J. Phys. Chem. 1996, 100, 4277-4291

4277

Electrostatic Potentials in Rhodopseudomonas Wiridis Reaction Centers: Implications for the
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Finite difference solutions to the Poisson equation are used to characterize electrostatic interactions in reaction
centers from Rhodopseudomonas Viridis. A sizable potential gradient resulting primarily from charged amino
acid side chains is found in the protein. This static field favors the observed electron transfers from the
primary donor (P) along the L branch of the protein via the bacteriochlorophyll monomer (BL) toward the
bacteriopheophytin electron acceptor (HL). The effect of the field is to favor electron transfer to BL by
approximately 0.4 eV and to HL by approximately 0.8 eV. The electric field along the M branch is significantly
smaller, thus providing a straightforward explanation for the directionality of electron transfer. The large
static field in the protein appears to be necessary to overcome the intrinsic cost of charge separation in a low
dielectric medium. Electrostatic potentials were calculated for the protein in uniform low dielectric medium
and for the protein surrounded by water with and without a membrane. While the calculated site potentials
are sensitive to the assumptions about the dielectric response of the protein and surrounding medium, the
conclusion that there is a large static field favoring charge separation along the L branch is independent of
the detailed model used to describe the system.

Introduction
Photosynthetic reaction centers (RC) are proteins that store
a photon’s energy via a series of electron-transfer reactions. RCs
from Rhodopseudomonas Viridis contain two bacteriochlorophylls which form a strongly coupled dimer known as the special
pair (P), two accessory bacteriochlorophylls, BL and BM, two
bacteriopheophytins, HL and HM, a menaquinone, QA, and
ubiquinone, QB (see Figure 1). Electron transfer is initiated by
the absorption of a photon by P generating an excited singlet
state (P*). Within 3 ps an electron is transfered to HL, located
18 Å away, forming P+HL-. In 200 ps the electron is transfered
to QA and then in 200 µs to QB Electron transfer proceeds along
the L branch of the RC while the M branch is inactive. Except
for the electron transfer from QA to QB, each of these electrontransfer reactions occurs with only small differences in rate from
1 K to room temperature (see references 1-3 for reviews).
The RC from the bacteria Rps. Viridis was the first integral
membrane protein to have a structure solved to atomic resolution.4,5 Since then a higher resolution structure from Rps.
Viridis6 and several structures from Rhodobacter sphaeroides
have become available.4,5,7-10 In this paper we use the methods
of classical electrostatics to consider how the RC structure is
designed to facilitate the rapid, unidirectional separation of
charge even at cryogenic temperatures.
Three specific questions will be addressed here. The first
concerns the free energy difference between P* and P+HL-,
† Abbreviations: P bacteriochlorophyll dimer. B active, L branch
L
bacteriochlorophyll monomer. BM inactive, M branch bacteriochlorophyll
monomer. HL active, L branch bacteriopheophytin. HM inactive, M branch
bacteriopheophytin. βL a bacteriochlorophyll in the HL site. PCW charges
for ground state and ionized cofactors taken from ref 43. BChl bacteriochlorophyll. BPh bacteriopheophytin. Regions of different dielectric
constants are denoted: prot:solv:mem or prot:solv.
X Abstract published in AdVance ACS Abstracts, January 1, 1996.
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which has been measured to be approximately -250 meV.11-13
First we consider how electron transfer to form an ion pair,
which is generally an uphill reaction in low dielectric media,
can be stabilized in the interior of a membrane protein. The
second question concerns the role of the bacteriochlorophyll
monomer, BL, which lies between P and HL. It seems
inescapable that this group facilitates electron transfer from P
to HL. The observed rate of electron transfer from P to HL of
5 × 1011/s is consistent with two short tunneling steps but is
103 times faster than expected for a single 18 Å transfer.14-16
However, the specific role of BL is unclear. BL can facilitate
electron transfer either by a superexchange mechanism or as a
direct intermediate which is transiently reduced.17-24 The free
energy of the P+BL- state relative to P*, which determines what
role this state can play, is considered below. The third question
concerns the inactive bacteriochlorophyll (BM) and bacteriopheophytin (HM) on the M branch which form a second
possible pathway for charge separation. Despite the pseudosymmetry of the RC structure, electron transfer proceeds via
the L branch alone. The mechanism that determines the choice
of pathway is also an open question.
Electron transfer in RCs has been the subject of numerous
theoretical investigations which have focused primarily on the
role of BL and the M branch. Quantum mechanical calculations
have been carried out of the electronic states of the cofactors.25-30
Molecular dynamics simulations have explored the nuclear
motions that accompany electron transfer.31-40 Several estimates have been made of the contribution of the protein to the
electrostatic potentials at the cofactors,41,42 and electrostatic
analysis has estimated the contribution of the protein to the free
energy of charge separation.39,40,43
The work presented here uses finite difference solutions to
the Poisson equation to calculate the electrostatic free energy
of the various states. The primary finding is that the protein
© 1996 American Chemical Society
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Figure 1. (A) Shape of the low dielectric region encompassed by the Rps. Viridis RC and the model membrane. (B) The cofactors: P
bacteriochlorophyll dimer which is the electron donor; BL is the active, L branch bacteriochlorophyll monomer; BM the inactive, M branch
bacteriochlorophyll monomer; HL is the active, L branch bacteriopheophytin; HM is the inactive, M branch bacteriopheophytin. He1-He4 are the
four hemes in the cytochrome subunit.

sets up a strong static field resulting from charged and polar
groups that stabilizes the charge transfer states P+BL- and
P+HL- relative to P*. The corresponding states along the M
branch are also stabilized by the protein but by a smaller amount.
The effect of the static field is found to be large enough to
compensate for the intrinsic cost of charge separation in a low
dielectric environment. Recent calculations of the electrostatic
potential in RCs have alternatively used Coulomb’s law to
describe electrostatic effects37 or a model where the potential
from ionizable groups is assumed to be small.39,40,43 The first
approach is likely to overestimate the effect of charged groups
in the protein by ignoring the screening due to the water
surrounding the protein. The second assumes that this screening
is sufficient to greatly reduce the impact of these charges. The
calculations presented here include the effects of ionizable
groups while accounting explicitly for the effects of solvent
screening.
Methods
Free Energy Calculations. The free energy of charge
separation in the protein, ∆G(electron transfer), is divided into three
independently calculated terms. These terms can be identified
with the free energies of first carrying out charge separation in
vacuum (∆G(vacuum)), then moving the charged cofactors into a
medium with the dielectric constant of the protein (∆G(reaction
field)), then adding the effect of the charges and dipoles in the

surrounding protein (∆G(static

field)).

Thus

∆G(electron transfer) ) ∆G(vacuum) + ∆G(reaction field) +
∆G(static field) (1)
∆G(vacuum) is the free energy of charge separation (for example
going from P* to P+HL-) in the gas phase. It is obtained either
from the gas phase, semiempirical, quantum mechanical, ZINDO
calculations of Thompson and Zerner30 or is estimated by a
simple Coulombic model described below. ∆G(vacuum) includes
the difference of the intrinsic, vacuum electron affinity of the
electron donor and acceptor as well as the Coulombic attraction
between charges in the newly formed ion pair. The ZINDO
calculations should also include the higher order corrections due
to interactions between the electronic states in the closely
associated donor and acceptor.
∆G(reaction field), which is also referred to as the self-energy,
Born energy, or solvation energy, is the difference in free energy
of transferring the cofactors in their initial and their final
ionization states from vacuum to a medium with the dielectric
constant of the protein (2 or 4 in this work). This accounts for
the reduction in the free energy of the new charges due to the
rearrangement of the surroundings.
∆G(static field) is the difference in free energy of interaction of
the cofactors in their initial and their final ionization states with
the static electrostatic field from the charged and polar groups
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in the protein. The charges in the protein are screened both by
the dielectric response of the surrounding solvent and by any
dielectric response of the protein and membrane. ∆G(static field)
is obtained from

∆G(static field) )

∑Vj(from charges on protein)(qj(charged cofactor) qj(neutral cofactor)) (2)
) ∑Vj(static field)∆qj(cofactor)

(2′)

where Vj(static field) is the value of the potential due to the static
field from the charges in the rest of the protein at cofactor atom
j and qj is the charge on atom j. The sum runs over all atoms
in the cofactor. The potential is an equilibrium property of the
protein, present before the photon is absorbed. In practice it is
sometimes more convenient to calculate ∆G(static field) from

∆G(static field) ) ∑(Vj(from charged cofactor) Vj(from neutral cofactor))qj(protein) (3)
) ∑Vj(from ∆q on cofactor)qj(protein)

(3′)

i.e., the product of the change in potential due to the change in
charge on the cofactor and the partial charges on the protein.
Here the sum runs over all atoms in the protein. Of course
expressions 2 and 3 yield the same result. Equation 2 is more
convenient for obtaining the final ∆G(static field), and 3 for
determining interactions with specific sites in the protein. Each
procedure avoids the need to calculate the potential at atoms
which are charged during the solution of the Poisson equation.
Coulomb’s law is used to find Vi in eq 2 or 3, when the
dielectric constant in and around the protein is assumed to be
uniform. Here

Vj ) ∑{qi/(rij)}

(4)

where  is the dielectric constant, qi is the charge, and rij is the
distance between the charged site and the site where the potential
is determined. The sum either runs over all atoms in the protein
(for eq 2) or all atoms in the cofactor (for eq 3). However, the
assumption of uniform dielectric constant is inappropriate, since
the low dielectric protein and membrane are surrounding by
the water. The Poisson equation (5) provides Vi from a given
charge distribution, F, under conditions of discontinuous :

∇·(r)∇Φ(r) ) -4πF(r)

(5)

Electrostatic potentials are obtained from finite difference
solutions to the Poisson equation using the DelPhi program.44-46
Most applications of classical electrostatics have entailed
solutions of the Poisson-Boltzmann equation which adds a term
to the Poisson equation which accounts for the ionic strength
effects due to mobile ions in solution. However mobile ions
are found to make essentially no contribution to calculated
potentials in the interior of RCs and for this reason, results are
reported here for the Poisson equation alone.
DelPhi first maps the molecular system onto a 653 lattice by
defining charges and radii for all atoms. Charges are distributed
to nearby grid points. The midgrid positions within the protein
or membrane are assigned a low dielectric constant (2 or 4 in
this work) while exterior points, or cavities with a diameter
greater than 2.8 Å are given a dielectric constant of 80
representing water. When membrane is included, all internal
cavities are assigned the dielectric constant of the protein. The

Poisson equation is solved numerically to provide potentials at
each grid point.44-46 Potentials at individual atoms are obtained
by interpolation.
The largest errors in the precision of the finite difference
method result from the grid-based representation of the molecular surface. These errors are overcome using a focusing
procedure which improves the accuracy of the potentials.45 In
the initial calculation, the largest dimension of the macromolecule fills 40% of the grid and the potentials at the lattice points
on the boundary of the grid are approximated analytically using
Coulomb’s law. Each succeeding focused calculation provides
an increase in resolution in a particular region while excluding
distal areas from the calculation. However, interactions with
distant sites are implicitly accounted for through the boundary
conditions used in the finer grid. Five focusing runs are used
for the calculations on the Rps. Viridis RCs (19 841 atoms, 137
Å maximum extent) giving a final scale of 3.0 grids/Å. The
potentials for a given atom are collected at the finest grid spacing
which has the whole residue containing the atom within the
grid.
The reaction field free energies or self-energies for the isolated
cofactors are obtained by multiplying the potential from the real
charges on the cofactor atoms by the induced charges calculated
from the divergence of the potential at the molecular surface,
i.e., at the dielectric discontinuity. The accuracy of this
calculation was improved by the positional rescaling of the
induced charge.47
Molecular System. Calculations were carried out using the
Rps. Viridis RC structure 1PRC from the Brookhaven Data
Bank.5,48 All crystallographic water molecules were treated as
part of the protein. Protons were placed on the heavy atom
structure using the program PROTEUS (A. Joguine and M. R.
Gunner City College of New York, unpublished). PROTEUS
orients the positions of protons on waters and hydroxyls to
minimize the electrostatic interaction free energy of the proton
with residues within 4.5 Å of the hydroxyl or water oxygen.
The hydroxyl and water protons are the only atoms with partial
charges that either are not taken directly from the PDB file or
do not have their positions completely determined by the heavy
atoms in the structure. The influence of the membrane was
estimated by including a cube 72 × 72 × 33 Å of low dielectric
material surrounding the protein (see Figure 1). The short (33
Å) transmembrane dimension is comparable to the detergent
layer shown in the neutron diffraction picture of the RCs.49 This
extends 6 Å beyond the non-heme iron that lies between QA
and QB and ends at the level of the two Mgs of P.
Calculations reported for the isolated cofactors include all
six cofactors and the four histidines that are axial ligands to
the bacteriochlorophylls. The phytyl tails of the bacteriochlorophylls and bacteriopheophytins are truncated at the ether link
between the atoms O2A and C1. O2A is included in the
calculations.
Calculations that include the total protein use the following
atomic radii: C 1.8 Å, N 1.5 Å, O 1.6 Å, H 1.2 Å, S 1.9 Å,
and 1.45 Å for Fe and Mg.50 These will be referred to radii I.
Calculation of the reaction field energy of the isolated cofactors
use somewhat larger radii which have been parameterized to
reproduce the transfer free energies of aromatic groups from
vacuum to nonpolar solvents (Sitkoff and Honig, unpublished
results). The values are C 1.99 Å, H 1.36 Å, and 2.00 Å for
N, O, and Mg. These are refered to as radii II.
The CHARMM partial charge set is used for the protein.51
The SO4 molecules, LDAO (lauryl dimethylamine oxide), BOG
(β-octylglucoside), and dihydroneurosporene in the PDB file
were uncharged. TIP3P charges were used for the 201 waters
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in the crystal structure. All histidines were assumed to be
neutral. Each has a proton on ND1, with the exception of His
L 168, which has the proton on NE2 so it can ligand the actyl
group of P. A +2 charge is placed on the non-heme iron near
the quinones. For all Asp, Glu, Arg, Lys, and heme propionic
acids, C and N termini are assumed to be ionized with the
exception of Glu L 104, the C subunit C-terminal and the H
subunit N-terminal. The C-terminal sequence, Ala-Ala-AlaLys, on the C subunit is missing from the structure and was
not replaced. The N terminal of the H subunit has a formyl
cap and is therefore neutral. The net charge on the protein is
-6.00. A number of residues are excluded from the calculations
of the total potential for reasons provided below. The potential
from each of the omitted residues at each of the cofactors is
provided in Table 3.
Electrostatic Model. The basic model used for most analysis
of protein by Poisson-Boltzmann calculations treats the protein
as a low dielectric cavity containing charges located at atomic
centers, embedded in a high dielectric medium. To test the
sensitivity of the results to various approximations and parameters of the calculations, ∆G(static field) and ∆G(reaction field) will be
presented with a number of values for different parameters.
The dielectric constant of the protein (prot). Results are
presented using dielectric constants of 2 and 4 for the protein
and membrane (prot). A dielectric constant of 2, the highfrequency dielectric constant, provides a good estimate for the
effects of electronic polarizability.52 This value should be
appropriate to describe the ∆G(reaction field) formed immediately
after light absorption as well as the screening of the permanent
charges in the protein that produce ∆G(static field) by the electrons.
Results using a dielectric constant of 4 for the protein and
membrane are also presented. An prot of 4 provides an estimate
of the effects of nuclear relaxation in response to a change in
the charge state of the system.52 This reorganization will not
contribute to the free energy of the initial charge separated states
but it may provide a more realistic value of the ∆G(electron transfer)
for the equilibrated system. A value of 4 has been quite
successful in describing equilibrium values for the charge
transfers measured by electrochemical midpoints53 and the pKa’s
of ionizable groups in RCs54-56 and other proteins.57-60 In
addition, a larger value of prot may be needed for modeling the
impact of mutations since changes in the protein will invoke
compensatory rearrangements in the surrounding protein. Thus,
the predicted effect of a mutation on the ∆G(static field) would
almost certainly be smaller than predicted with an prot of 2.
Definition of Regions with Different Dielectric Constants.
Three different models for the dielectric response of the system
were tested. One uses a uniform dielectric constant of 2 (or 4)
everywhere and is designated 2:2 (or 4:4) for prot:solv. The
relevant potentials were determined directly from Coulomb’s
law. The protein embedded in a low dielectric slab, surrounded
by water is designated 2:80:2 (or 4:80:4) for prot:solv:mem (see
Figure 1). The protein in water with no membrane, is designated
2:80 (or 4:80). Potentials for the protein in water, with or
without the membrane, were obtained from solutions of the
Poisson equation.
Charge Distribution on the Cofactors. Results are presented
using two different charge distributions on the cofactors. In
one, the ionized cofactors are represented with a charge of -0.25
on each N of BL-, BM-, HL-, or HM- or 0.125 on each N of
P+. Partial charges on the neutral cofactors and on P* are taken
as zero. This parametrization is referred to as 4N. A more
realistic parametrization which distributes charge over the entire
macrocycle for both neutral and ionized cofactors is provided
by the work of Parson et al.43 Here, the charges for neutral or
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TABLE 1: Electrostatic Potentials at the Cofactorsa
dielectric
constant

2:2

2:80:2

potential (mV)
2:80
4:4

4:80:4

4:80

P
BM
BL
HM
HL

-1171
-1266
-834
-329
-170

-308
-393
-42
342
482

-387
-364
-158
38
156

-168
-212
-30
163
241

-200
-194
-84
28
88

-585
-633
-417
-165
-85

a The potential due to CHARMM charges on all atoms in the protein,
TIP3P charges on the water, and +2 on the non-heme iron, with
dielectric constants given as prot:solvent or prot:solvent:membrane. The
position of the membrane is shown in Figure 1. Charges on the
cofactors themselves and side chains of the residues in Table 3 are set
to zero. The potential is averaged over the nitrogens at the center of
each macrocycle.

Figure 2. Potentials at the cofactors in the Rps. Viridis RC from the
charged and polar residues in the protein. Values are taken from Table
1. The error bar refers to two extreme positions of the hydroxyl proton
on Tyr M 208 (see Table 3). The calculations labeled 2:2 are the
potentials with a uniform dielectric constant of 2. The 2:80:2 calculations have the protein (prot ) 2), embedded in a rectangular membrane
(mem ) 2), surrounded by water (solv ) 80). (b) L branch cofactors;
(O) M branch cofactors.

excited singlet P are those for two neutral BChls, while the
charges for P+ place half the charge of BChl+ on each half of
the dimer. This charge parameterization will be referred to as
PCW.
Results
Potential at the cofactors due to the protein: Calculation
of ∆G(static field). Table 1 reports the potential (V) at the cofactors
obtained with equation 3′ when water is included in the
calculations or with eq 4 when the dielectric constant is uniform.
The potential becomes increasingly more positive in going from
P to B to H with all parameters tested. The difference in the
potential (∆V) favors forward electron transfer. In addition,
the potentials on the L side of the protein are more positive
than on the inactive M branch. Figure 2 shows that BM is
essentially isopotential with P, while BL is in a region of the
protein that is much more positive. Figure 3 shows the
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Figure 3. GRASP110 representation of the potential through the RC prior to charge separation. The cofactors are P (white), BL (yellow), HL
(green), BM (dark blue), HM (blue), QA, Fe2+, and QB (silver). The slice plane cuts through the cofactors of interest. PM and QA lie in front, while
PL and QB are behind the surface. The electrostatic potential was calculated under conditions 2:80:2. The slice plane surface and contours are coded
so that blue is positive and red negative. The zero potential region of the slice plane is white. The isopotential contour at 0 V is green. The contours
are at 0, (0.2, (0.4, and (0.6 V. The region below QB (bottom left) contains a cluster of acidic residues, which are expected to be only partially
ionized in the RC ground state.54,55 However, all the acids in the QB site were assumed to be ionized in the calculations presented here. This region
of the protein is probably portrayed in this Figure as being too negative. Neutralizing the appropriate charges yields a small increase in ∆V(HM-P).

potentials through a slice in the middle of the protein with
neutral cofactors. This Figure graphically illustrates the negative
potential near P and positive potential near H that will stabilize
P+HL-. In addition, the large potential gradient from P to BL
is clearly seen, while BM is in a region where the potential is
close to that found at P.
Both the value of the potentials at each site and the differences
in potential between sites depend on the dielectric constants
used in different regions. With a uniform dielectric constant
of 2 the difference in potential at P and BL (∆V(BL-P)) is 337
mV and ∆V(HL-P) is 1000 mV, implying there are very large
fields within the protein. Even if a dielectric constant of 4 is
used so the ∆Vs are half as large, the static field is still
significant. When screening of charges in the ground-state
protein by water is taken into account, the potential at all the
cofactors is much more positive than with a uniform dielectric
constant (see Figure 2). The potential difference between sites
is found to be less dependent on the dielectric model than the
potential itself because the potentials at all sites exhibit a similar
model dependence. However, the potential gradient along the
reaction pathway in Rps. Viridis does become smaller as the

protein is increasingly exposed to solvent. For example,
∆V(HL-P) is 1000, 790, and 543 mV for dielectric assignments
of 2:2, 2:80:2, and 2:80, respectively.
Table 2 reports the ∆G(static field) obtained with eq 3′ for two
distributions of the change in charge upon ionization of the
cofactors. Despite the nonuniform potential through the RC,
the calculated free energies are relatively insensitive to the exact
cofactor charge distribution. The 4N and PCW charges yield
differences of 35 meV or less for the effective potential at each
site or the resultant ∆G(static field). The text will focus on
calculations with the PCW charges since they represent a more
realistic picture of the change in charge distribution on the
cofactors when they become ionized.
Sites That Are Not Included in the Calculated ∆G(static field).
The charges on Glu L 104, Tyr M 208, and the His side chains
that provide axial ligands to the BChls (His L153, L173, M180,
and M200) are set to zero. The contributions of these groups
are listed in Table 3. Glu L 104 can hydrogen bond to the
keto group of HL when it is neutral. If it were charged, its
close proximity to HL would make forward electron transfer
uphill. Site directed mutagenesis replacing this Glu with Leu
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TABLE 2: Contribution of the Static Field of the Protein to the Free Energy of Charge Separationa
∆G(static field) (meV)
2:2

4N
2:80:2

2:80

95
-337
-842
-1001

85
-266
-650
-790

-23
-229
-425
-543

cofactor charges
dielectric constant
P* f
P* f
P* f
P* f

P+BMP+BLP+HMP+HL-

2:2

PCW
2:80:2

2:80

4:4

4N
4:80:4

4:80

4:4

PCW
4:80:4

4:80

54
-374
-837
-976

47
-304
-649
-767

-47
-259
-432
-528

48
-168
-420
-500

44
-138
-331
-409

-6
-116
-228
-288

27
-187
-418
-488

24
-157
-331
-398

-24
-136
-234
-280

a ∆G
(static field) calculated with eq 2′. For the 4N charges ∆qi is zero for all atoms except the nitrogens at the center of the macrocycles; Vi’s were
taken from Table 1. The ∆qi for the PCW charges, which distribute the change in charge over the macrocycle, were taken from ref 43. The charge
distribution on P* is either zero for the 4N charges or with the PCW charges each half of P has neutral BChl charges.

TABLE 3: Contributions to the Potential from Sites That Are Omitted from the Sums Given in Tables 1, 2, 5, and 6 (mV)
2:2
P

BL

2:80:2

BM

His L 173
His M 200
His M 180
His L 153
sum

-40
-39
7
-6
-78

-11
11
-3
-65
-68

15
-12
-68
-2
-67

His L 173
His M 200
His M 180
His L 153
sum
TyrM 208c
TyrM 208d
GluL104

-65
-55
-7
-6
-133
15
-48
-263

-11
9
-3
-113
-118
-81
91
-336

13
-11
-117
-2
-117
9
-9
-220

HL

HM

P

BL

BM

HL

HM

-40
-39
7
-7
-79

-11
10
-3
-67
-71

15
-11
-69
-2
-67

-4
0
-2
-11
-17

2
-5
-11
-2
-16

-65
-66
-7
-7
-145
16
-48
-87

-10
8
-3
-115
-120
-80
91
-167

12
-11
-118
-2
-119
8
-9
-57

-4
0
-2
-11
-17
5
15
-567

2
-5
-11
-2
-16
7
-4
-72

PCW Chargesa,b
-4
2
1
-5
-2
-11
-2
-11
-7
-25
-4
1
-2
-2
-7
5
15
-790

4N Chargesb
2
-5
-11
-10
-24
8
-3
-241

a For PCW charges the potentials in the protein are a weighted average over the atoms that change charge on ionization. b The potentials due to
the direct liganding histidine are in boldface. Tyr M 208 hydroxyl position that provides the (c) most positive potential or (d) most negative
potential at BL.

TABLE 4: ∆G(reaction

field)

for the Cofactors Isolated from the Protein (eV)a

charge
ligands
radii
dielectric constant

P* f
P* f
P* f
P* f

P+BMP+BLP+HMP+HL-

4N
no
I
1:2

4N
yes
I
1:2

4N
no
II
1:2

4N
yes
II
1:2

PCW
no
I
1:2

PCW
yes
I
1:2

PCW
no
II
1:2

PCW
yes
II
1:2

PCW
yes
II
1:4

A

B

C

D

E

F

G

H

I

-0.79
-0.80
-1.12
-1.13

-0.61
-0.60
-1.03
-1.04

-0.66
-0.66
-0.97
-0.96

-0.50
-0.49
-0.90
-0.90

-0.19
-0.15
-0.55
-0.57

-0.39
-0.35
-0.70
-0.70

-0.32
-0.30
-0.66
-0.64

-0.38
-0.35
-0.69
-0.68

0.61
0.56
1.12
1.09

a
The atoms of all six cofactors are included in the low dielectric region for each calculation. Charge: The charge set used for the cofactor. The
P* state uses the charge distribution of the ground-state P. With the PCW charges any uncharged cofactor has ground-state charges, which contribute
significantly to the reaction field energy. ∆G(reaction field) therefore has the reaction field energy of the P*BMBLHMHL state of (A-D) 0 eV; (E) -1.68,
(F) -0.95, (G) -0.91; (H) -0.54; (I) -0.94 eV subtracted from the reaction field energy of the charge separated states. Ligands: whether or not
the four axial histidine ligands are included in the  ) 1 region defined by the cofactors. Radii: radii I are smaller than radii II (see Methods). The
dielectric constant is 1 inside the cofactors and 2 outside (A-H) or 4 outside (I).

or Gln in Rb. capsulatus RCs produces only small changes in
the rates of formation of P+HL-.61
The side chain of Tyr M 208 is also removed from the
calculations of V and ∆G(static field). This hydroxyl has a large
impact on the potential, especially at BL (see Table 3 and Figure
2). However, there are no hydrogen bonds to this group, and
when all the cofactors are neutral, the gradient of the electrostatic
potential is insufficient to fix the hydroxyl proton position. In
addition, this group has been removed from Rb. sphaeroides
and Rb. capsulatus RCs with little change in rate or directionality
of electron transfer.62-67
The contribution of the histidine ligands are included in the
estimates of ∆G(vacuum) (see below). Table 3 shows that if these
His are treated explicitly, they have little effect on the electron
transfer between P and either B since they lower the potential
at all BChls by a similar amount. However, neither H has a

His ligand to lower its potential. Therefore, including a
contribution of the electrostatic potential due to these ligands
would increase the ∆V(H-P) favoring charge separation.43
Estimates of the Intrinsic Cost of Charge Separation in
Isolation from the Protein: Values for ∆G(vacuum) and
∆G(reaction field). Free Energy of the Charge-Separated States
in Vacuum. The relative gas-phase energies of the electronic
states of the cofactors in vacuum (∆G(vacuum)), obtained from
ZINDO calculations,30 are shown in the third column of Table
5. The four His residues that are axial ligands to the bacteriochlorophylls were included in these calculations. Each of the
four charge separated states were calculated to be approximately
1 eV higher in free energy than P*. The calculations thus
predict that charge separation would not occur in vacuum. This
result can be simply explained by noting that the modest
differences in the intrinsic reduction potentials of a bacterio-
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TABLE 5: Free Energy of Charge Separationa
contributors to the ∆G (meV)

P* f
P* f
P* f
P* f

P+BMP+BLP+HMP+HL-

resultant ∆G

∆Å

∆Gv
1:1

∆Gr.f.
2:80:2

∆Gs.f.
2:80:2

∆Gr.f.
4:80:4

∆Gs.f.
4:80:4

1:1

∆G(electron transfer)
2:80:2

11.5
10.9
17.9
17.8

1080
1040
1130
1030

-380
-350
-690
-680

47
-305
-650
-768

-612
-560
-1117
-1088

24
-158
-331
-398

1080
1040
1130
1030

747
385
-210
-418

4:80:4
492
322
-318
-456

a ∆G is ∆G
v
(vacuum) is from ref 30. ∆Gr.f.. is ∆G(reaction field). Value for prot of 2 is from column H and for prot of 4 from column I of Table 4.
∆Gs.f. is ∆G(static field) from Table 2. Resultant state free energies obtained from: ∆G(electron transfer)(2:80:2) ) ∆Gvacuum + ∆G(reaction field)(1:2) +
∆G(static field)(2:80:2); ∆G(electron transfer)(4:80:4) ) ∆Gvacuum + ∆G(reaction field)(1:4) + ∆G(static field)(4:80:4).

chlorophyll dimer, bacteriochlorophyll, and bacteriopheophytin
which favor charge separation are smaller than the Coulomb
attraction between unlike charges that favor charge recombination.
A rough estimate of the cost of charge separation in the gas
phase can also be obtained from a simple model. Assuming
that following light absorption to generate P*, an internal chargetransfer state is formed in P where a positive and negative charge
are separated by 7.4 Å (the Mg-Mg distance). The Coulombic
cost of moving an electron to BL, where it is 10.9 Å from the
center of the special pair, is 610 meV. Another 500 meV is
then required to move the electron the additional 6.9 Å from
BL to HL. The 610 meV estimate of the cost of charge
separation from P to BL would have to be added to the energy
difference between P* and the internal charge-transfer state in
order to obtain an estimate of the gas-phase energy difference
between P* and P+BL- . The excited-state energy levels in P
are not well known, although P* is likely to be below the internal
charge-transfer state. Thus, 610 meV represents the lower limit
of ∆G(vacuum) for the P* to P+BL- electron transfer.
In contrast to the P* to P+BL- electron-transfer process, the
estimate of the Coulombic contribution to the cost of charge
separation for the P+BL- to P+HL- transition in the gas phase
is likely to be reasonably accurate since it does not depend on
the relative placement of the excited state energy levels of P. It
is then surprising, given the 500 meV cost of charge separation
estimated above, that the semiempirical quantum mechanical
calculations predict that P+BL- and P+HL- are essentially
isoenergetic. One possibility that might account for the discrepancy is that the intrinsic differences in electron affinity
between the BChl B and the BPh H are large enough to
compensate for the cost of charge separation. However, BPh
is only 230-250 meV easier to reduce than BChl in a variety
of solvents. Moreover, there are only small changes when BChl
aggregates are formed68,69 suggesting that the difference in
electron affinity is relatively insensitive to environmental effects.
An argument can be made that that experimental value of
250 meV in different solvents is also a good estimate for the
gas-phase difference in electron affinity between the BChl B
and the BPh H. BChl has an axial ligand while BPh lacks one
in solution, in the vacuum calculations, and in RCs. The His
ligand makes BChl harder to ionize because it reduces ∆G(reaction
2+) and,
field) (i.e., it removes solvent from the vicinity of the Mg
in addition, imparts a negative potential at the macrocycle. Using
PCW charges, and set II of atomic radii, the effect of the His
ligand in different solvents has been calculated using a model
where the internal dielectric constant, in, of the macrocycle is
assumed to be 2 while the “solvent” dielectric constant varies
between 2 and 80. The calculated contribution of the His ligand
to the relative electron affinity of BChl and BPh is 210 meV
with out of 10, 240 meV with out of 80. In vacuum, the His
contributes 280 meV. The insensitivity of these numbers to
the exterior dielectric constant results from the fact that in

vacuum, the direct Coulombic interaction with the His which
destabilizes the BChl- is largest since there is no solvent
screening while, when out increases, the Coulombic effect is
reduced, but the reaction field stabilization of BPh- relative to
BChl- increases. These calculations thus succeed in reproducing the measured electron affinity differences between BChl
and BPh as well as their insensitivity to environmental factors.
Moreover, they suggest that the measured value of 250 meV is
also appropriate for the gas phase. Subtracting this value from
the 500 meV Coulombic cost of charge separation leads to the
prediction that P+BL- is 250 meV more stable than P+HL- in
vacuum rather than being isoenergetic, as found in the ZINDO
calculations. Nevertheless, the ZINDO values for ∆G(vacuum)
will be used for the remainder of the results section. The effect
of the uncertainty in ∆G(vacuum), especially on the relative energy
of P+BL-, will be considered in the discussion.
Contribution of the Reaction Field to the Free Energy of
Charge Separation. ∆G(reaction field) is the free energy to transfer
the cofactors from the gas phase to a polarizable medium,
assuming an interior dielectric constant of 1 for the cofactors.
Values for ∆G(reaction field) in going from the ground state to the
different charge separated states are shown in Table 4. Results
are reported for both the 4N and PCW charge distributions and
for the two sets of atomic radii discussed above. With all
parameters tested, ∆G(reaction field) stabilizes the state with the
largest distance between cation and anion. Thus, ∆G(reaction field)
tends to compensate for the reduction of favorable Coulomb
interaction as the electron is moved further from P+. ∆G(reaction
field) is quite sensitive to the charge distribution and also depends
on the atomic radii and so will be a source of uncertainty in the
final calculations. The values used in the final calculations use
PCW charges and atomic radii based on organic solvent-transfer
experiments (set II, Table 4 column H).
G(reaction field) was also calculated with in of 1 and out of 4 to
provide an estimate of the reaction field energy in the protein
after nuclear relaxation has occurred (Table 4 column I). The
added stabilization provided by increasing the dielectric constant
of the surroundings cannot be invoked to explain the initial
stability of the charge separated states in RCs. These states
are formed within 2 ps, even at 4 K, conditions where it is
unlikely that the appropriate value for  is much greater than 2.
Free Energy of Electron Transfer in Isolation from the
Protein. The ∆G(electron transfer) in a uniformly polarizable medium
with no external charges is ∆G(vacuum) + ∆G(reaction field) (Table
5). Using the ZINDO values for ∆G(vacuum) of 1.03-1.13 eV
for the four possible charge separated states, the change in
reaction field energy must be at least this large for electron
transfer to be favorable. Table 4 shows that ∆G(reaction field) is
generally not large enough to compensate for the gas-phase cost
of charge separation. If the effective dielectric constant is
assumed to be 2, the one exception is for the 4N charge
distribution and smaller radii, but this is the least realistic
parameter set.
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There is little difference in ∆G(reaction field) for charge separation
to the L or M branch. A similar conclusion can be reached for
∆G(vacuum) (see Table 5). Thus, the symmetry in the structure
of L and M branches is mirrored in the free energies of the
charge-separated states for the cofactors in isolation from the
protein.
Driving Force for Electron Transfer in the Protein:
Calculation of ∆G(electron transfer). Values of ∆G(electron transfer)
for various electron-transfer processes are listed in Table 5.
While the exact values are dependent on the parameters chosen,
in all cases the intrinsic cost of charge separation in the gas
phase is balanced by a potential gradient intrinsic to the protein
and by the fast dielectric response due to electronic polarizability. For example, using a dielectric response of 2 for the
protein and membrane and 80 for the surroundings, the 1030
meV cost of charge separation from P* to P+HL- in vacuum is
compensated by a reaction field energy of -680 meV and a
static field contribution of -768 meV to yield a reaction which
is favored by -418 meV. Formation of P+HM- is also downhill
but by 200 meV less. Reduction of either B is unfavorable,
with BM being 360 meV harder to reduce than BL. As described
above, the ZINDO values may overestimate ∆G(vacuum) and thus
∆G(electron transfer) from B to H by 250 meV. If the error is
assumed to be in the energy of P+BL-, then this state would lie
135 meV rather than 385 meV above P*. Alternately, the cost
of forming P+HL- could be underestimated, placing this state
168 meV rather than 418 meV below P*.
Using a dielectric constant of 4 for the protein, the pattern
for the relative free energies of the different charge-separated
states is the same as with an prot of 2. P+HL- is the lowest
energy state, the reduction of HM is favorable, and the reduction
of neither B is energetically allowed. Changing prot from 2 to
4 has only a minor effect on the calculated value of ∆G(electron
transfer) along the L branch, because as prot increases the
contribution of ∆G(static field) decreases while that of ∆G(reaction
field) increases. The calculated asymmetry of the RCs is larger
with the smaller prot since ∆G(static field) is the source of the
difference between the L and M branches.
Sites in the Protein That Contribute to the Static Field
Favoring Charge Separation. Figure 4 and Table 6 show the
effect of the charged residues, polar side chains, backbone, and
crystallographic waters on the potential. Ignoring the charged
side chains and crystallographic waters, the potential from the
protein is only 13 mV more positive at HL than at P (see Figure
5). The potential from the charged groups is 642 meV more
positive at HL than at P, assuming all ionizable groups except
Glu L 104 are charged. The crystallographic waters contribute
127 meV to make HL more positive than P in the PROTEUS
minimized structure. A large number of sites add to the
potential gradient. The 45 side chains and 3 waters that
contribute more than 25 mV to ∆V(HL-P) are listed in Table 7.
Figure 6 illustrates the residues which provide more than 25
mV of the ∆V(HL-P). The contribution to the potential at P is
shown on the X axis with acids at negative and bases at positive
values. Dipolar groups either raise or lower the potential. The
difference in potential at P and HL is plotted along the Y axis.
Positive Y values favor electron transfer, since V(HL) is more
positive than V(P), while negative values stabilize the electron
on P. Thus, acids in the top left quadrant are on the periplasmic
side of the protein, closer to P than HL, and favor electron
transfer. Bases in the bottom right quadrant are also closer to
P than HL and so oppose electron transfer. The favorable
∆V(HL-P) can be seen immediately from a comparison of the
top and bottom of the plot. The top half has a larger number
of sites and larger Y values for a significant number of sites.

Gunner et al.

Figure 4. Contribution of different types of groups to the potential at
P (grey), BL (cross hatched), and HL (black). Potentials taken from
Table 6. The error bars on the contribution of the polar region show
different possible contributions of Tyr M 208. Dielectric boundary
conditions 2:80:2.

Arg L 103 and Fe2+ are the largest individual contributors to
the potential gradient. The Fe2+ is bound within the protein
by 4 histidines and a glutamic acid. Glu M 232, which ligands
the Fe2+, does oppose the effect of the iron as seen in Figure 6,
but by a much smaller amount than the direct contribution of
Fe2+, both because it has a charge of +1 and because it is further
from P and HL than is the iron. Arg L 103 is is conserved in
RCs from Rps. Viridis, Rb. sphaeroides, and Rb. capsulatus as
well as PSII.70 The backbone of the protein is arranged to favor
ionization of this base. Stabilization by the backbone rather
than a counterion allows the charge to have maximal effect on
∆V(HL-P) since the potential from the Arg+ falls off much more
slowly than the dipolar field of the oriented backbone dipoles.
In addition, since the Arg is well buried its potential is not
screened by solvent.
As has been noted previously, Asp H 36 and Arg H 33 are
very close together and so their combined effect on ∆V(HL-P)
is small (-10 meV).43 Asp M290 and Arg M 190 and Arg C
220 and Glu M 171 form two other ion pairs. None of the
other ionizable side chains in Table 7 are in ion pairs.
The tables and Figures provide numbers calculated with the
dielectric constants 2:80:2. Site interactions at 4:80:4 differ from
simply half the 2:80:2 values by less than (10 meV. Again
the difference between the interaction energies with 4N and
CPW charged cofactors is less than (10 meV for any site except
for the histidines which are the axial ligands to the BChls (see
Table 3).
All other acids and bases in the protein make small contributions to ∆V(HL-P). Preliminary calculations of site pKa’s
(Gunner, unpublished) suggest that most buried residues are
ionized. There is an extended cluster of 14 sites that are in
close contact and include Glu H 177, Asp’s H 236, M 2, and
M 230, and Arg’s H 181 and H 120 near the QB site which are
most likely to be partially neutral.54-56 These residues are found
in the bottom left quadrant of Figure 6 and produce the negative
potential region near QB in Figure 3. The predicted neutralization of some of these acidic residues would only serve to
increase the potential gradient favoring electron transfer.
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TABLE 6: Contribution of Different Types of Charges to the Potentialsa
potential (mV) (2:2)
P
BM
BL
HM
HL

potential (mV) (2:80:2)

bkbn

polar

wat

crg

sum

bkbn

polar

wat

crg

sum

944
739
738
863
921

-59
-133
57
20
58

-248
-88
-84
-65
-123

-1807
-1784
-1545
-1147
-1026

-1170
-1266
-835
-329
-170

383
146
181
248
260

-79
-121
26
32
57

-239
-71
-81
-48
-111

-375
-345
-159
107
267

-309
-392
-34
340
473

a Potentials are obtained as in Table 1. Bkbn is the amide dipoles of the protein backbone. Polar groups are the polar side chains. Crg represents
the ionized side chains, chain termini, and nonheme Fe+2. The charges on residues listed in Table 3 are set to zero.

TABLE 7: Potential at the Sites That Contribute to the
Difference in Potential at P and HL by More Than 25 mV
under Dielectric Boundary Conditions 2:80:2 (mV)
favor charge separation
2+

Figure 5. Comparison of the potential at the cofactors with (heavy
line) and without (dashed line) charged side chains and Fe2+. Dielectric
boundary conditions 2:80:2. (b) L branch; (O) M branch.

The results of preliminary calculations on Rb. sphaeroides
RCs also show a large ∆V(HL-P). However, the cytochrome
subunit that covers the periplasmic face of the Rps Viridis but
not Rb. sphaeroides RCs has significant impact on the contribution of specific sites to the static field. In particular, residues
near P such as Asp L 155 and M 182 are buried by the C subunit
in Rps. Viridis RCs and so contribute to the field (see Figure
6). However, these residues have little impact in Rb. sphaeroides RCs since they are on the surface on the protein and are
effectively screened by water.
Sites in the Protein That Contribute to the Difference in
Potential along the L and M Branch of the Protein. A
significant difference in the potential at BL and BM and a smaller
difference between HL and HM is found for all parameters tested
(see Table 1). Thus, the electrostatic potential strongly favors
charge separation along the active branch of RCs (see Table
5). Although the magnitude of the ∆V(L-M) is dependent on
the dielectric constants used, the conclusion that the potential
is asymmetric is independent of the parameters used in the
calculations.
The potential along the L and M branches of the protein are
compared in Tables 8 and 9 and Figures 7 and 8. Table 6 shows
that the polar and charged sidechains are the most important
contributors to ∆VB(L-M) and therefore to ∆G(static field). Table
8 shows the 22 ionized resides and two polar residues that
contribute more than 25 meV to the difference. The sites that
contribute to the asymmetry are widely distributed. In addition,
over 100 meV of the total difference in the potential at the two
BChls is contributed by sites which individually contribute less
than 25 mV to ∆VB(L-M) .

Fe
ARG
ASP
ASP
ARG
GLU
GLU
ARG
ARG
ARG
LYS
PRAa
ARG
ASP
ARG
ARG
ARG
ARG
ASP
ARG
ARG
ARG
ASN
ASN
ASN
HOH
HOH
a

L
M
L
H
M
C
H
M
L
L

103
182
155
33
171
254
37
251
231
110

M
M
M
L
M
H
H
L
M
H
M
L
L

245
290
226
10
265
181
11
109
239
120
193
166
158
302
304

oppose charge separation

P

HL

dif

158
50
-224
-230
50
-119
-115
31
23
54
16
-65
18
-59
18
13
43
27
-58
12
13
16
-49
-44
-29
-27
-45

371
262
-50
-97
159
-29
-33
87
78
105
67
-16
64
-17
51
46
74
58
-28
41
40
42
-7
-7
0
5
-5

213
212
174
133
109
90
83
56
56
52
51
49
46
42
34
33
32
31
30
29
27
26
42
37
29
32
40

P

dif

-61 -180 -119
195 100 -95
-27 -119 -92
-66 -157 -91
-18 -71 -53
70
20 -51
70
19 -51
-29 -79 -50
-36 -83 -47
64
18 -46
-21 -57 -37
-16 -54 -37
-12 -48 -36
-34 -70 -36
-16 -46 -30
-29 -57 -28
-30 -57 -27

ASP
ARG
GLU
GLU
GLU
ARG
ARG
ASP
ASP
ARG
GLU
GLU
ASP
GLU
ASP
GLU
GLU

H
L
L
M
L
C
M
M
M
C
H
M
L
M
H
H
H

HIS

L 168

66

6

-60

305

-4

-39

-36

HOH

36
135
106
232
6
220
190
2
230
264
39
244
23
261
236
35
177

HL

Pra is the propionic acid on the A ring of the heme closets to P.

Figure 7 shows the sites that contribute more than 25 meV
to ∆VB(L-M). In this plot, the residues that favor reduction of
BL are above the diagonal. These are either acids closer to BM
(bottom right) or bases closer to BL. Symmetry-related sites
such as Asp M 182 and L 155 or Arg L 103 and M 130 are
found at comparable distances above and below the diagonal.
Perhaps more interesting are sites which provide compensating
interactions at the two BChls while not being at homologous
positions on the L and M subunits. Examples include Glu M
171, M 76, and Asp L 218, which all lower the potential at BM,
and Asp H 36, L 60, and Glu L 106, which lower the potential
at BL. In addition, the contributions of Tyr M 208 in two
different orientations is shown. The error bar in Figure 2, which
represents the two extreme contributions of Tyr M 208 at BL,
shows that this residue has a large impact on the actual value
of ∆VB(L-M) but is not necessary for ∆G(static field) to favor the L
branch. The other hydroxy-containing side chains, Ser L 178
and L 152 which contribute significantly to the ∆VB(L-M) have
hydroxyl protons that are well fixed by hydrogen bond acceptors
within the protein.
Figure 8 and Table 9 provide information about the residues
that contribute to ∆VH(L-M). A larger number of groups
contribute more than 25 meV to the difference in potential than
is found for ∆VB(L-M). However, the resultant ∆VH(L-M) is only
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TABLE 9: Potential at the Sites That Contribute to the
Difference in Potential at HM and HL by More Than 25 mV
under Dielectric Boundary Conditions 2:80:2 (mV)

site

Figure 6. Sites that contribute more than 25 mV to the difference in
potential at P and HL given dielectric boundary conditions 2:80:2.
∆VHL-P is plotted against VP. Residues at positive Y values favor
electron transfer from P to HL. (b) Charged groups; (O) polar side
chains; (0) waters; (9) backbone. Two positions are shown for Tyr M
208 (*). Residues contributing more than 60 mV to ∆VHL-P are
identified.

TABLE 8: Potential at the Sites That Contribute to the
Difference in Potential at BM and BL by More Than 25 mV
under Dielectric Boundary Conditions 2:80:2 (mV)

site
ASP
ARG
ARG
GLU
ARG
GLU
ARG
ARG
LYS
ASP
ARG
ARG
GLU
ASP
ASP
ARG
ASP
SER
SER
TYR
HOH
HOH
HOH

M
L
L
M
H
M
C
H
C
L
M
C
L
H
L
M
L
L
L
M

182
135
103
171
33
76
15
37
259
218
86
220
106
36
60
130
155
152
178
208
108
302
304

BM

BL

dif

-304
80
32
-119
36
-68
12
23
22
-47
38
62
-18
-49
-18
96
-82
-3
-52
-9
-3
-7
18

-81
176
108
-50
88
-16
48
53
51
-19
12
34
-52
-96
-74
28
-284
-31
3
88
-29
28
-10

223
96
76
68
52
52
36
30
29
28
-26
-28
-35
-47
-56
-67
-202
-28
55
97
-26
35
-28

symmetry-related
site on
homologous subunit
Asp
His
Arg
His

L
M
M
L

155
162
130
144

Gly

L

56

Trp
del

M

252

Ser

M

133

Asp
Arg
Asp
Pro
Gly
Phr

M
L
M
M
M
L

80
130
182
179
205
181

half that of ∆VB(L-M). Thus, the major distinction between the
L and M branches is at the BChls rather than the BPhs.
Discussion
∆G for Charge Separation To Form P+HL-. The calculations presented above yield values of ∆G(electron transfer) for

ARG
ARG
ASP
ARG
ASP
ARG
ARG
LYS
GLU
GLU
ARG
ASP
ARG
ARG
GLU
ASP
ASP
ARG
ASP
ARG
GLU
ARG
ASP
GLU
ARG
SER
ASN
SER
ASN
HOH
HOH

L
H
L
L
M
M
H
L
L
M
M
M
L
L
M
M
L
M
L
L
L
M
H
L
M
M
L
L
M

103
33
218
135
182
251
37
110
212
171
245
43
10
109
244
2
23
28
155
217
6
134
36
106
130
271
183
238
147
301
305

HM

HL

dif

39
56
-111
46
-103
25
35
15
-130
-67
26
-85
13
11
-25
-47
-10
52
-51
84
-20
84
-83
-21
228
-32
-1
3
62
13
-3

262
159
-27
100
-50
78
87
67
-79
-29
64
-50
46
41
-54
-79
-48
14
-97
37
-71
18
-180
-119
35
8
-26
-23
-7
-15
-39

223
103
85
55
54
53
52
52
51
38
38
35
33
30
-29
-32
-38
-38
-46
-47
-51
-66
-97
-98
-193
40
-25
-27
-69
-28
-36

symmetry-related
site on
homologous subunit
Arg

M

130

Trp
His
Asp
Arg

M
M
L
L

252
162
155
217

Ala
Ala
Ser
His

M
M
L
l

137
246
152
211

Arg
Glu

M
L

136
210

Asp
Arg

M
M

182
251

Ile

L

107

Ser
Arg
Ala
Cys
Leu
Ala

M
L
L
M
M
M

133
103
237
210
272
120

electron transfer from P* to P+HL- of -418 and -456 with
dielectric models 2:80:2 and 4:80:4, respectively (Table 5).
There is a considerable body of experimental evidence regarding
the relative free energies of P* and P+HL-.71-74 Although most
measurements have been carried out on Rb. sphaeroides RCs,
the results are similar in Rps. Viridis RCs.2 There is good
evidence that formation of P+HL- is a complex process. While
P+HL- is initially formed approximately 150 meV below P*,
in 10 ns it appears to have relaxed 100 meV,11,71,75 in
microseconds the state is 100 meV lower in energy,76 and in
milliseconds P+HL- is approximately 340 meV below P*.71,77
The molecular origin of this relaxation is not known. The
calculated ∆G(electron transfer) values of approximately -400 meV
are close to the experimental values determined on the millisecond time scale but are lower by about 250 meV than the
-150 meV value for the initial formation of P+HL. Since our
calculations refer specifically to fast events, (prot of 2 accounts
only for electronic polarization) our results appear to yield a
free energy difference between P* and P+HL- which is too
negative by about 250 meV. Given the uncertainties in the
calculations, particularly in the gas-phase energy levels, we
regard this level of agreement between theory and experiment
to be satisfactory. Moreover, the fundamental conclusion, that
a large static field due to ionizable groups compensates for the
intrinsic of charge separation in a low dielectric medium, is a
robust result that is independent of the detailed model assumed
in the calculations.
Electron Transfer from P* to BL and P* to HL: Can
P*BL Be an Intermediate? BL lies between P and HL in the
RC structure. The importance of BL for function is inferred
from the half time for reduction of HL of 2 ps, a value which
is orders of magnitude greater than expected for electron transfer
over 18 Å if there is no intermediate electron acceptor.15,16
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Figure 7. Sites that contribute more than 25 mV to the difference in
potential at BL and BM given dielectric boundary conditions 2:80:2.
The sites that favor electron transfer down the L branch are above the
diagonal. (b) Charged groups; (O) polar side chains; (0) waters; (9)
backbone. Two positions are shown for Tyr M 208 (*). Symmetryrelated groups are often found equal distances above and below the
diagonal.

Figure 8. Sites that contribute more than 25 mV to the difference in
potential at HL and HM given dielectric boundary conditions 2:80:2.
The sites that favor electron transfer down the L branch are above the
diagonal. (b) Charged groups; (O) polar side chains; (0) waters; (9)
backbone. Symmetry-related groups are often found equal distances
above and below the diagonal.

However, as has been described at length, BL can facilitate
electron transfer via a super-exchange mechanism and thus need
not form a distinct, reduced intermediate.17-24,78 With super
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exchange the free energy of P+BL- could lie above P*.
However, if BL is reduced in forward electron transfer, then it
must lie near or below P* to maintain the observed temperature
independence of the forward electron-transfer rate.
Experimental evidence both supports and opposes mechanisms where BL is reduced during charge separation.22-24,79
Measurement of the time-resolved changes in the spectra of P,
B, and H suggest that BL is transiently reduced during charge
separation to form P+HL-.22,80 Only a small amount is seen,
consistent with P+BL- being formed more slowly than it decays.
A mutant with a BChl at the HL site, the “β” mutant, also
suggests the free energy of P+BL- is below P*. In this mutation,
the 250 meV intrinsic difference in the reduction potential of
BChl and BPh is removed. Spectroscopic evidence suggests
that in this mutant the initial charge separated state has the
electron delocalized over BL, and βL which is likely to require
that P+BL- and P+βL- are close in energy and below P*.81,82
Evidence opposing a linear, two-step model for electron
transfer comes from the vibrational coherence of P*, which
decays with the rate at which P+HL- is formed.83-85 In addition,
the DLL Rb. capsulatus mutant, which has no functional HL,86
shows no sign of transient reduction of BL.84 Also, a number
of mutations have raised the free energy of P+, reducing the
gap between P* and P+HL- with only limited effects on the
electron transfer reaction.87 Thus, while P+BL- may be
transiently formed under some conditions, this may not be
required for fast electron transfer.23
The calculations presented do not provide definitive answers
as to the exact role of P+BL-. The results shown in Table 5
place P+BL- about 380 meV above P* which is too high for it
to form a stable intermediate. However, this value depends
strongly on the quantum mechanical calculations of ∆G(vacuum)
which, as discussed in the Results, may well be in error by a
few hundred meV. Another way to approach this issue is to
consider the relative free energy difference between P+BL- and
P+HL-. The results reported in Table 5 predict a value of about
800 meV, whereas if we correct the gas-phase energies by 250
meV as discussed in the Results, the free energy difference
between these two states would be reduced to 550 meV. This
would still place P+BL- about 100-400 meV above P* with
the exact value depending on the free energy difference assumed
for P* and P+HL-. Two other sources of uncertainty are the
reaction field energy (see Table 4) and the position of Tyr M
208 (see Table 3). If this Tyr hydroxyl is properly oriented, it
could provide an additional 90 meV to stabilize P+BL- .
Directionality of Electron Transfer in RCs. It is well
established that electron transfer is predominantly along the L
branch via HL to QA. However, it is less clear what are the
limits of the functional asymmetry. Monitoring charge separation at low temperature where the two BPhs are well resolved,
shows that HL is reduced, while there are no changes in HM.88
The resolution of these experiments places a limit on chargetransfer asymmetry of greater than 10 to 1. An additional
demonstration of the unimportance of the M branch cofactors
is that removal of HM does not effect the rate or yield of
formation of P+HL-.89 Under conditions where HL is prereduced, P* decays to the ground state before HM is reduced
by more than 9%, suggesting in normal RCs the electron transfer
from P* to HL is at least 100 times faster than the rate of
reduction of HM.90
It is clear that there is a pronounced asymmetry in the
electrostatic potential between the L and M branch cofactors.
However, these calculations predict that P+HM- lies below P*
so that it would be stable if formed. In contrast, the formation
of P+BM- is quite unfavorable. The high energy of this state
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might then account for the inactivity of the M branch. Thus,
the discrimination between the L and M branches appears to
occur at the level of the BChls. The calculated value of
∆GB(L-M) of -175 to -350 meV (for prot of 4 and 2
respectively), while the ∆GH(L-M) is only -70 to -120 meV.
A large number of sites, often far from the cofactors, contribute
to the asymmetry in the potential. The distribution of important
residues may account for the difficulty of making mutants that
favor electron transfer along the M branch.
Comparison of Results with Measurements on Modified
RCs. Site-directed mutagenesis offers a direct means of testing
the values for the impact of specific residues on the ∆G(static
field) listed in Tables 3 and 7-9. However, as described in the
Methods, even small changes in protein structure would reduce
the expected effect of the mutation. In the electrostatic
formalism, this would appear as a larger effective prot for the
specific interaction with the mutated site. This is likely to be
more important for mutations in charged sites than for polar
sites. The effective dielectric constant will be assumed to be
4, which takes into account some molecular rearrangement on
mutation of the protein. The calculated values for interaction
energies with dielectric constants 4:80:4 are always very close
to half of what is found with 2:80:2. Therefore, values in tables
3 and 7-9 will be divided by 2 in this section of the Discussion.
Many mutations have been made in RCs to explore the initial
charge-separation event.24,65,75,87,91-93 A surprising number have
not stopped forward electron transfer even at low temperature.
Most of the experiments have been carried out in Rb. sphaeroides RCs, with a number of mutations made in Rb. capsulatus
RCs. The data base for Rps. Viridis RCs is smaller. However,
the behavior of all RCs is generally very similar.
Recently, a site-directed double, mutant in Rb. capsulatus
RCs has been made that appears to show significant electron
transfer to HM.94 One mutation substitutes His for Leu at L
212, resulting in BChl binding in the HL site, producing the βL
phenotype. In addition, L 201 is changed from Gly to Asp.
This Asp is close to BL, apparently raising the free energy of
P+BL-. The mutant protein shows electron transfer to both βL
and HM. If the new Asp is indeed ionized and does not perturb
the structure too much, this result provides qualitative support
for several conclusions of the calculations presented here. First,
it indicates that electron transfer can occur down the M branch
if electron transfer down the L branch is made unfavorable.
Thus, the free energy of the charge-separated states controls
the functional asymmetry, rather than unfavorable electronic
coupling or protein reorganization energy on the M branch.
Ionized side chains are capable of influencing these state
energies, presumably through electrostatic interactions. In
addition, it is a change at BL that leads to electron transfer down
the M branch. Thus, the directionality is controlled at the level
of the BChls. Finally, since P+HM- is formed, its energy is
indeed below that of P*. Thus, these results are in agreement
with the calculations presented here (see Table 5).
Tyr M 208 is conserved on the M branch of the three most
studied bacterial RCs. It is not found in PSII RCs.70 On the L
branch this residue is replaced by a Phe. Earlier calculations,43
suggested this residue could be important, and therefore it has
been the focus of site directed mutants in Rb. sphaeroides62-65
and Rb. capsulatus RCs.66,67 P is found here to be 30 mV harder
to oxidize when the Tyr is mutated to Phe in Rb. sphaeroides
RCs, in good agreement with its calculated effect of 25 meV
(prot of 4) when it is in the orientation to provide the largest
stabilization of BL (see Table 3).
The non-heme iron between QA and QB appears to have a
large effect on the ∆V(HL-P). Rb. sphaeroides RCs can be
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prepared with no iron or other measurable divalent cation
replacement.95 While no measurements have been made of the
cofactor midpoints in these RCs, there is little effect on the rate
of formation of P+HL-.96 However it is reasonable to expect
that uptake of protons into the Fe2+ site, perhaps on the histidines
that ligand the iron, keeps ∆V(HL-P) intact.
His L 168, which hydrogen bonds to the acetyl group of PL,
has been removed by site directed mutation in Rb. sphaeroides
RCs, which lowers the midpoint of P by 80 mV.91 This is larger
than the 33 mV obtained here (prot of 4) (see Table 7) Better
agreement with experiment is obtained in this case if prot of 2
is used, perhaps because the His is hydrogen bonded directly
to the π system of P, or because the effects of nearby dipoles
are best modeled with a lower dielectric constant.
The reduction of QA should provide a means to modify
∆V(HL-P). An electron on QA lowers the potential at the nearby
HL more than P. The calculations predict that ∆V(HL-P) should
be reduced by 110 mV when QA is prereduced (prot of 4).
However, the free energy for charge separation, determined by
the delayed fluorescence technique, changes by less than 40
meV.11 One possible reason for the small measured change is
that protons are bound from solution when QA- is formed.97,98
The uptake of positive charges, which will reduce the effect of
the negative QA, is not taken into account in the calculations
presented here. Also, protein relaxation in the presence of QAcould screen the unfavorable interaction between H- and QA-.
In contrast, measurements of the Stark shift at HL due to QAdo provide values for the effective dielectric constant for
interactions between QA- and HL close to those calculated here.
When RCs were prepared with QA- at room temperature and
then frozen, the effect of the new charge is significant, modeled
with a eff of 5.8.99 The effect of the charge on QA- at HL,
which is 13.5 Å away, is calculated to be 146 meV given
dielectric constants 4:80:4. This is equivalent to an eff of 7.2,
in good agreement with the value extracted from the experiments.
Evidence for a Large Static Field within RCs. There have
been many previous theoretical studies of electron transfer in
RCs. However, none has explicitly discussed the difficulty of
stabilizing charge separation in low dielectric material, especially
at low temperature. The difficulty of forming stable, chargeseparated states in low dielectric, nonpolar solvents is well
known.100-102 The particular difficulty of charge separation in
frozen media due to the destabilization of the charge-separated
state is demonstrated by the significant loss of driving force
found for bridged donor-acceptor complexes upon freezing.100,103 For example, in a porphryin-triptycene accepter
system with an 11 Å donor-acceptor separation, the charge
separated state is 800 meV higher in energy in frozen 2-methyltetrahydrofuran ( ) 2.6) than in liquid butyronitrile ( ) 20)
presumably due to loss of ∆G(reaction field).103 If these experiments
with artificial donor-acceptor systems do model photosynthetic
electron transfer, then charge separation would not occur
between the RC cofactors at low temperature in isolation from
the protein.
The presence of significant electrical fields within RCs from
Rb. sphaeroides has been previously suggested by Middendorf
et al.104 based on Stark effect measurements. Their estimate
for the matrix field at P is >1.2 × 106 V/cm at 1.5 K. A
∆V(HL-P) of 409 mV over the 17.8 Å distance between P and
HL implies an average field of 2.3 × 106 V/cm, which is
consistent with their estimate.
Screening of Charges by Water and Protein. The correct
value for the internal dielectric constant of a protein is uncertain.
An prot 2 appears to be formally correct since it accounts for
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electronic polarizability, while the screening effects of protein
dipoles are explicitly included in the partial charges that generate
the static field and should thus not be included in the dielectric
constant. However, prior calculations on redox potentials in
Rps. Viridis have provided a better match between theory and
experiment with larger values for prot,53 although these involved
studies of themally relaxed states where a higher value of prot
is indeed appropriate. As described above, the use of prot of 2
or 4 results in minor differences in the outcome of the
calculations of the equilibrium ∆G for charge separation.
Molecular dynamics calculations also provide evidence that there
is some nuclear rearrangement that can occur rapidly following
charge transfer that will increase the effective dielectric
constant.36-38
The calculation of a large field through the protein rests upon
the assumption that the protein screens charges to an extent
represented by a dielectric constant of only 2-4, while the
surrounding water has a dielectric constant of 80. The result is
that charges on the surface have very little effect on the fields
inside the protein, while charges buried within the protein can
have a significant effect. It has been proposed that charges
within the protein are generally stabilized by a counterion (e.g.
a salt bridge), dipolar groups in the protein, or pockets of internal
water molecules which reduce the effect of the charges.105,106
In RCs the charges on a number of acidic and basic residues
are found to be stabilized by dipolar groups in the protein. Arg
L 103, which is a major contributor to the potential gradient,
interacts with a region of the protein backbone which is oriented
so as to provide a negative potential that is sufficient to
compensate for most of the calculated loss in reaction field
energy due to burial of the Arg. This dipolar field is strong at
the nearby Arg but is negligible at the cofactors, while the
monopole field from the Arg falls off much more slowly and
so has a long range effect. In contrast, if a charge is stabilized
by a counterion, a dipole is formed whose effects fall off more
rapidly with distance. This is seen in the small net effect of
the salt bridge Asp H 36, Arg H 33 on ∆V(HL-P) (see Table 7).
Previous electrostatic calculations on Rps. Viridis demonstrated that buried charged groups can have a significant effect
on cofactor midpoint potentials. The equilibrium midpoints of
the four hemes in the cytochrome subunit were obtained with
the difference between the measured and calculated values of
less than 60 meV.53 The good match between experimental
and calculated values is due in part to important contributions
from the heme propionic acids and a buried Arg. In addition,
the midpoint of the higher potential hemes is influenced by the
potential from charges on the lower midpoint hemes which are
ionized first in an equilibrium titration.
It is important to note that the reaction field of water induced
by permanent charges and dipoles in the protein is present prior
to light absorption. Therefore, it is appropriate to use the lowfrequency dielectric constant of water (e.g., 80) to describe the
screening of these charges even for electron-transfer events that
are faster than the dielectric relaxation time of the solvent. That
is, the solvent is polarized prior to light absorption establishing
what is essentially a preexisting reaction field. Following light
absorption, water molecules will reorient to “solvate” the newly
formed charge distribution on a time scale that corresponds to
the low frequency dielectric relaxation time. This effect is quite
small for buried cofactors.
Much work on electron transfer in RCs has been carried out
in frozen glasses. The potentials calculated here, which include
screened charges, may also be appropriate for reactions at low
temperature, if the water and protein retain their orientation as
the protein is frozen. Measurements of the effect of charges
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on the spectra in RCs show that solvation effects are retained
when the system is frozen. If a charge is formed at 1.5 K, its
effect at other sites in the protein is larger than when the charge
is formed at room temperature and allowed to come to
equilibrium before being frozen.99 Since there can be only
limited nuclear motion at 1.5 K the static field measured in the
experiments of Steffen et al.99 may be similar to that experienced
by the electron at room temperature immediately following light
absorption, where there is insufficient time for a nuclear response
to electronic motion. The range of effective, low temperature,
dielectric constants measured by Steffen et al. of 1.5-4.5 is
consistent with the values used in this work.
Comparison with Earlier Calculations. Previous theoretical
studies of the first steps in electron transfer in RCs have
generally focused on the differential behavior of the L and M
branches and the role of BL. Explanations for the functional
asymmetry include a different electronic coupling matrix
element from P* to HM and HL,25,27,32,107,108 differences in
mobility and reorganization energy,34-38,99 and differences in
equilibrium driving force due to the difference in the electrostatic
potentials on L and M branch.41-43,109 Each of the earlier studies
of the electrostatic potentials noted asymmetries in the potential
at the L and M branch cofactors. In addition, a gradient of the
potential between P and H comparable to what is found here
was previously noted by Yeates et al.41
The calculations reported here suggest that a static electrostatic field, due primarily to charged amino acids in the protein,
is largely responsible for directing electron transfer in RCs and
is thus responsible for the observed asymmetry. This finding
is based on an electrostatic model that makes no a priori
assumptions about the charged state of individual residues or
of the magnitude of the screening effect of the aqueous phase.
Other effects, for example resulting from nuclear motion, may
also contribute, but the static effects described here are so large
that they would be expected to dominant the energetics of the
electron transfers.
The molecular dynamics study of Marchi et al.37,38 implicitly
included both dynamic and static electrostatic effects and no
attempt was made to separate the two types of contributions.
On the other hand, ionizable residues were assumed to be
charged and a uniform dielectric constant of 2 was used to
describe electrostatic effects. Therefore, it is likely that a static
field similar to the one obtained here with the 2:2 dielectric
model made a major contribution in the calculations of Marchi
et al. (see Figure 2). As has been previously noted,40 the
neglect of ∆G(reaction field) contributes to the very unfavorable
position of P+BL- relative to P* in this work.
The recent studies of Parson, Warshel, and co-workers assume
that charged groups are so heavily screened that they make little
contribution to electron transfer.39,40,43 As can be seen in Table
6, the calculations reported here would place P+HL- about 20
meV below P* using dielectric constants 4:80:4, even if the
contributions of the ionized residues to the static field were
ignored. This result is in the range reported by Warshel and
colleagues, suggesting that the two sets of calculations are not
inconsistent. In addition, Table 5 shows that the relative
importance of ∆G(static field) and ∆G(reaction field) is very dependent
on the value for prot. However, an prot of 4 is likely to be too
large for fast processes and at low temperature and thus
represents an overestimate of ∆G(reaction field). Using an prot of
2, charge separation is predicted here to be unfavorable in the
absence of the static field. Thus, the fundamental difference
between the two sets of studies is not in the theoretical approach
but rather in the underlying physical assumptions about the
dielectric response of proteins and the charge state of amino
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acids. The importance of ionizable groups can be resolved
experimentally, for example by studies of Arg L 103 mutants.
Conclusion
The fundamental question that has concerned theoretical and
experimental studies of RCs in the period following the
elucidation of the structure has been how the protein is designed
to facilitate efficient electron transfer along the active pathway.
We have partitioned this question into two parts. The first
concerns the means of overcoming the intrinsic cost of charge
separation in a low dielectric medium while the second concerns
the preference for the L over the M branch. The results of this
study suggest that the protein solves both problems through the
creation of a large static electric field which is produced by the
specific position of many charged groups within the protein.
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