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ABSTRACT: The effects of charge-charge interactions on the midpoint reduction potential (Em) of the
primary electron donor (P) in the photosynthetic reaction center ofRhodobacter sphaeroideswere
investigated by introducing mutations of ionizable amino acids at selected sites. The mutations were
designed to alter the electrostatic environment of P, a bacteriochlorophyll dimer, without greatly affecting
its structure or molecular orbitals. Two arginine residues at homologous positions in the L and M subunits
[residues (L135) and (M164)], Asp (L155), Tyr (L164), and Cys (L247) were changed independently.
Arginine (L135) was replaced by Lys, Leu, Gln, or Glu; Arg (M164), by Leu or Glu; Asp (L155), by
Asn; Tyr (L164), by Phe; and Cys (L247), by Lys or Asp. The R(L135)E/C(L247)K double mutant also
was made. The shift in theEm of P/P+ was measured in each mutant and was compared with the effect
predicted by electrostatics calculations using several different computational approaches. A simple distance-
dependent dielectric screening factor reproduced the effects remarkably well. By contrast, microscopic
methods that considered the reaction field in the protein and solvent but did not include explicit counterions
overestimated the changes in theEm considerably. Including counterions for the charged residues reduced
the calculated effects of the mutations in molecular dynamics calculations. The results show that electrostatic
interactions of P with ionizable amino acid residues are strongly screened, and suggest that counterions
make major contributions to this screening. The screening also could reflect penetration of water or other
relaxations not taken into account because of incomplete sampling of configurational space.

The dielectric screening that determines the strength of
interaction between two charged or polar species in a protein
is a complicated function of the protein structure and the
solvent. Because most globular proteins fold with hydro-
phobic amino acid residues inside and ionizable residues on
the surface, it frequently is suggested that the protein interior
has a low dielectric constant on the order of 4 (1). However,
experimental work even 20 years ago indicated that the
dielectric screening of charged groups in proteins often is
much stronger than this. Early measurements of the shifts
of the midpoint reduction potential (Em)1 in a series of
cytochromec derivatives with chemically modified lysine
residues showed that the effective dielectric screening factor
for surface groups was approximately 50 (2). In a more recent
study, Zhou and Swenson examined the interactions of a
partially buried flavin group with six Glu and Asp residues
in a flavodoxin (3). All the ionizable groups were on the
protein surface, and were within 13 Å of N1 of the flavin.
Replacing one of the Glu or Asp residues by a nonionizable
amino acid raised theEm of the FMNH-/FMNH• couple by
an average of only about 15 mV per unit change in charge.
In this case, the effective dielectric screening factor was in
the range of 50-100, depending on the location of the
charged residue.

Lockhart and Kim (4) have examined the effects of
permanent charges and dipoles on the pKas of ionizable
residues in helical model peptides. They found that long-
range interactions with permanent charges were strongly
screened, and they concluded that the pKas of ionizable
residues were determined mainly by dipolar interactions with
the helical backbone. Similarly, Forsyth and Robertson (5)
have described the effects of a particular Lys residue on the
pKas of several Asp and Glu residues in turkey ovomucoid
third domain. Previous calculations (6) had suggested that
the pKas of these residues were sensitive to interactions with
the Lys; however, replacing the Lys by Thr or Glu had little
or no measurable effect on the pKa of any of the acidic acids.

Complementary studies have shown that buried ionizable
amino acids can be charged. The arabinose binding protein,
for example, has a charged Arg that is not accessible to
solvent but is stabilized through hydrogen bonds (7).
Lysozyme has an ionized Asp that is stabilized similarly (8,
9). Hydrogen bonds also appear to stabilize the buried
chromophore of the photoactive yellow protein in a charged
state (10). Localized dipoles near the ends ofR-helices
stabilize charged groups in barnase and a sulfate binding
protein (11). Mutation of a Val to Asp or Glu adjacent to
the heme in myoglobin leads to an ionized amino acid that
is stabilized by the positive charge on the heme iron and
shifts theEm of the heme by about-200 mV (12, 13).
Garcia-Moreno et al. have inserted either a Lys or a Glu
into the hydrophobic core of a nuclease and determined the
pKa of the buried group from difference potentiometry and
measurements of protein stability (14, 15). The ionized
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residues did not unfold the protein and appeared to be
stabilized by interactions with protein dipoles and water
molecules. Williams et al. (16) recently showed that ionized
Asp and Glu residues could be introduced at several buried
sites in photosynthetic bacterial reaction centers without
disrupting the protein.

Attempts to calculate the energies of electrostatic interac-
tions in proteins have met with mixed success. There are
two main applications for such electrostatics calculations.
The first is to calculate the self-energy of a system, defined
as the solvation free energy of a group of atoms (e.g., a bound
cofactor or the reacting functional groups at one step of an
enzymatic reaction) in the absence of interactions with other
charged groups. The second application is to evaluate the
electrostatic interactions between separate charged groups.
Warshel and co-workers have noted that semimacroscopic
calculations require a larger effective dielectric constant for
interactions of charged groups than for self-energies (17-
19). They argue that the use of a macroscopic dielectric
constant (ε) with any value other than 1 simply compensates
for factors that are not treated explicitly. A treatment that
does not consider structural relaxations, for example, usually
requires a larger dielectric constant than one that allows the
structure to fluctuate. However, calculations of the self-
energies of charged groups in proteins appear to have become
reasonably accurate, even though the dielectric constant used
for the protein interior (εin) may have no simple physical
interpretation (19-25). Using free energy perturbation
techniques, Cutler et al. (26) were able to account well for
the effect of an Arg to Leu mutation on the pKa of a heme
propionate group in cytochromec. Fersht et al. (27-29) have
studied surface charge-charge interactions in barnase and
subtilisin by constructing a series of basic mutations and
measuring the change in the pKa of a histidine residue. The
histidine and the sites of the mutations were on the protein
surface, and the measured interaction energies were small
(0.3-0.5 kcal/mol for groups separated by 12-17 Å). In
this case, the experimental results were reproduced well by
continuum electrostatics calculations with a value of 2 for
εin and a dielectric constant of 80 for the solvent (εout) (29).
Antosiewicz et al. (30), however, found that calculations of
the pKas of ionizable residues in a large group of proteins
required a substantially higher value ofεin. The best fit to
the data was obtained by usingεin ≈ 20 for both self-energies
and charge-charge interactions, suggesting that significant
components are missing from the analysis.

Recently, there has been much effort to consider protein
relaxations in electrostatics calculations. Sham et al. (17) have
evaluated the effects of relaxations by calculating the
interaction energies of pairs of ionizable residues during
molecular dynamics trajectories in the charged and uncharged
states and comparing the results to those of calculations with
the unrelaxed crystallographic structure. Alexov et al. (20,
24, 25, 31) have used a Monte Carlo procedure that considers
many configurations of the polar hydrogens. These workers
also considered the variation of heavy-atom positions in
families of crystal structures for the same protein. Nielsen
et al. (32) have emphasized the effects of hydrogen-bonding
networks and of flipping amino acid side chains.

Most of the studies cited above have involved water-
soluble proteins. Much less is known about the screening of
electrostatic interactions in the interior of integral membrane

proteins. The photosynthetic reaction center (RC) ofRhodo-
bacter sphaeroidesprovides an excellent model for studying
electrostatic interactions in such a protein. The RC contains
two homologous polypeptides (L and M), each of which has
five transmembraneR-helices, a third polypeptide (H) with
one transmembrane helix, four bacteriochlorophylls (PL, PM,
BL, and BM), two bacteriopheophytins (HL and HM), and two
quinones (QA and QB) [see (33) for a review]. Two of the
bacteriochlorophylls (PL and PM) form a strongly interacting
dimer (P) that releases an electron when the RC is excited
with light. The electron moves to one of the quinones (QA)
by way of BL and HL. The rapid kinetics and high specificity
of the electron-transfer reactions depend in part on the
relative energies of the excited state (P*) and charge-
separated states such as P+BL

- and P+BM
-. It has been

suggested that long-range electrostatic interactions with
charged residues poise the energies of these states such that
electron transfer to BL and HL is more favorable than transfer
to BM and HM (34). Other studies, however, have suggested
that the interactions of the electron carriers with ionizable
residues are strongly screened and make only minor contri-
butions to the energies (35).

Electrostatic interactions with the protein would be
expected to play a role in determining theEm of the P/P+

couple and the energies of charge-transfer states such as
PL

+PM
-, which influence the spectroscopic properties of the

RC. Williams, Allen, and co-workers have described an
extensive series of mutations that introduce or remove
hydrogen bonds to the acetyl and keto groups of PL and PM

(36-39). Each hydrogen bond raises theEm of P by 50-
100 mV. The effects are additive, and double and triple
mutants are able to alter the redox properties of the dimer
significantly. Muegge et al. (22) were able to reproduce the
effects of many of these mutations on theEm by continuum
electrostatics calculations. However, the effects of such
mutations cannot necessarily be attributed purely to elec-
trostatic interactions. Changes in hydrogen bonding could
alter the molecular orbitals of PL and PM or cause small shifts
in the positions of the molecules, either of which could affect
theEm through changes in the resonance interactions of the
two bacteriochlorophylls.

In the current work, we have mutated a series of ionizable
residues that are close enough to P to affect its electrostatic
potential, but sufficiently far away so that the mutations are
unlikely to cause major changes in the positions or molecular
orbitals of the bacteriochlorophylls. Most of the mutation
sites are largely buried in the protein. Changing the charges
at these sites stabilizes or destabilizes P+ relative to P, as
measured by shifts in theEm of P/P+. The changes in theEm

are compared to the effects predicted by several different
computational approaches, and the merits of these methods
are discussed.

MATERIALS AND METHODS

Construction and Purification of Mutant RCs.Oligonucle-
otide-mediated site-directed mutagenesis was accomplished
with the Chameleon Kit (Stratagene) for the initial mutations
of Leu and Glu at both R(L135) and R(M164) and the
Quikchange Kit (Stratagene) for the balance of the mutations.
The mutagenesis was performed in puc18 or puc19 vectors
containing portions of the L or M subunits, following

6484 Biochemistry, Vol. 41, No. 20, 2002 Johnson and Parson



methods developed by Williams et al. (36, 40, 41). After
transformation intoEscherichia colistrain DH5R cells and
purification of the mutated plasmid DNA, the regions
containing the mutations were subcloned into thepucoperon.
The R(M164) mutations were cloned into the pRKSCH
vector (41). The R(L135), D(L155), Y(L164), and C(L247)
mutations were cloned into the pRKSCH/pHis vector, which
contains a tail of seven histidine residues at the carboxyl
terminal of the M-subunit (42). The plasmids were trans-
formed into theE. coli strain S-17 and conjugated with
∆LM1.1, a Rb. sphaeroidesstrain that has the RC deleted
(40). DNA from the mutant RC-complemented∆LM1.1
strains was purified and sequenced to ensure that the
mutations had been introduced correctly.

Wild-type and mutantRb. sphaeroidesstrains were grown
semi-aerobically in rich media for 3-5 days in the dark (40).
RCs from the R(M164) mutants were isolated by standard
procedures (43, 44) with minor modifications. The solubi-
lization of the RCs was achieved with 0.65%N,N-dimeth-
yldodecylamine-N-oxide (LDAO, Fluka), a slightly lower
concentration than the 1.2% used by Feher and Okamura
(43), and after ultracentrifugation, the supernatant was
brought to 1% LDAO and 30% NH4SO4 (w/v) to precipitate
the RCs. The Celite step was omitted, and the solubilized
floating pellet was dialyzed to remove salts and loaded onto
a DEAE column. The RCs were eluted with a gradient of
0.03-0.25 M NaCl. RCs from the R(L135), D(L155),
Y(L164), and C(L247) mutations were isolated using a
protocol that exploited the histidine tag (42), and were
purified further by chromatography on DEAE-Sepharose
(Bio-Rad). The purified RCs were dialyzed against 15 mM
Tris-HCl, pH 8, 0.025% LDAO, and 1 mM EDTA and
concentrated to an OD800 of 40 in a 1 cmcuvette using an
Amicon pressure cell or a Centricon-50 filter device. The
purity of the sample was measured by the ratio OD280/OD800

and typically was between 1.4 and 1.8.
Redox Potential Measurements.The P/P+ midpoint redox

potential (Em) was measured with an electrochemical cell
essentially as described by Nagarajan et al. (45). The gold-
mesh working electrode had 333 lines/in. and was modified
with 4,4′-dithiodipyridine. The RCs were suspended in 20
mM Tris, pH 8, 0.1% LDAO, 1 mM EDTA, 60 mM KCl,
with 0.25 mM K+ ferrocyanide and 0.15 mM K+ tetra-
cyanomono(1,10-phenanthroline)ferrate(II) tetrahydrate as
redox mediators. The absorbance of P at the peak of the long-
wavelength absorption band (865 nm for wild-type RCs, but
shorter wavelengths for some of the mutants) was monitored
as a function of the applied potential. A nonlinear least-
squares procedure was used to fit the data to the one-electron
Nernst equation:

where A, Aox, and Ared are, respectively, the absorbance
measured at potentialE and at potentials well above and
well below theEm. TheEm of wild-type RCs was measured
along with each measurement on a mutant strain, and the
shift of the Em in the mutant was referenced to the wild-
typeEm. Oxidative and reductive titrations were fit separately
and averaged, and the shifts quoted below for a given mutant
are the mean of between 3 and 5 measurements. Potentials

are given in millivolts relative to the hydrogen electrode at
pH 7.0.

Models for Electrostatics Calculations.Assuming that the
mutation does not affect the gas-phase (molecular orbital)
energy difference between P+ and P, the change inEm caused
by a mutation (∆Em) should be proportional to the change
in ∆Gsol, the difference between the free energies of solvation
of P+ and P by the surrounding protein, water, and
electrolytes (∆Gsol ) Gsol

P+
- Gsol

P ):

whereF is the Faraday constant (23.06 kcal mol-1 V-1) and
n ) 1. We calculated∆∆Gsol by several different approaches,
using structural models based on the crystal structure ofRb.
sphaeroidesRCs described by Ermler et al. (46) [Protein
DataBank (47) file 1pcr]. Mutations were introduced by
replacing the side chain of the wild-type residue starting with
Cγ, using a Monte Carlo procedure to minimize the torsional,
electrostatic, and van der Waals energies of the new side
chain (48). The polar hydrogens of the 108 Ser, Thr, and
Tyr residues and the 158 crystallographic water molecules
(a total of 424 rotatable hydrogens) were oriented initially
to optimize the networks of hydrogen bonds, and then were
rotated to minimize the total electrostatic, van der Waals,
and torsional energy of the model. The latter minimization
was done by a Metropolis Monte Carlo, simulated-annealing
procedure, in which the temperature was decreased from
1000 to 10 K in 20 steps; 8480 (20× 424) random moves
were made at each step.

The simulated-annealing procedure was carried out 5 times
for each oxidation state of P (P and P+) in order to generate
separate sets of low-energy protein configurations for each
oxidation state. We then evaluated∆Gsol with the linear-
response approximation (49-52):

where∆Vsol is the difference between the calculated solvation
energies of P+ and P for a given configuration of the protein
(∆Vsol ) Vsol

P+
- Vsol

P ) and 〈‚‚‚〉i denotes the mean of the
values for configurations of electronic statei. The LRA
incorporates a major component of the dipolar reorganization
of the protein in response to a change in the charge on P.
∆Vsol was calculated by a variety of approaches as described
below. In the molecular dynamics calculations,〈‚‚‚〉i becomes
an average over a trajectory in statei.

The atomic charges for the protein were taken from the
ENZYMIX force field (53); those of the bacteriochlorophylls
and bacteriopheophytins were obtained by the program
QCFF/PI (54) and were the same as those used in previous
calculations of spectroscopic properties of P+ (55). Because
the charges are spread over largeπ-electron systems and all
the mutation sites are at least 8 Å from the centers of PL
and PM, the calculated solvation energies do not depend
stongly on the details of the intramolecular charge distribu-
tion (56). The calculated effects of the mutations did,
however, depend to some extent on the division of the net
positive charge of P+ between PL and PM. Except where

∆Em ) - 1
nF

∆{Gsol
P+

- Gsol
P } ≡ - 1

nF
∆∆Gsol (2)

∆Gsol )
1
2

{〈∆Vsol〉P + 〈∆Vsol〉P+} (3)

[P]/[P+] ) (A - Aox)/(Ared - A) ) exp{0.03894(Em - E)}
(1)
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stated otherwise, the net charge was divided equally between
the two bacteriochlorophylls.

Equation 2 involves a significant approximation because
a complete treatment of theEm requires considering quantum
mechanical electronic and vibronic coupling of PL and PM.
This can be done by describing P+ as a linear combination
of the basis states PL

+PM and PLPM
+, whose energies are

sensitive to mutations of residues near the pigments (38, 39,
57). The Em is obtained by diagonalizing the interaction
Hamiltonian, in which the electronic and vibronic coupling
factors enter mainly as off-diagonal matrix elements. Calcu-
lations of this type, carried out using the formalism described
by Gasyna and Schatz (58), showed that the changes in the
Em are related predominantly to changes of the basis state
energies and are relatively insensitive to the electronic and
vibronic coupling factors. The simple treatment expressed
by eq 2 thus appears to be an acceptable approximation for
our present purposes. The quantum calculations will be
presented elsewhere, along with measurements on the
ENDOR and FTIR spectra of the mutant RCs (E. T. Johnson,
W. W. Parson, F. Mu¨h, W. Lubitz, J. C. Williams, J. P. Allen,
J. Breton, and E. Nabedryk, unpublished experiments).

PDLD Calculations. The Protein-Dipole Langevin-Dipole
(PDLD) method treats dielectric screening by including a
self-consistent set of induced dipoles on the non-hydrogen
protein atoms and a grid of points representing the surround-
ing medium (21, 35, 59). The total solvation energy for
P f P+ in structural models relaxed in oxidation statei
is written

Here∆VQµ (∆VQµ ≡ VQµ
P+

- VQµ
P ) is the difference between

the energies of electrostatic interactions of P and P+ with
the other partial charges of the protein and pigment atoms,
calculated withε ) 1, and∆Vind, ∆VH2O, ∆Vmemb, and∆Vbulk

are, respectively, the corresponding differences in the energy
of interactions with induced dipoles in the protein, water,
membrane, and the bulk solvent outside the region that is
treated microscopically. The protein model for these calcula-
tions was trimmed to a 32 Å sphere centered on P, and
retained most of the RC (approximately 10 000 atoms).

The induced dipole at any atom or grid point depends on
the electric field at that point and on the polarizability of
the volume element represented by the point. Because the
field at any point includes both the static field of the protein
atoms and the field from the other induced dipoles, an
iterative procedure is used to obtain a self-consistent solution.
We set the polarizability of the protein atoms to correspond
to the macroscopic polarizability of a homogeneous medium
with a dielectric constant of∼2.2 according to the Clausius-
Mosotti equation (56). The grid points representing the
surrounding medium had a spacing of 2 Å and were divided
into water and membrane regions as described by Alden et
al. (35). In most of the calculations, the membrane region
was 25 Å thick and had a polarizability corresponding to a
macroscopic dielectric constant of 4, while the water region
had a higher polarizability that modeled the low-frequency
dielectric behavior of liquid water (35).

PDLD/S Calculations.In the PDLD/S method, the pro-
tein’s induced dipoles are treated implicitly by introducing
an effective dielectric screening factor (εin) for the interac-

tions with fixed charges of the protein atoms, while the
solvent dipoles are evaluated explicitly on a cubic grid as in
PDLD (17, 53). The solvation energy in this model is

whereεout is the dielectric constant of the solvent and the
other quantities are as in eq 4. For these calculations, we set
εout ) 80 and variedεin between 2 and 20.

Poisson-Boltzmann (DelPhi) Calculations.In the Pois-
son-Boltzmann or discretized-continuum method, as imple-
mented in the program DelPhi (60-62), the protein-solvent
system is mapped to a cubic grid with two dielectric regions.
The region corresponding to the protein has an adjustable
dielectric constant ofεin, and that corresponding to the solvent
usually is given a dielectric constant (εout) of 80. The reaction
field induced by the charges of the protein and pigment atoms
is evaluated by the linearized Poisson-Boltzmann equation
with the boundary condition that the potential goes to that
described by Debye-Huckel theory at large distances from
the protein. Coulombic interactions (∆VQµ in our notation)
are evaluated after the atomic charges are distributed onto
the grid, and are screened byεin as in PDLD/S. The total
solvation energy takes the form

where ∆VRF is the difference between the reaction-field
energies in the states P and P+. To include a membrane in
the discretized-continuum calculations, pseudo-protein atoms
with no charges were added to fill a 25 Å region similar to
the membrane region described above. This effectively
removes solvent from the membrane region and gives this
region the sameεin as the protein. The boundary conditions
for the potential were treated by using three grids that
successively focused down on the protein to a final resolution
of 2.4 grid points/Å. The protein filled 20% of the first grid,
85% of the second, and 90% of the third. The PARSE dataset
(63) was used for the atomic radii.

Calculations Using Distance-Dependent Screening Fac-
tors. In these calculations, charge-charge interactions be-
tween atomsi and j are screened by an empirical function
of the interatomic distance [fij(rij)]. The difference in solvation
energies between P+ and P becomes simply

whereQi andqj are the partial charges on atomi of PL or
PM and atomj of the protein or a crystallographic water and
rij is the distance between atomsi and j. The entire protein
was included in these calculations.

Several different expressions forfij were considered. The
expression introduced by Warshel et al. (64) for modeling
shifts of Em and pKa values has an exponential dependence
on distance:

∆Vsol ) ∆VQµ + ∆Vind + ∆VH2O
+ ∆Vmemb+ ∆Vbulk (4)

∆Vsol )
∆VQµ

εin
+ (∆VH2O

+ ∆Vmemb+ ∆Vbulk)( 1
εin

- 1
εout

) (5)

∆Vsol )
∆VQµ

εin
+ ∆VRF (6)

∆Vsol ) ∑
i

atoms of P

(Qi
P+

- Qi
P) ∑

j

other atomsqj

fijrij

(7)

fij ) 1 + 60(1- e-ηrij ) (8)
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whereη is an empirical factor in the range of 0.10-0.18.
We also tried a simple linear dependence on distance,fij )
rij, and a sigmoidal dependence of the form (65-67):

with εout ) 78 ands (a sigmoidicity parameter)) 0.3.
Molecular Dynamics (MD) Simulations.To examine

possible effects of protein backbone reorganization on the
Em of P/P+, we carried out MD simulations using a slightly
modified version of the program ENZYMIX (53, 68). The
crystal structure was trimmed to a 25 Å radius around the
point midway between P and the ionizable group of the
mutated residue, and unconstrained motions were allowed
within 18 Å of this point. Atoms in the shell between 18
and 25 Å were constrained to their crystallographic coordi-
nates, but were included in the electrostatics calculations.
∆Vsol was calculated during the MD trajectories essentially
by eq 4, except that no membrane was included in this model
and the Langevin dipoles were replaced by explicit water
molecules. Waters were added as needed to fill the region
with a radius of 20 Å and were modeled by the surface-
constrained-all-atom-solvent (SCAAS) treatment (69). The
Local Reaction Field method (70) with no distance cutoff
was used to evaluate all charge-charge interactions.

Separate MD trajectories were propagated on the potential
surfaces of P and P+, with the charge of P+ distributed
equally between PL and PM. The structural model for each
mutant was equilibrated during a 25 ps preliminary trajectory
with P in a given state, and∆Vsol then was recorded every
10 fs during a 100 ps trajectory with time steps of 1 fs.∆Gsol

was calculated from〈∆Vsol〉P and 〈∆Vsol〉P+ by the LRA
expression (eq 3). The MD calculations also provide the
reorganization energy by the expression (49, 52):

Effects of counterions in the MD simulations were
examined by including a single Na+ or Cl- ion in the water

near the charged amino acid, so as to make the net charge
of the system zero when P was in its reduced state. No
additional counterion was added for P+. One would expect
a counterion for P+ to have similar effects in the wild-type
and mutant RCs, and so to make only small contributions to
∆Em. However, because P is relatively far from the solvent-
accessible surface of the protein, it provides little constraint
on the location of a counterion in the solvent, and very long
MD trajectories would be required in order for the solvation
energy of the counterion to converge. For trajectories of the
length used here (100 ps), the fluctuations of this solvation
energy are large relative to the energy differences of interest.
Molecular dynamics simulations of the L(247) mutations
were not stable, again suggesting that the trajectories were
too short to reorganize the counterion and surrounding protein
around a completely buried charge.

RESULTS

Mutation Sites. Figure 1 shows the locations of the five
residues we mutated to explore long-range electrostatic
interactions of the protein with P. Arginines L135 and M164
are homologous residues of the L and M subunits, and are
almost symmetrically positioned on either side of P. The Cú

atom of R(L135) is 12.2 Å from the Mg of PL and 19.5 Å
from the Mg of PM, while the Cú of R(M164) is 13.8 Å from
the Mg of PM and 21.0 Å from that of PL. Although the
arginines are located near the periplasmic surface of the RC,
their side chains are almost completely buried. The sum of
the solvent-accessible surface areas (71) for the guanidinium
NH1 and NH2 nitrogens of R(L135) is 5.3 Å2, and that for
R(M164) is only 0.1 Å2. In a fully exposed side chain, these
atoms would have a total solvent-accessible surface of
approximately 75 Å2. R(L135) and R(M164) are located one
turn from the carboxyl end of a transmembraneR-helix,
which could stabilize a positive charge on the side chains.
The charge on R(L135) also could be stabilized by hydrogen
bonds to Y(L164) and a crystallographic water, while
R(M164) could form a salt bridge with E(M173). Several
peptide carbonyl groups also are oriented to stabilize positive
charges at these locations. In addition, there are small pockets
on the protein surface that could allow a counterion to sit

FIGURE 1: Stereoview of the bacteriochlorophylls and the mutation sites in the photosynthetic reaction center ofRb. sphaeroides(46). The
phytol side chains of the bacteriochlorophylls are removed for clarity. The view is approximately along theC2 pseudosymmetry axis. The
figure was prepared with Molscript (85) and Raster3D (86).

fij ) εout -
εout

2
[(rij s)2 + 2rij s + 2]e-rij s (9)

λ ) 1
2

{|〈∆Vsol〉P - 〈∆Vsol〉P+|} (10)
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close to the guanidinium group of each arginine. The
guanidinium groups also are close to, but not within
hydrogen-bonding distance of, the keto oxygen atom of either
PL or PM: these distances are 7.3 Å for R(L135) and PL and
9.2 Å for R(M164) and PM.

The carboxyl group of Asp (L155) is located approxi-
mately 14 Å from the Mg atoms of PL and PM. This residue
is well exposed to the solvent, giving theγ-carboxyl group
45 Å2 of accessible surface. The sulfur of Cys (L247) is 6.5
Å from the Mg of PL and is completely inaccessible to the
solvent.

Em Values.Figure 2 shows representative redox titrations
of P in the mutants of R(L135), and Table 1 gives the
measured shifts of theEm (∆Em

expt) for all the mutants
relative to wild-type RCs. The conservative mutations
R(L135)K and Y(L164)F have only marginal effects, shifting
theEm by -3 and+2 mV, respectively. The balance of the
mutations of Arg (L135) replace a side chain that likely is
positively charged by a neutral or negatively charged side
chain. These substitutions all lower theEm: Leu shifts the
Em by -20 mV; Gln, by-23 mV; and Glu, by-36 mV.
The similar effects of leucine and glutamine, which are both
neutral but differ in polarity, suggest that the shift results
mainly from the loss of the positive charge of the Arg. The
slightly larger effect of Gln, though not statistically signifi-
cant, could possibly reflect a weak stabilization of P+ by
the dipole of theδ-amide group. Glutamic acid shifts the
Em by nearly twice as much as Leu, as would be expected if
its δ-carboxylic acid group is negatively charged.

Mutations of Arg (M164) to neutral or negatively charged
residues also decrease theEm; however, the shifts are
consistently about 4 mV smaller than those caused by
homologous mutations of (L135). The Leu and Glu mutations
shift theEm by -16 and-32 mV. This is consistent with
the slightly longer distance between Arg (M164) and P (see
above), and with earlier evidence that the positive charge of
P+ is distributed unequally between PL and PM, with the
larger share going to PL (44) (see below).

The D(L155)N mutation raises theEm by 12 mV, con-
sistent with a destabilization of P+ by removal of a negative

charge. Cysteine (L247) also was mutated to Lys and Asp
to explore the effects of replacing a neutral residue by a
positively or negatively charged amino acid; the C(L247)K
mutation increases theEm by 51 mV, and the C(L247)D
mutation decreases it by 40 mV. The double mutation
R(L135)E/C(L247)K changes theEm by +8 mV, which is a
nearly additive combination of the individual effects.

Calculations.Consider, first, the expected effects of the
R(L135) mutations in the absence of dielectric screening.
For the mutations R(L135)L and R(L135)E, the changes in
the unscreened electrostatic energy difference between P+

and P (∆∆VQµ) are calculated to be-21.6 and-43.7 kcal/
mol, respectively, whereas the observed changes in theEm

correspond to only-0.5 and-1.0 kcal/mol. Although P is
buried in the intramembrane region of the protein and Arg
(L135) also is largely inaccessible to the solvent, the protein,
solvent, and electrolytes effectively screen the charge-charge
interactions by an average factor of about 40. To explore
possible explanations for this strong screening, we calculated
the expected effects of the mutations using computational
approaches that emphasize several different effects. Because
the RC is an integral membrane protein and is purified with
a belt of detergents (72), most of the models we considered
included a 25 Å region with low polarizability sandwiched
between two aqueous regions. Relaxations of the polar
hydrogen atoms of the protein and crystallographic waters
(and, in the MD treatments, any other atoms within a
specified region) were treated in the linear-response ap-
proximation by averaging∆Vsol over multiple configurations
for each oxidation state of P (eq 3). Within the limits of the
models, the resulting values of∆Gsol include the free energy
change associated with reorganization of the system when
P is oxidized (49-52). Some of the MD simulations also
included counterions for the ionizable groups.

FIGURE 2: Representative redox titrations of P/P+ in purified
Y(L164)F (0), wild-type (b), R(L135)K (O), R(L135)L (1),
R(L135)Q (3), and R(L135)E (9) RCs. The lines are best fits to
the one-electron Nernst equation. The mean value of∆Em for each
mutation is given in Table 1.

Table 1: Measured Shifts in theEm of P/P+ in Mutant RCs and
Shifts Calculated by PDLD and DelPhi with the Linear Response
Approximationa

strain ∆Em
expt ∆Em

calc (PDLD)b ∆Em
calc (DelPhi)c

R(L135)K -3 -6 +10
R(L135)L -20 -98 -101
R(L135)Q -24 -128 -121
R(L135)E -37 -194 -238
D(L155)N +12 +100 +81
Y(L164)F +2 -58 -41
R(M164)L -16 -56 -114
R(M164)E -32 -147 -261
C(L247)K +51 +332 +341
C(L247)D -40 -346 -315
R(L135)E/C(L247)K +8 +291 +211

a ∆Em
expt and∆Em

calc are the measured and calculated shifts of theEm

in mV, relative to wild-type RCs. Each∆Em
expt is an average of 3-5

measurements and has a standard error of the mean (SEM) of
approximately(5 mV. Each∆Em

calc is an average of the results for 5
structures relaxed with P in the reduced state and 5 relaxed in the
oxidized state. R, K, E, or D at the mutation site is assumed to be
charged while all other ionizable groups are neutral. All the models
include a membrane with a 25 Å hydrophobic region.b The PDLD
calculation of∆Vsol for each structure includes an average over 10
randomly chosen origins for the solvent/membrane grid. The total
standard error of the mean (SEM) of∆Em

calc for each mutant was
approximately(8 mV, including the error associated with choosing
the grid origin.c The DelPhi calculation of∆Vsol is for 0 M ionic
strength,εin ) 4, andεout ) 80. The SEM of∆Em

calc for each mutant
was approximately(10 mV.
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PDLD calculations include an explicit treatment of induced
dipoles in the protein and its surroundings. For models
with a 25 Å thick membrane, the predicted shifts in theEm

(∆Em
calc) agree qualitatively with experiment, but overesti-

mate the effects of the mutations by factors of 2-8 (see Table
1 and Figure 3A). Table 2 shows how the calculated∆Em

for the R(L135)L and R(L135)E mutations depends on the
width of the membrane. If the membrane is increased to
40 Å, the protein charges and P+ are solvated less well, and
the predicted shifts of theEm depart further from the
experimental results. A model with no membrane provides
the largest screening, as expected, but still overestimates the
shift significantly.

PDLD/S treats solvent-induced dipoles explicitly in the
same manner as the regular PDLD model, but uses an
effective screening factor (εin) for direct charge-charge
interactions rather than evaluating induced dipoles in the
protein. As mentioned in the introduction, larger values of
εin indicate that a greater portion of the overall screening is

treated implicitly rather than explicitly. Table 2 includes the
calculated values of∆Em obtained by PDLD/S calculations
for a 25 Å membrane and several values ofεin. The best
agreement with experiment requires an effective internal
dielectric constant of about 20.

The Poisson-Boltzmann (DelPhi) treatment resembles
PDLD/S in using a macroscopicεin for charge-charge
interactions within the protein. Poisson-Boltzmann calcula-
tions with a 25 Å membrane andεin ) 4 (a common choice)
gave results similar to the PDLD/S treatment withεin ) 2,
overestimating the effects of the mutations by a factor of
3-6 (Table 2 and Figure 3A). Increasingεin to 40 brought
the calculated∆Em into reasonable accord with the experi-
mental results (Table 2). A value of 20 forεin is sufficient
to reproduce the experimental results in models that do not
include a membrane, because P+ and the ionized residues
then are solvated more effectively by the reaction field in
the surrounding water.

Table 3 and Figure 3A,B show the shifts in theEm

calculated by using a distance-dependent screening factor
for charge-charge interactions. A simple linear function
(fij ) rij), which is sometimes used in MD simulations
because it avoids the calculation ofxrij, greatly underesti-
mates the screening for all the mutations considered here.
However, the exponential function withη ) 0.10 or 0.18
(eq 8) and the sigmoidal function (eq 9) both give good
agreement with experiment. These simple, empirical expres-
sions predict the experimental results within several millivolts
for almost all the mutation sites, including both the surface
and buried residues. (As in the PDLD, PDLD/S, and DelPhi
calculations, relaxations of polar hydrogen atoms around
P and P+ were treated separately in the linear-response
approximation by averaging over 10 structures. However,
the∆Em values calculated with the exponential or sigmoidal
screening function varied little among these structures, giving
standard errors of the mean of only(4 and (6 mV,
respectively.)

FIGURE 3: Correlation plots of calculated changes of the redox
potential (∆Em

calc) versus the experimental value (∆Em
expt). For a

perfect correlation, the data would fall on the solid line with a
slope of 1 andy-intercept of 0. (Note that the ordinate and abscissa
scales are different.) The∆Em

calc values are calculated for the
charge of P+ divided equally between PL and PM, and are given
in mV. (A) The changes in solvation energy were calculated
by PDLD (b), DelPhi (εin ) 4) (2), MD without a counterion (1),
MD with a counterion for the mutated residue (9), a linear distance-
dependent screening factor (fij ) rij) (4), and an exponential
distance-dependent screening factor (eq 8 withη ) 0.18) (0). (B)
Expanded view of results for calculations using distance-dependent
screening factors given by eq 8 withη ) 0.10 (3) or 0.18 (0), and
by eq 9 (O).

Table 2: Shifts in theEm of P/P+ in Mutant RCs Calculated by
PDLD, PDLD/S, and DelPhi for Various Models of a Membrane
andεin

a

∆Em
calc

model membraneb εin R(L135)L R(L135)E

PDLD 0 - -73 -134
25 - -98 -134
40 - -111 -134

PDLD/S 25 2 -106 -212
25 4 -58 -115
25 8 -33 -67
25 20 -19 -38

DelPhi 0 4 -39 -80
0 20 -20 -40

25 4 -101 -238
25 20 -32 -68
25 40 -20 -40

a ∆Em
calc is the calculated change ofEm in mV, relative to wild-type

RCs. Each entry is an average of results for 5 structures with P in the
reduced state and 5 in the oxidized state. In the PDLD and PDLD/S
calculations, 10 randomly chosen origins for the solvent/membrane grid
were used for each structure. R or E at the mutation site is assumed to
be charged while all other ionizable groups are neutral. The SEM for
the PDLD, PDLD/S, and DelPhi calculations are, respectively,(8, (8,
and(10 mV. b Width of the hydrophobic layer (Å).
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The results of molecular dynamics (MD) simulations are
shown in Figure 3 and are included in Table 4. The calculated
shifts of theEm for models that do not include counterions
are similar to those generated by the PDLD calculations.
Thus, although they allow the protein and solvent to
reorganize more extensively in response to both the mutation
and the oxidation of P, the MD simulations without explicit
counterions still overestimate the effects of the mutations
by a substantial factor.

To examine the effects of counterions, we carried out MD
simulations for the wild-type RC and the R(L135), R(M164),

and D(L155) mutations with a single Na+ or Cl- ion in the
water near the mutated or corresponding wild-type residue.
Including a counterion brings the predicted shift in theEm

closer to the measured value for all the mutations. In most
cases, however, the counterion overcompensates for the
change in charge on the protein, so that the sign of the
calculated∆Em is incorrect (see Table 4). This effect could
arise from inappropriate positioning of the counterion closer
to P than the ionizable amino acid, possibly because the
simulations continued for only 100 ps and included only one
ionizable residue in each model. As discussed below, a more
accurate treatment probably would have to consider second-
ary effects involving other ionizable residues and a cloud of
electrolytes surrounding the protein. It is interesting never-
theless that the single counterions considered here mainly
affected∆Gsol and had relatively little effect on the reorga-
nization energy (λ) associated with the oxidation of P (see
Table 4). This indicates that the position of the counterion
probably was determined mostly by the ionizable amino acid,
and not by the charge on P.

In all the calculations described above, we assumed for
simplicity that the positive charge of P+ is distributed equally
between PL and PM. Measurements of the ENDOR spectrum
of P+ have shown that the actual charge in wild-type RCs is
greater on PL than on PM, and that mutations that alter the
number of hydrogen bonds to the two bacteriochlorophylls
can change the charge distribution (44). ENDOR measure-
ments showed that similar changes of the spin distribution
occur in the R(L135)L, R(L135)E, R(M164)L, and R(M164)E
mutants described here (E. T. Johnson, W. W. Parson, F.
Müh, W. Lubitz, J. C. Williams, J. P. Allen, J. Breton, and
E. Nabedryk, unpublished experiments). The estimated ratio
of PL

+ to PM
+ varied from 1.29 to 3.2 in the order R(M164)E

< R(M164)L < wild-type < R(L135)L < R(L135)E. We
therefore calculated the expected shifts in theEm for these
mutants using these charge distributions, while retaining the
classical picture inherent in eq 2. (As discussed under
Materials and Methods, a more refined treatment requires
evaluating the electrostatic effects on diabatic PL

+PM and
PLPM

+ basis states separately and then rediagonalizing the
interaction Hamiltonian. Such an analysis will be presented
elsewhere.) As Table 5 shows, calculations using an expo-
nential or sigmoidal distance-dependent screening factor (eqs
8 or 9) still predict the shifts in theEm well. With these sets
of charges, using 0.18 for the exponential factor (η) in eq 8
gives better results thanη ) 0.10 for the mutations of
R(L135), while the smaller value ofη gives somewhat better
results for the mutations of R(M164).

DISCUSSION

An underlying assumption in this study is that the ionizable
residues at the mutation sites actually are ionized, so that
shifts in theEm of P can be correlated with changes in the
charges of the ionized side chains. In agreement with this
assumption, the shift of theEm observed in each of the
mutants is qualitatively consistent with the expected effect
of changing the charge at that site: the sign of∆Em depends
on the difference between the signs of the nominal charges
of the wild-type and mutant residues, and replacing Arg by
a neutral residue (Leu) has approximately half the effect of
substituting an oppositely charged amino acid (Glu). The

Table 3: Shifts in theEm of P/P+ Calculated with
Distance-Dependent Screening Functions and the Linear Response
Approximationa

∆Em
calc

strain ∆Em
expt linearb

exponentialc

(η ) 0.10)
exponentialc

(η ) 0.18) sigmoidald

R(L135)K -3 0 0 0 0
R(L135)L -20 -65 -20 -17 -15
R(L135)Q -24 -68 -21 -17 -16
R(L135)E -37 -131 -40 -33 -30
D(L155)N +12 +87 +24 +19 +26
Y(L164)F +2 -31 -6 -4 -11
R(M164)L -16 -42 -15 -13 -9
R(M164)E -32 -103 -34 -29 -27
C(L247)K +51 +187 +45 +33 +49
C(L247)D -40 -169 -41 -30 -44
R(L135)E/

C(L247)K
+8 -8 0 0 -10

a ∆Em
calc is the calculated change of theEm in mV, relative to wild-

type RCs. Each entry is an average of results for 5 structures with P in
the reduced state and 5 in the oxidized state. R, K, E or D at the
mutation site is assumed to be charged while all other ionizable groups
are neutral. The measured shift for each mutant (∆Em

expt) is repeated
from Table 1 for convenience.b fij ) rij. The SEM for each entry is
approximately(15 mV. c The exponential screening function given
by eq 8. The SEM for each entry is approximately(4 mV. d The
sigmoidal screening function given by eq 9. The SEM for each entry
is approximately(6 mV.

Table 4: ∆Gsol andλ for P f P+ and the Shift of theEm of P/P+

Calculated by MD Simulations with and without a Counterion for
the Mutated Residuea

without counterion with counterionc

strain chargeb ∆Gsol λ ∆Em
calc ∆Gsol λ ∆Em

calc

R(L135)R +1 -24.4 2.4 (0) -30.6 2.0 (0)
R(L135)L 0 -28.7 1.9 -189 -28.7 1.9 +82
R(L135)E -1 -36.1 2.0 -510 -28.5 1.6 +93

D(L155)D -1 -35.2 2.3 (0) -26.9 2.6 (0)
D(L155)N 0 -27.9 1.7 314 -27.9 1.7 -43

R(M164)R +1 -24.6 1.7 (0) -31.2 1.6 (0)
R(M164)L 0 -31.8 1.6 -310 -31.8 1.6 -26
R(M164)E -1 -35.0 1.2 -451 -29.3 1.6 +80

a ∆Gsol andλ, the change in solvation free energy and the reorganiza-
tion energy for the process Pf P+, are given in kcal/mol;∆Em

calc is in
mV and is relative to the wild-type model for the residue that was
mutated [R(L135)R, D(L155)D, or R(M164)R]. The MD simulations
include explicit waters and no membrane. Separate 100 ps trajectories
were propagated for P and P+. The root-mean-square fluctuations of
∆Vsol in the individual trajectories were approximately 2.8 kcal/mol.
b Assumed charge of protein without a counterion. Only the residue
that was mutated was charged.c The MD simulations with a counterion
included either a Na+ or a Cl- ion in the solvent near the charged
residue to make the net charge of the system zero when P was in its
reduced state and+1 when P was oxidized.
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effect of the R(L135)E/C(L247)K double mutation is close
to the sum of the effects of the R(L135)E and C(L247)K
mutations. The finding that mutations of ionizable groups
at several different sites have consistent effects argues that
the shifts in theEm reflect electrostatic interactions rather
than structural rearrangements of the protein. The conserva-
tive mutations R(L135)K and Y(L164)F, which in principle
also could cause structural rearrangements, have no signifi-
cant effect on theEm. Additionally, mutations of R(L135)
cause slightly larger effects than corresponding mutations
of R(M164), in agreement with the small difference between
the distances from P on the two sides of the RC and with
previous evidence that the charge distribution in P is
somewhat asymmetrical.

It is surprising that the charges of buried residues can be
reversed without severely destabilizing the RC. The finding
that RCs containing an Asp or Lys residue at L247 fold
properly is particularly striking, because ionized groups
buried in nonpolar surroundings are expected to destabilize
proteins. Arginine residues have been shown to stabilize the
native conformations of some proteins, and even replacing
Arg by Lys can have a destabilizing effect (73). Although
the mutations described here could have similar destabilizing
effects, this might be relatively unimportant if the RC is
intrinsically a highly stable protein. The mutant proteins
could, however, be stabilized by water molecules that
accompany the ionized groups into the nonpolar environment
(15). The polar hydrogens of Thr (L160) and (L253), Tyr
(L164), and several crystalographic waters could reorient to
stabilize a negative charge charge at the (L135) site, and
similar reorientations of Thr (M289), His (M193), and Glu
(M173) could occur around (M164). Charged groups at
(L247) could be stabilized by asparagine (M170) and the
peptide backbone. As mentioned above, Williams et al. (16)
recently showed that RCs remain photochemically active
when Asn (M199) or (L170) is replaced by an ionized Asp

residue. Kirmaier et al. (74, 75) also have introduced Asp
and Lys residues close to P without gross disruption of the
protein.

We assume also that the average charge of the ionized
residue does not change significantly when P is oxidized. In
fact, theEm of P in wild-typeRb. sphaeroidesRCs decreases
slightly with increasing pH between pH 5 and 10, indicating
that oxidation of P is coupled to the release of approximately
0.2 proton (76, 77). The residues that account for this proton
release have not been identified. Assuming that the protons
come exclusively from arginines (L135) and (M164), the
change in the average charge at either site would be on the
order of-0.1, which would decrease the expected electro-
static effect of a mutation at one of these sites by about 10%.
The error would be smaller if the protons come partly from
other residues.

The effects of all the mutations on theEm of P are much
smaller than one might have expected, considering the
hydrophobic surroundings of P and the fact that most of the
residues we mutated have little direct exposure to the solvent.
Despite these factors, electrostatic interactions of P with the
ionizable residues are screened by an average factor of
approximately 40. Depending on the model for the membrane
in the PDLD/S and the DelPhi models, this screening
corresponds to a macroscopicεin of about 20 for the protein,
with the remainder coming from induced dipoles in the
surrounding medium. Models that include a membrane region
require a larger value forεin to obtain the same amount of
screening. As noted in the introduction, electrostatic interac-
tions can be screened by reorientations of O-H, CdO, and
N-H dipoles. However, all the electrostatics calculations
described in the present work considered ensembles of
rotamers of polar hydrogen atoms for each mutant and for
each oxidation state of P, and the MD simulations allowed
even more extensive rearrangements. The finding that these
treatments underestimate the screening badly if counterions
are not included in the model argues that movements of
protein dipoles are not the dominant source of screening in
the present case. It is possible, however, that the MD
trajectories were not long enough for complete dipolar
reorientation. In particular, they might not reflect the slow
reorganization associated with movements of water into or
out of the protein. Such movements might occur in response
to the mutation, the oxidation of P, or both.

What other processes could account for the strong screen-
ing? Perhaps the simplest explanation is that the ionized
side chains are accompanied by counterions, which keep
the net charge of the system zero. In accord with this view,
MD simulations that included explicit counterions predicted
smaller shifts of theEm than simulations that omitted
counterions (Table 4). The association of a counterion with
the charged residue effectively reduces the charge-charge
interactions with P+ to dipolar interactions, which fall off
more rapidly with distance. Several previous investigators
have found that including counterions increases the stability
of MD simulations of proteins (78-80), although Walser et
al. (81) recently found no such effect. The divergence of
opinion on this point could reflect the difficulty of treating
long-range electrostatic interactions. Neutralizing the model
probably is the easiest way to obtain a convergent treat-
ment, whether or not counterions are present in the actual
system.

Table 5: Shifts in theEm of P/P+ Calculated with
Distance-Dependent Screening Functions and Experimentally
Measured Charge Distributionsa

∆Em
calc

strain ∆Em
expt

exponentialb

(η ) 0.10)
exponentialb

(η ) 0.18) sigmoidalc

R(L135)L -20 -23 -19 -19
R(L135)E -37 -48 -39 -40
R(M164)L -16 -13 -12 -8
R(M164)E -32 -26 -24 -14

a ∆Em
calc is the calculated change of theEm, in mV, relative to wild-

type RCs. The calculations were the same as in Table 3 except for the
distribution of charge between PL and PM. These calculations were done
only for the subset of the mutations for which ENDOR data are
available. The ENDOR experiments measure the hyperfine coupling
constants of the unpaired electron to nuclear spins on PL and PM, which
can be related to spin densities and therefore to charge densities on the
two bacteriochlorophylls. The wild-type spin density ratio of PL:PM is
2.1, and the spin density ratios for the mutations R(L135)E, R(L135)L,
R(M164)L, and R(M164)E are, respectively, 3.2, 2.9, 1.6, and 1.3 (E.
T. Johnson, W. W. Parson, F. Mu¨h, W. Lubitz, J. C. Williams, J. P.
Allen, J. Breton, and E. Nabedryk, unpublished experiments). The
measured shifts (∆Em

expt) are repeated from Table 1 for comparison.
b The exponential screening function given by eq 8 withη ) 0.10 or
0.18. The SEM for each entry is approximately(4 mV. c The sigmoidal
screening function given by eq 9. The SEM for each entry is
approximately(4 mV.
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A second possibility is that removing or changing the
charge of one residue alters the pKa of one or more other
ionizable residues, which then release or bind protons so that
the total charge of the protein remains essentially constant.
In this case, however, we would expect the effect of a
mutation to depend on the constellation of other ionizable
residues near the mutation site. Such a dependence might
be difficult to detect in water-soluble proteins that have many
ionizable residues, but should be more apparent in the RC,
where ionizable groups are relatively sparse. Although the
effective screening clearly depends on the distance between
P and the mutation site, it has no obvious dependence on
the proximity of the mutation to other ionizable groups. The
guanidino group of Arg (M164), for example, is only 4 Å
from the carboxyl group of Glu (M173), whereas the
guanidino group of Arg (L135) has no other ionizable groups
within 13.5 Å. The distances from Cys (L247) and Asp
(L155) to the nearest ionizable group [Arg(L135) in both
cases] are 9.3 and 16.0 Å, respectively.

Although microscopic treatments that omit counterions fail
to reproduce the effects of the mutations, the effects can be
modeled well by using a distance-dependent screening factor
that increases from 1 at short interatomic distances to 40 or
more at 10 Å. A linear dependence (fij ) rij) proved
inadequate in this regard, but the exponential expression used
by Warshel et al. (64) worked well with eitherη ) 0.1 or
η ) 0.18, as did the sigmoidal function suggested by
Hingerty et al. (65). The exponential function withη ) 0.18
predicted the effects of mutating the surface residue Asp
(L155) more closely than the other functions, although it
underestimated the effects of mutating the buried Cys (L247)
(see Table 3). Additionally, the exponential function with
η ) 0.18 gave somewhat better overall results than the
same function withη ) 0.10 in calculations that considered
the asymmetrical distribution of charge between the two
bacteriochlorophylls of P (Table 5); the difference, however,
was marginal. The sigmoidal function overestimated the
screening for the Arg (M164) mutants in these last calcula-
tions, but worked well for Arg (L135). In part, the similarity
of the results obtained with the three functions reflects the
spreading of the charge on P+ across theπ-systems of the
two bacteriochlorophylls, which leads to a distribution of
interatomic distances to the charged atoms of the ionized
residues. The major interactions range from about 5 to 15 Å
for Cys (L247), 8 to 20 Å for Arg (L135), 12 to 17 Å for
Asp (L155), and 12 to 25 Å for Arg (M164). The exponential
and sigmoidal functions give similar screening for distances
in the region of 10 Å. A critical comparison and parametri-
zation of these functions would require data for both shorter
and longer distances, and might be better achieved in systems
with more localized charges.

It is remarkable that these empirical functions proved so
successful at describing interactions between buried charges
in the RC. Distance-dependent screening factors were
developed originally from theoretical analyses of saturation
effects in ionic solutions (82), and were used in proteins to
model electrostatic effects on surface residues that were in
contact with water and electrolytes (64, 65, 83). Although
Warshel and co-workers have argued that a similar screening
occurs in the interior of water-soluble proteins (64), one
would not necessarily expect the same functions to work well
for buried groups in an integral membrane protein. Perhaps

the fact that these functions do work well is an indication
that protein interiors can accommodate water (15) and, in
some cases at least, also ions.

Muegge et al. (22) have used a discretized-continuum
(DelPhi) treatment withεin ) 1 to calculate shifts in theEm

of P caused by mutations that add or remove a hydrogen
bond with one of the bacteriochlorophylls. Although their
results suggest a much weaker screening of electrostatic
interactions, they are not necessarily in conflict with ours.
As the distance-dependent screening functions (eqs 8 and
9) illustrate, the effective screening factor is expected to be
smaller at the short interatomic distances necessary for
hydrogen bonding. It is pertinent also that, in the context of
classical electrostatics, formation or removal of a hydrogen
bond to P+ amounts to a change in dipole-charge interac-
tions rather than charge-charge interactions, and does not
require a counterion to maintain neutrality.

There are, in addition, several differences between the
implementation of the discretized-continuum model here and
in the work of Muegge et al. (22). In the present study, we
used the linear-response approximation (eq 3) to incorporate
the energy of reorganization of polar hydrogen atoms around
P and P+. Muegge et al. (22) minimized the energies of the
system separately in the two oxidation states and calculated
∆Gsol as

Here∆Gsol, 〈Vsol
P+

〉P+, and〈Vsol
P 〉P in our notation correspond,

respectively, to-∆G, G(+), and G(0) of Muegge et al.
Equation 11 omits the free energy change (λ) associated with
rearranging the protein and solvent between their most
probable configurations when P is oxidized to P+. The error
probably is small, however, sinceλ is relatively small and
does not change greatly in the mutations considered here
(see Table 4).

Whatever the mechanism of the screening, the results
presented here support the view that ionized side chains make
only small contributions to the electrostatic energies of ion-
pair states such as P+BL

- and P+HL
- in the RC, and thus do

not play major roles in establishing the specificity or speed
of light-induced charge separation (35, 84). In calculations
of such energies, it clearly would be much more accurate to
consider all the ionizable residues to be uncharged, rather
than to use their nominal charges with a smallεin.
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