions that were not (g5). Although clear funnel-like behavior (electrostatic
explicitly considered in our calculations. One possible steering) was confirmed in the studies of the electrostatic
contribution to the free energy barrier is the energy required |andscape, the real binding process is likely to include a
for bond breaking when removing solvent water molecules number of different paths. Thus, it is likely that the transition
between the two proteins. At = 8 A, there is enough  state is not a single structure but an ensemble of structures.
separation that two or more solvent water layers are betweenHowever, since electrostatic interactions are long-range
the cytc; and RC. This solvation layer impedes short-range effects, the overall features of the transition state are expected
interactions at the interface between the electron transferio agree with the model presented here.
cofactors, heme and BGhlwhere 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 ~ In this study, we used a simple continuum model to
barrier for association is the loss of translational and calculate the electrostatic contribution to the energy surface
rotational entropy due to association. Zhou has demonstratedor the binding between cytochrome (cyt c;) and the
that a peak in a smooth electrostatic potential surface, suchbacterial reaction center (RC) from. sphaeroidesThe

as Figure 5a, may be produced by including the change in model was able to simulate experimental data on the effects
the translational entropy with distancg?). of mutation of charged residues on binding and rates of

The proposed model for the transition state is consistent association. These calculations indicate that electrostatic

with the transition state descriptions for other fast binding interactions play an important role in the rate of docking
systems 4, 5, 28, 29). Seltzer and Schreiber have analyzed but are less important in determining the structure of the
the transition state for the association of barnase and barsta€omplex and do not make a major contribution to the binding
using an electrostatic calculation similar that that used in energy. In addition, the transition state for association was
the study presented heré3j. They calculated the effect of characterized as a solvent-separated complex with the cyt
mutations to the energy of an encounter complex having Positioned ~8 A, the diameters of at least two water
space for one water molecule between the two proteins andm0|ecules, farther from the RC than in the bound state.
obtained a Binsted coefficient of 0.8 for a log plot of the Further calculations are necessary to improve upon this
association rate versus the electrostatic energy calculated fosimple electrostatic model and characterize the final step in
the encounter complex. This result could be explained if the binding. Steered molecular dynamics simulations provide a
transition state was positioned at a larger distance than thatool for this more detailed analysis by allowing for residue
of the encounter complex, separated by the diameter of twoflexibility and explicit solvation. Preliminary results by

CONCLUDING REMARKS
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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 similardovalue 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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