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and Biochemisches Institut, UniVersität Zürich, Winterthurer Strasse 190, CH-8057 Zu¨rich, Schweiz

ReceiVed September 15, 1995; ReVised Manuscript ReceiVed March 28, 1996X

ABSTRACT: Shifts of the special pair redox potential of the photosynthetic reaction center ofRhodobacter
sphaeroidesare considered for several point mutations [Lin, X., Murchison, H. A., Nagarijan, V., Parson,
W. W., Allen, J. P., & Williams, J. C. (1994)Proc. Natl. Acad. Sci. U.S.A. 91, 10265-10269] in the
neighborhood of the special pair. The shifts are calculated from electrostatic energies by solving Poisson’s
equation for energy-minimized structures of the reaction center. Different conditions for the evaluation
of the electrostatic energy are probed. To test the influence of the hydrogen bonding at the acetyl groups
of the special pair, the orientation and torsion potential of the acetyl groups are varied. The calculated
shifts of the midpoint potential of double and triple mutants can approximately be obtained from the
corresponding shifts of the single point mutations. The calculated shifts agree with the measured values
for all single and double mutants considered. However, a clear decision between different acetyl group
conformations was only possible for the mutants HF(L168) and HF(L168)+ LH(L131) where the calculated
shifts of the redox potential agree with experiments only if the acetyl oxygen atom at DM points toward
the Mg2+ ion of DL. This is corroborated by computations of the interaction energy of the acetyl group
at DM, which adopts a lower value in the wild-type reaction center if its oxygen atom is bonded to the
Mg2+ ion of DL.

The primary charge separation events of photosynthesis
take place in the so-called reaction center (RC).1 Much
progress has been made in the understanding of the function
of photosynthetic RC’s, since the first three-dimensional
crystal structure of the RC of the purple photosynthetic
bacterium fromRhodopseudomonas (Rps.) Viridis became
available (Deisenhofer et al., 1984, 1985). Shortly afterward
the crystal structure of a second RC, fromRhodobacter (Rb.)
sphaeroides, was determined with an initial resolution of 3.7
Å (Chang et al., 1986) and 2.8 Å (Allen et al., 1987).
Recently the structure ofRb. sphaeroideswas obtained from
a trigonal crystal form with a better resolution of 2.65 Å
(Ermler et al., 1994), providing a more detailed description
of the RC ofRb. sphaeroides. This shows that the structures
of Rps. Viridis andRb. sphaeroidesRC’s exhibit only minor

differences and in particular the overall cofactor arrangement
is conserved. Crystal structures of several mutants ofRb.
sphaeroidesare now also available (Chirino et al., 1994).
Those structures are not drastically different from that of
the wild-type.
The RC ofRb. sphaeroidescontains the following cofac-

tors: four bacteriochlorophyll a (BChl) (Figure 1), two of
them (DL, DM) forming the special pair (D), two bacte-
riopheophytin a (BPh) (ΦA,ΦB), two ubiquinones UQ-10,
(QA, QB), one non-heme Fe2+, and one carotenoid. The
nomenclature proposed by Hoff (1988) and Deisenhofer and
Michel (1991) is used. The chromophores are arranged in
two branches, A and B, which are related to each other by
an approximateC2 rotation symmetry (Deisenhofer et al.,
1985; Michel et al., 1986; Allen et al., 1987). Only one of
the two branches (A) is active. It conducts an electron from
the singlet excited donor (D) in about 3.5 ps (Woodbury et
al., 1985; Breton et al., 1988) toΦA, the pheophytin of the
active branch. This initial electron transfer step is supported
by the accessory BChl (BA) which is discussed to serve as
a first intermediate electron acceptor (Zinth & Kaiser, 1993;
Kirmaier & Holten, 1993). The details of the initial electron
transfer are still a matter of debate (Creighton et al., 1988;
Scherer & Fischer, 1989a; Bixon et al., 1991, 1992). In
another 200 ps (Kirmaier & Holten, 1987) the electron is
transferred to the primary QA and finally within about 100
µs to the secondary quinone QB. The charge-separated state
is subsequently stabilized by neutralizing the positive charge
at the special pair with an electron transferred from a soluble
cytochromec2. After reduction of the quinone QB (QA) the
forward electron transfer is blocked such that the transfer
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back to the special pair may also occur from the QA (ΦA).
To understand the role of the protein environment on the

function of the cofactors, specific amino acid residues have
been exchanged by site-directed mutagenesis (Williams et
al., 1992; Nagarajan et al., 1993; Murchison et al., 1993;
Lin et al., 1994a,b). Several mutations in RC’s ofRb.
sphaeroideshave been designed to modify the environment
of the special pair (see Table 1). By replacing amino acids,
the electrostatic environment and possibly also the hydrogen
bond pattern of the special pair are changed. As a conse-
quence the electrochemical midpoint potential (EM)

accounting for the free energy difference between the reduced
(D0) and oxidized (D+) special pair state is shifted (see Table
1). The EM is measured against the normal hydrogen
electrode, which contributes an extra term,∆E(Helectrode).
The EM of the special pair determines the driving force

for the primary process of charge separation as well as charge
recombination of D+ with Φ-

A, Q-
A, and Q-

B. The
measured shifts of theEM correlate well with the changes in
the electron transfer rates (Lin et al., 1994a,b). Furthermore
the functionally important re-reduction of D+ by cytochrome
c2 strongly depends on theEM of the special pair (Lin et al.,
1994b).
The mutants of the RC in which amino acids are

exchanged in the neighborhood of the special pair demon-
strate that theEM depends strongly on the number and
strength of the hydrogen bonds formed with carbonyl oxygen
atoms of the special pair (Lin et al., 1994a,b). The hydrogen
bonding pattern determines also the orientation of the acetyl
groups at the special pair (Figure 1). In the absence of a
hydrogen bond it is assumed that the acetyl group adopts an
in-plane orientation with respect to the porphyrin plane
(Ermler et al., 1994). On the basis of quantum chemical
computations it was found that the special pair bands in the
optical absorption spectrum undergo a red-shift if the acetyl
group of the special pair is rotated from an in-plane to an
out-of-plane conformation (Parson &Warshel, 1987; Warshel
& Parson, 1987). Recent measurements of low-temperature

optical absorption spectra of mutant RCs ofRb. sphaeroides
corroborate this result (Mattioli et al., 1995; Rautter et al.,
1995).
Since theEM of a cofactor is sensitive to the protein

environment, structural changes induced by mutations can
be deduced from a comparison between calculated and
measuredEM’s. Thereby it should be possible to supply
details of mutant structures which differ from the wild-type.
One possibility of such changes is the ring I acetyl group at
DM whose orientation of the oxygen atom pointing away
from the Mg2+ ion of DL is only slightly favored by the
electron density map (Ermler, et al., 1994).
It is now a decade ago that redox potentials in proteins

could be calculated successfully (Churg & Warshel, 1986).
In the present work the shift of theEM of the special pair of
Rb. sphaeroidesis calculated for eleven different mutants
and compared with experimental data. Different conforma-
tions of the ring I acetyl group (Figure 1) are probed by
varying the corresponding torsion potential and the start
conformation. TheEM’s are evaluated by solving Poisson’s
equation using the program DelPhi (Gilson et al., 1985;
Klapper et al., 1986; Nicholls et al., 1991).

METHODS

Use of the Dielectric Constant for the Computations with
DelPhi. The atomic partial charges of the amino acids are
taken from CHARMM22 (Brooks et al., 1983). For molec-
ular dynamics simulations CHARMM is typically used with
a dielectric constant ofε ) 1 (Elber & Karplus 1990). Also
the water model TIP3P (Jorgensen et al., 1983) used in the
present computations was designed for a dielectric constant
of unity. To account for effects of atomic polarization these
water models have a permanent dipole moment which is
closer to the value in ice (2.6 D) than to the value in the gas
phase (1.85 D) (Coulson & Eisenberg, 1966). For the TIP3P
water model the permanent dipole moment is 2.35 D.
In a conventional treatment with DelPhi for the wild-type

RC the crystal structure is used without changes. For
mutants with unknown structure the protein structure is
generated by modeling and kept as close as possible to the
crystal structure. Differently charged states are not energy
minimized separately. To account for the lack of atomic
and molecular polarizibility a dielectric constant of 4 is
normally used within the protein molecule (Gilson et al.,
1986; Gunner & Honig, 1991). In the present application
of DelPhi all protein structures used are energy minimized.
This may contribute to part of the molecular polarization
which is due to the reorientation of polar groups. To be
consistent with the treatment of the electrostatic interactions
in molecular dynamics simulations using the CHARMM
force field the dielectric constant within the protein molecule
is set here to unity (εp ) 1). As is demonstrated below,
larger values of the dielectric constant lead to shifts of the
redox potential whose absolute values are too small. The
unusually small value of the dielectric constant used in this
work may be justified in this case for the following reasons.
The shifts of the redox potential considered here are due to
changes of the local hydrogen bond interactions for which
the CHARMM force field is tuned specifically. On the other
hand a continuous dielectric medium has problems to account
properly for dielectric screening on very short distances.
For each protein atom a volume corresponding to its Van

der Waals radius is assigned and a spherical probe particle

FIGURE 1: Molecular structure of BChl a (R) phytyl chain) with
atom numbering scheme. The carbonyl oxygen atoms at ring I
and V can act as hydrogen bond acceptors.

EM ) E(D0) - E(D+) + ∆E(Helectrode) (1)
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of 1.4 Å radius defines the protein-solvent surface boundary.
Large enough cavities in the protein which are not occupied
by crystalline water molecules have a dielectric constant with
the same value as in the solvent,εw ) 80. A physiological
ionic strength of 0.145 M/L with a 2 Å ion exclusion layer
is used.
The membrane regime is defined by a layer of 30 Å

thickness. The RC is centered in this membrane with the
C2 symmetry axis of the RC orthogonal to the membrane
plane. Though the membrane is not modeled by explicit
atoms, the dielectric constant in this regime is also set to
unity (εm ) 1), since DelPhi allows only two different values
of the dielectric constant. However, test calculations with
other values for the dielectric constant (εm ) εp ) 2, εw )
80; εm ) εp ) 4, εw ) 80; εm ) εw ) 80, εp ) 4) are also
performed.
Generation of the Mutant Structures. The mutant struc-

tures are derived from the wild-type crystal structure of the
RC by elementary modeling techniques. For the mutants
FH, HF, and LH first all side-chain atoms except the carbon
atoms Câ and Cτ are removed. Then the corresponding side-
chain ring atoms are added in idealized geometry such that
the orientation of the ring plane is retained for the mutants
FH and HF. Care is taken to ensure that the residues mutated
to histidine can form the corresponding hydrogen bonds.
These are a hydrogen bond with the acetyl oxygen atom at
DM for FH(M197) and a hydrogen bond with the keto oxygen
atom at DM [DL] for LH(M160) [LH(L131)].
Computational Conditions for Applications with DelPhi.

Before the calculations with DelPhi can be started, the
following steps of preparation of the coordinates from the
crystal structure ofRb. sphaeroidesare made and described
in more detail below: hydrogen atoms are added (point 1);
specific constraints are used (point 2); the torsion potentials
of the acetyl groups are defined (point 3); water molecules
are added (point 4); the whole RC is energy minimized (point
5); the atomic partial charges are defined (point 6); conditions
for the solution of Poisson’s equation are set (point 7).
(1) Hydrogen atoms are added using the program

CHARMM (Brooks et al., 1983). The cofactors BChl and
BPh are modeled in an all-hydrogen atom representation.
For the amino acid residues only hydrogen atoms in polar
bonds are added. All other hydrogen atoms are represented
by corresponding extended atom types.
(2) All atoms of residues which are completely outside of

a sphere of radius 18.5 Å centered at the geometrical
midpoint of the residues L168 and M197 are spatially fixed.

This reference point is close to the geometrical center of the
residues whose mutations are considered (Figure 2). To keep
the geometry of the special pair close to the crystal structure
all non-hydrogen atoms of the special pair are fixed. The
only exceptions are the atoms of the ring I acetyl groups of
DL and DM. They are kept mobile with respect to the torsion
angle. This allows for rearrangements of the acetyl group
to form or break hydrogen bonds.
(3) The torsion potential used for the acetyl group is

It possesses minima for the orientationsγ ) 0,π in the
corresponding porphyrin plane. Two values of the interac-
tion parameterk are used. The original value of the force
constant in CHARMM,ks ) 2 kcal/mol (s) strong) allows
for minor deviations from the in-plane conformation of the
acetyl group only. Alternatively a smaller value,kw ) 0.5
kcal/mol (w ) weak), is used, which allows also for out-
of-plane orientations of the acetyl group. Note that sterical

Table 1: Mutations near the Special Pair ofRb. sphaeroidesand Their Measured Change of Midpoint Potential∆EM

no. mutant ∆EM (mV) reference remarks

0 WT 0a wild-type
1 FH(M197) +125( 10 b forms H-bond with ring I acetyl oxygen of DM
2 HF(L168) -95( 10 b,c loss of H-bond with ring I acetyl oxygen of DL
3 LH(M160) +60( 10 b,d forms H-bond with ring V keto oxygen of DM
4 LH(L131) +80( 10 b,d forms H-bond with ring V keto oxygen of DL
5 FH(M197)+ HF(L168) +40( 10 b see single point mutations 1 and 2
6 FH(M197)+ LH(M160) +195( 10 b see single point mutations 1 and 3
7 FH(M197)+ LH(L131) +205( 10 b see single point mutations 1 and 4
8 HF(L168)+ LH(M160) +20( 10 b see single point mutations 2 and 3
9 HF(L168)+ LH(L131) -20( 10 b see single point mutations 2 and 4
10 LH(L131)+ LH(M160) +130( 10 b see single point mutations 3 and 4
11 FH(M197)+ LH(L131)+ LH(M160) +260( 10 b see single point mutations 1, 3, and 4
a The reference value of WT isEM ) 500( 5 mV (Williams et al., 1992; Nagarajan et al., 1993; Lin et al., 1994a,b).b Lin et al. (1994a,b).

cMurchison et al. (1993).dWilliams et al. (1992).

FIGURE 2: Special pair of the RCRb. sphaeroideswith mutated
residues. Energy-minimized structures of the wild-type and mutated
residues at the special pair are depicted together with a fixed special
pair structure using the actual crystal structure by Ermler et al.
(1994). The oxygen atoms are represented by open, the nitrogen
atoms by black and the carbon atoms by gray circles. The
cytochromec2 is located at the side of the residue L162. The active
branch (A) of the RC is situated at the side of the residues M202
and M197.

Vtorsion(γ) ) k(1- cos 2γ) (2)
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hindrance by unfavorable Van der Waals interactions is not
contained in the torsion potential. This interaction can also
prevent a complete reorientation of the acetyl groups.
Corresponding data are referred to by subscripts s and w,
respectively.
(4) To restrict conformational changes to a minimum,

cavities inside the sphere of 18.5 Å radius are filled with
water molecules by using an overlay technique (Knapp &
Nilsson, 1990; Wade et al., 1991) where water molecules
are added if the water oxygen to protein heavy atom distance
is larger than 2.8 Å. According to our experience this
distance criterion is not severe, allowing water molecules to
be introduced only into cavities which are large enough. In
this way 203 water molecules were added to the 165 water
molecules already present in the X-ray structure within the
sphere of 18.5 Å radius. The employed water model is a
variant of TIP3P (Jorgensen et al., 1983; Blumhagen et al.,
1995).
(5) The whole protein-water system of the wild-type RC

consisting of 10 125 atoms is energy minimized with
CHARMM using the constraints described in points 2-4.
The energy minimization is repeated for each mutant, for
different orientations of the ring I acetyl group at DM and
the two charge states of the special pair (D0, D+). The root
mean square deviations (rmsd) between different energy-
minimized structures are small. For the wild-type RC and
the mutant FH(M197) both in the reduced special pair state
the rmsd value is 0.042 Å for all non-hydrogen atoms. For
the special pair atoms excluding the acetyl group atoms the
corresponding rmsd values are somewhat larger, namely,
0.139 Å for DM0 and 0.126 Å for DL0.
Polar and charged residues which are spatially close to

the mutated residue M197 can have much larger rmsd values.
The largest rmsd values are found for asparagine M199
where the average rmsd value is 0.54 Å, and the side-chain
oxygen atom has an rsmd value of 1.70 Å. Only few other
residues have average rmsd values larger than 0.3 Å. The
rmsd values of other mutants are similar. The rmsd values
between different redox states of the same RC are smaller.
For the wild-type RC the rmsd values are 0.012 Å for all
atoms, 0.029 Å for DM, and 0.025 Å for DL. Here the largest
rmsd values are observed for residue aspartate L155, where
the average value is 0.24 Å.
Alternatively structures from “simulated annealing” (Kirk-

patrick et al., 1983) of the different protein-water systems
are also used. The following protocol for the annealing is
used. The relevant part of the RC defined in point 2 is
coupled to a heat bath with a temperature of 400 K, and its
dynamics are simulated for 5 ps. Next, the heat bath
temperature is set to 0 K and the dynamics simulation is
continued for another 5 ps. Finally the complete RC
structure is energy minimized.
(6) The atomic partial charges of the amino acid residues

are taken from the parameter set of CHARMM22. The
charge distribution of the cofactors are obtained from
quantum chemical computations using the convention of
Mulliken (1955) to assign atomic partial charges. The atomic
partial charges at the two ubiquinones have been calculated
with Gaussian 92 (Frisch et al., 1992). The charges of the
BChl’s, BPh’s, the carotenoid, and the detergent molecule
(LDAO) were calculated with a semiempirical INDO SCF-
MO method (Pople & Beveridge, 1970; Dewar et al., 1968).
For the neutral and positively charged special pair the charge

distributions are taken from computations of Plato et al.
(1986, 1991) which were based on the crystal structure of
Rb. sphaeroidesof Allen et al. (1987). For the oxidized
special pair∆qM ) 0.28 (∆qL ) 0.72) of the unit positive
charge is localized at DM (DL). The computed ratio of
charges at the special pair BChl’s of the wild-type RCQ(WT)
) ∆qL/∆qM ) 2.57 correlates well with the corresponding
ratio of the measured spin densityS(WT) ) 2.09 (Lendzian
et al., 1993). The atomic partial charges of the reduced
(oxidized) special pair are for the three most relevant
atoms: the magnesium, the oxygen, and the carbon atoms
of the acetyl group at the BChl DM +0.396 (+0.414),-0.350
(-0.353), and+0.307 (+0.306), and at the BChl DL +0.395
(+0.429),-0.339 (-0.325), and-0.326 (-0.325). The
atomic partial charges of the other cofactors, the two
accessory BChl’s, BPh’s, the carotenoid, and the detergent
molecule (LDAO) are adapted from the charges of the
corresponding cofactors inRps. Viridis as calculated by
Scherer and Fischer (1989b) with a semiempirical INDO
SCF-MO method.
(7) The electrostatic potential is obtained by solving

Poisson’s equation. DelPhi maps the atomic partial charges
and the dielectric constant onto a 653 point grid and solves
Poisson’s equation with a finite difference algorithm (Klapper
et al., 1986; Gilson et al., 1985). To ensure that the results
do not depend on the grid size, a series of focusing
calculations are made (Gilson et al., 1987, 1988) centered
at the midpoint of the Mg2+ ions of the special pair. The
initial grid spacing is 2.0 Å, and the final spacing is 0.5 Å.
EValuation of the Redox Potential. The difference of the

electrostatic energy between the neutral (0) and positively
(+) charged special pair state is calculated by

with

whereR denotes the charge of the special pair (0 or+),
qi(R) denotes the atomic partial charge, andΦi(R) denotes
the electrostatic potential at atomi due to all atoms of the
system which do not belong to the special pair. This
expression involves a sum over all atoms of the special pair
and refers to a structure which is energy minimized for the
corresponding charge stateR of the special pair. It does
not account for the Born energy of the special pair atoms in
the heterogeneous dielectric medium of the protein-water
system. Its contribution to∆EM has been calculated and is
in all cases considered smaller than 10 mV.
Since for each charge state a separate energy minimization

of the system is made, the atomic coordinates of the protein
environment depend on the charge of the special pair.
Hence, Poisson’s equation must be solved for each charge
state separately to obtain the corresponding electrostatic
energies of eqs 3 and 4. The shift of the redox potential
∆EM is calculated as double difference of the free energy
expression 3

According to the Nernst equation

∆G) G(0)- G(+) (3)

G(R) ) ∑
i

Φi(R)qi(R) (4)

∆∆G) ∆Gmut - ∆GWT (5)
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In expression 6,n ) 1 is the change of elementary charge
in the redox reaction andF ) 96 485 C/mol is Faraday’s
constant. The subscript mut refers to one of the mutants
listed in Table 1, and the subscript WT refers to the wild-
type RC.

RESULTS

SurVey of Results. The shifts of theEM of the special pair
in Rb. sphaeroidesare calculated for eleven mutants where
the hydrogen bonding pattern to the special pair is changed.
These mutants are listed in Table 1 together with the
experimental values of∆EM (Lin et al., 1994). The
calculated shifts of theEM evaluated with DelPhi are given
in Table 2 for different orientations of the acetyl groups at
the special pair and two values of the dielectric constant for
the RC (εp ) 1 andεp ) 2).
The structures of the mutant RC’s are generated by placing

the atoms of the mutated residues at the position of equivalent
atoms of the corresponding wild-type residue. The mutated
residues are visualized in Figure 2 for energy-minimized
mutant structures together with an average special pair
structure. It is obvious from this figure that the energy
minimization does not change the position of equivalent
atoms of different mutants significantly. On average, the
differences between the structures of wild-type and mutant
RC’s are small. The structures of RC’s with different
orientations of the acetyl group at DM are displayed and
explained in Figure 3. This figure also demonstrates
structural differences of the acetyl group at DM occurring
with different charge states of the special pair. In general
these structural differences are small. More details on
structural differences between mutant and wild-type RC’s
and different redox states of the special pair are given in the
Methods section under point 5 of the computational condi-
tions.
The largest direct contributions to the calculated shifts of

the EM are due to the mutated residue, and only a small
fraction is due to the acetyl groups (see Table 4). Neverthe-
less, the indirect influence of the orientation of the acetyl
groups on the shift ofEM, which also leads to reorientations
of the mutated residues, can be quite large. This is
demonstrated in Figure 4 for the acetyl group at DM in the
mutant FH(M197), where the shift of theEM exhibits a strong
dependence on the orientation of the acetyl group in the
mutant RC. The influence of explicit water molecules and
different dielectric media on the calculated shift of theEM
is demonstrated for the mutant FH(M197) in Table 3. Details
on the geometry and energetic of the formation of the
hydrogen bond in the mutant FH(M197) are given in Table
5.
Hydrogen Bonding Pattern of the Special Pair. The

mutants listed in Table 1 have been designed to add or
remove hydrogen bonds at the special pair of the RC from
Rb. sphaeroidesas indicated in the last column of Table 2.
The single-point mutation FH(M197) and all double and
triple mutants 5, 6, 7, and 11 involving this mutation add a
hydrogen bond to the acetyl oxygen atom at DM. In the
single-point mutation HF(L168) and the corresponding
double mutants 5, 8, and 9 the hydrogen bond formed

between the acetyl oxygen atom at DL and H(L168) present
in the wild-type RC is removed. In the single point mutant
LH(M160) [LH(L131)] and the corresponding double and
triple mutants 6, 8, 10, and 11 [7, 9, 10, and 11] the ring V
keto oxygen atom of DM (DL) forms an additional hydrogen
bond with H(M160) [H(L131)]. The existence or absence
of the hydrogen bonds has been confirmed by corresponding
changes in FTIR and resonance Raman vibrational spectra
(Nabedryk et al., 1993; Mattioli et al., 1994, 1995).
A change in the hydrogen bonding pattern of the special

pair has a dramatic influence on theEM values. In all cases
considered a carbonyl oxygen atom of the special pair serves
as a hydrogen atom acceptor. With the formation (removal)
of each hydrogen bond theEM value is up-shifted (down-
shifted) by 80-120 mV. These shifts can be used to probe
the change in hydrogen bonding scheme accompanying the
considered mutation (Wachtveitl et al., 1993; Mattioli et al.,
1995). To investigate these effects the computations of the
shift∆EM are performed for different orientations of the ring
I acetyl group of DM.
Crystal Structure and Orientation of the Acetyl Groups.

In the RC fromRps. Viridis (Deisenhofer et al., 1984, 1985)
the special pair forms three hydrogen bonds with the RC
environment. The special pair in the RC fromRb. sphaeroi-
despossesses only one hydrogen bond involving the ring I
acetyl oxygen atom of DL and the residue His(L168) (Ermler
et al., 1994). The ring I acetyl group of DM has an in-plane
orientation, and there is a weak preference in the electron
density map that the acetyl oxygen atom points away from
the Mg2+ ion of DL. In Rb. sphaeroidesthe amino acid
residue related byC2 symmetry to histidine L168 is phenyl-
alanine M197 (tyrosine inRps. Viridis), which in contrast to
Rps. Viridis cannot form a hydrogen bond with the acetyl
oxygen atom at DM. One major difference of the special
pair structure inRps. Viridis and Rb. sphaeroidesis the
conformation of ring V of DL. In Rb. sphaeroidesit is bent
in the opposite direction than inRps. Viridis, where the ring
V keto oxygen atom of DL forms a hydrogen bond with the
hydroxyl group of T(L248). InRb. sphaeroidesthis keto
oxygen atom has an unfavorable contact to the side chain of
M(L248).
In the actual crystal structure ofRb. sphaeroidesby Ermler

et al. (1994) the oxygen atom of the acetyl group at DM points
away from the Mg2+ ion of DL. The basis of the present
computations is an earlier version of the crystal structure of
Rb. sphaeroides(G. Fritzsch and H. Michel, 1994, private
communication), in which the acetyl oxygen atom at DM

points to the Mg2+ ion of DL (denoted as structureN). In
structureT and its analogues the acetyl group at DM is rotated
by 180° from structureN. After energy minimization of
structureN using the weak (strong) torsion potential for the
acetyl groups, the torsion angle changes from the initial value
γ ) -133° to the valueγ ) -119° (41°) (see Figure 3).
The orientation of the acetyl group at DM in the energy-
minimized structureT deviates by less than 8° from the
energy-minimized actual wild-type structure of the RC.
Similarly the energy-minimized structure of the wild-type
RC with the acetyl group at DM turned by 180° from the
orientation in the actual crystal structure deviates from the
energy minimized structureN by less than 8° with respect
to the orientation of the acetyl group. This fact justifies the
use of the preliminary structuresN andT in the present work.
The orientations of the acetyl group at DM differ only slightly

∆EM ) - ∆∆G
nF

(6)
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if the energy minimization is performed with a positively
charged instead of a neutral special pair (see Table 5). The
results of the energy minimization of the wild-type and the
mutant structure FH(M197) are depicted in Figure 3 for the
neutral special pair.

DISCUSSION

Energetic and Hydrogen Bonding of the Ring I Acetyl
Group at DM. In the wild-type structure fromRb. sphaeroi-
desthe orientation of the acetyl group at DL is stabilized by
the hydrogen bond of the acetyl oxygen atom with H(L168)
whereas the acetyl group at DM has no hydrogen bonding
partner. In the actual crystal structure the oxygen atom of
the acetyl group at DM is turned away from the Mg2+ ion of
DL (see Figure 2). This acetyl group conformation is only
slightly favored by the electron density map. To remove

this uncertainty different orientations of this acetyl group
are investigated.

After the energy of the wild-type RC is minimized using
the CHARMM force field the orientation of the acetyl group
at DM changes only slightly. With the weak (w) torsion
potential, eq 2, the change in the orientation of the acetyl
group is larger than with the strong (s) torsion potential. The
importance of different conformations of the acetyl group
can be judged by comparing the interaction energy of the
acetyl group with the protein environment. This energy
includes the acetyl torsion potential and all nonbonded energy
terms in which the atoms of the acetyl group interact with
all other atoms of the considered system. Due to the strong
interaction of the acetyl oxygen atom with the Mg2+ ion in
the wild-type structureN the conformational energy de-
creases by 7.3 kcal/mol (6.1 kcal/mol) for the weak (strong)
torsion potential as compared to the conformational energy

Table 2: Shift of Midpoint Potential∆EM (mV) Evaluated with DelPhia

no. mutant Nw Tw Ns Ts expt
εp ) εm ) 2,

εw ) 80b
change in

no. of H-bonds

1 FH(M197)c -18 130 522 181 125 65 +1
2 HF(L168) -129 -39 -72 -99 -95 -64 -1
3 LH(M160) 74 55 54 112 60 36 +1
4 LH(L131) 85 94 79 135 80 42 +1
5 FH(M197)+ HF(L168)c 34 15 40 16 +1/-1
6 FH(M197)+ LH(M160)c 174 195 85 +2
7 FH(M197)+ LH(L131)c 205 233 205 101 +2
8 HF(L168)+ LH(M160) -46 -4 -20 -22 -1/+1
9 HF(L168)+ LH(L131) -11 40 34 -20 -5 -1/+1
10 LH(L131)+ LH(M160) 159 144 130 79 +2
11 FH(M197)+ LH(L131)+ LH(M160)c 339 260 166 +3
a Bold digits refer to the favored conformation of the acetyl group at DM (see text). N corresponds to a preliminary crystal structure ofRb.

sphaeroides(Ermler et al., 1994) (see text). In structureT the acetyl group at DM is rotated by 180° as compared with structureN before the
energy minimization. The subscripts w and s indicate the values of the force constant, 0.5 and 2.0 kcal/mol, respectively, used for the torsion angle
potential of the acetyl groups (see eq 2). The reference structure for all calculations is the wild-type structureN. The wild-type structureT leads
to values of the midpoint potential∆EM which are shifted by 5 (10) mV to lower values using the w (s) torsion potential for the wild-type and the
corresponding mutant structure. The force constant of the acetyl group torsion potential used for the wild-type is the same as that indicated for the
mutant structure.b These shifts are computed with a dielectric constant of 2 inside and 80 outside of the RC as opposed toεp ) 1 andεm ) εw )
80 used for the bulk of the computed shifts of the special pair redox potential. The structures of the RC used for these computations areNw for
the wild-type and the mutant RC except for mutants involving FH(M197) where the mutant structureTw is used. The computed shifts are half as
large as the corresponding computed shifts given in bold face digits in columnsNw andTw. c Before energy minimization of the structuresT0 and
T+ the hydrogen bond geometry found in experiments (Wachtveitl et al., 1993) between the acetyl oxygen atom at DM and H(M197) is optimized
by a reorientation of the histidine ring.

FIGURE 3: Structures of the special pair with different orientations of the acetyl group at DM. Initial (left) and the corresponding energy-
minimized (center) acetyl group orientations of the wild-type structuresN (preliminary structure: acetyl oxygen atom of DM bond to Mg2+

ion of DL) andT (turned: acetyl group rotated by 180° from the orientation in structureN) are depicted schematically. The acetyl group
torsion angle defined in the text is given in degrees. The oxygen atoms of the acetyl groups are represented by the larger spheres the
methyl groups by the smaller spheres. The letters w and s in the spheres representing the oxygen atoms refer respectively to the weak and
strong torsion potential, eq 2. The right part depicts the corresponding acetyl group orientations of the energy-minimized structures of the
single point mutation FH(M197) in which a hydrogen bond to the acetyl group of DM is favored. For more details see text.
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of structureT (Figure 3). Changing from the reduced to
the oxidized state of the special pair a fraction of 0.72 of
the unit positive charge is placed on DL. As a consequence
the charge of the Mg2+ ion of DL increases from 0.395 to
0.429. The negative charge of the acetyl oxygen atom at
DM changes only slightly. Hence, the interaction of the
acetyl oxygen atom at DM with the atoms of DL is stronger
for the wild-type structureN than forT.
In structureN the acetyl oxygen atom at DM can form no

hydrogen bond, since it points toward the Mg2+ ion of DL.
In structureT appropriate for the mutant FH(M197) the
acetyl oxygen atom forms a hydrogen bond with H(M197).
This bond is quite weak for the strong torsion potential with
a hydrogen bond length larger than 3 Å (Table 5). To allow
for a stronger hydrogen bonding the weak rather than the
strong torsion potential is used. The hydrogen bond in
structureT leads to a lower value of the interaction energy
of the acetyl group with the protein environment. Neverthe-
less, in structureN the interaction energy of the acetyl group

is lower due to the bond of the acetyl oxygen atom with the
Mg2+ ion of DL. Accordingly in structureNw the interaction
energy of the acetyl group is 3.2 kcal/mol (4.0 kcal/mol)
below the interaction energy in structureTw for the reduced
(oxidized) special pair state of the mutant FH(M197) (Table
5). These energy differences for the mutant FH(M197) are
less than half of the energy values found for the correspond-
ing wild-type structures. However, due to possible uncer-
tainties in the atomic partial charges these energy differences
may not be conclusive to favor one of the structuresN or T
for the mutant FH(M197). Such uncertainties are typical
for single energy differences as used in the above consid-
erations. Note that for the calculation of∆EM double
differences of energies are considered (see eq 6). In these
double differences many energy terms with uncertain values

FIGURE 4: Dependence of the shift ofEM of the mutant FH(M197)
for different orientations of the acetyl group at DM. The torsion
angle of the acetyl group is set equal for oxidized and reduced
RC, which is approximately valid (see Figure 3). Starting from
the energy-minimized wild-type structureN0

w of the reduced RC
(for the mutant structureT0

w), the orientation of the acetyl group
at DM is varied with 10° increment without further energy
minimization, yielding an approximate value of the shift only. For
the torsion angles 32° and -119° of the acetyl group at DM
corresponding to the energy minima of the wild-type structureN0

w
and the mutant structureT0

w, respectively, the shift value from this
computation is 131 mV.

Table 3: Shift of theEM of the Mutant FH(M197)a Using Different
Dielectric Media and Water Contentb

dielectricsd

water contentc εp εm ∆EM (mV)e

none 1 1 153
crystal 1 1 130
crystal+ overlay 1 1 136
none 1 80 126
crystal 1 80 115
crystal+ overlay 1 80 120
crystal/cavities withε ) 1f 1 80 155
none 4 80 38
aWild-type and mutant FH(M197) have the acetyl group orientation

from structureNw andTw, respectively (see Table 2).b Bold digits refer
to the conditions generally used for the computations of electrostatic
energies.c The water content varies between no water molecules, crystal
water molecules only, and crystal and overlay water molecules.
dOutside of the protein and membrane regime the dielectric constant
is εw ) 80 everywhere. In the protein and membrane regime the values
of the dielectric constantsεp and εm are taken as indicated.eThe
experimental value of the shift of theEM is∆EM ) 125 mV (Lin et al.,
1994b).f In the cavities occupied by overlay waters the dielectric
constant is set to unity by eliminating the charges of the overlay waters.

Table 4: Contribution of the Acetyl Groups and Mutated Residues
to the Calculated Shift of theEM (mV)a

mutant
acetyl
at DLb

acetyl
at DMb

mutated
residuec otherc

FH(M197) 4 18 109 21
HF(L168) -13 3 -98 -31
LH(L160) 11 2 54 20
LH(L131) -1 6 74 11
a The computational conditions are the same as the ones employed

for the results in Table 2. The acetyl group orientation at DM

corresponds to the conformations used to obtain the shifts given in
bold face digits in Table 2.b The acetyl group involves six atoms: the
carbon atom, the oxygen atom, and the methyl group bound to the
carbon atom. The electrostatic energies needed for the computation
of the shifts ofEM are obtained by evaluating the sum in expression 4
only for the atoms of the corresponding acetyl group instead of summing
over all atoms of the special pair. The corresponding shift is then
calculated by using the expressions 3, 5, and 6.c The influence of the
mutated residue on the shift ofEM is obtained by evaluating the shift
also with vanishing charges for the atoms of the mutated residue. This
yields the contribution of the shift from all other residues listed under
“other”. The discrepancy of this value to the full value of the shift
given in Table 2 can then be considered as contribution from the
mutated residue, listed under “mutated residue”.

Table 5: Energy-Minimized Structures and Energetic of the
Mutant FH (M197) for Different Orientations of the Ring I Acetyl
Group at DMa

structureb remarks

torsion
angle after
minimization

Epotc
(kcal/mol)

H-bond
length to
His M197d

N0
w preliminary structure -119 -10.8 none

N+
w weak potential -118 -17.7 none

T0
w preliminary structure 32 -7.6 2.29

180° rotated
T+

w weak potential 26 -13.7 2.38
N0

s preliminary structure -145 -6.7 none
N+

s strong potential -142 -15.7 none
T0

s preliminary structure -27 -8.1 3.18
180° rotated

T+
s strong potential -27 -15.4 3.17

a Bold digits refer to the favored conformation of the acetyl group
at DM (see text).bN denotes a preliminary crystal structure which differs
from the actual crystal structure with respect to the acetyl group torsion
angle. T denotes the crystal structure where the ring I acetyl group is
rotated by 180° as compared with the structureN. For more details
see text. The superscripts denote the charge state of the special pair,
0 refers to the reduced and+ to the oxidized special pair. The
subscripts w (s) refer to a weak (strong) torsion potential at the ring I
acetyl groups (see eq 2).c Interaction energy between the acetyl group
at DM and its protein environment.dHydrogen bond length between
the acetyl oxygen atom at DM and the nitrogen atom of the hydrogen
donor histidine of the mutant H(M197).
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may cancel each other. Therefore, the double energy
differences from such computations and the corresponding
values of the shift of theEM are more reliable than the values
from single energy differences considered above.
Shift of Midpoint Potential EM. Except for the triple

mutant the calculated shifts of theEM agree approximately
with the experimental values in all cases if the dielectric
constant in the RC is set to unityεp ) 1 (see bold digits in
Table 2). Usingεp ) 2 yields values of the shift which are
a factor of 2 smaller than withεp ) 1 and consistently smaller
than most of the experimental values (Table 2, second
column from right). Only results for the wild-type structure
N are explicitly listed in Table 2. When the wild-type
structureT is used with the weak (strong) torsion potential,
eq 2, for the acetyl groups, the corresponding shifts of the
EM are lower by 5 (10) mV. Hence, the shifts of theEM
calculated with DelPhi can not be used to discriminate
between structureN andT of the wild-type RC. However,
there is a preference for the weak torsion potential, which
allows the acetyl groups to reorient more easily.
In agreement with the experimental data the calculated

midpoint potentialEM increasesfor the single point mutation
FH(M197), LH(M160), and LH(L131) in which an additional
hydrogen bond is formed with a carbonyl oxygen atom of
the special pair by about 74-130 mV. It decreasesby 85
mV for the single point mutation HF(L168) where a
hydrogen bond with the acetyl oxygen atom at DL is
removed. The change in the midpoint potential is small for
the double mutants FH(M197)+ HF(L168), HF(L168)+
LH(M160), and HF(L168)+ LH(131) where the number of
hydrogen bonds of the carbonyl oxygen atoms of the special
pair does not change. The increase of the midpoint potential
is about twice as large (159-205 mV) for the double mutants
FH(M197)+ LH(M160), FH(M197)+ LH(131), and LH-
(L131)+ LH(M160) where the number of hydrogen bonds
involving the special pair increases from one to three. The
increase of the midpoint potential for mutants, where an
additional hydrogen bond forms, is due to the strong
Coulomb interaction of the negatively charged oxygen atom
of the special pair with the positively charged hydrogen atom.
This interaction is very sensitive to small changes in the
charge of the special pair oxygen atom which occur if the
redox state of the special pair changes. A small selection
of relevant atomic partial charges of the different special pair
states is given in the Methods section, Computational
Conditions for Applications with DelPhi (point 6).
For the double mutants the calculated shifts of theEM are

approximately the sum of the calculated shifts of the single
point mutations. The experimental data fulfill this “additivity
rule” (Lin et al., 1994a) for the shifts of theEM even better.
Although for the three single point mutations FH(M197),
LH(M160), and LH(L131) the calculated shifts of theEM
agree well with the experimental values, the calculated shift
disagrees for the corresponding triple mutant. Seemingly,
the energy minimization failed for the triple mutant, i.e., the
mutant structure with the positively charged special pair was
trapped in an unfavorable local energy minimum before
reaching a structure which is appropriate for the computation
of ∆EM. The same problem occurred for the mutant FH-
(M197) in structureNs where the calculated shift of theEM
is much too large (see Table 2).
For all computations of the special pair midpoint potential

displayed in Tables 2 and 3 the atomic partial charges of

the special pair were not adjusted for the different mutants
considered, but were taken from the quantum chemical
computations of the wild-type structure (Plato et al., 1986,
1991). Recent experiments have shown that for mutants
involving a change in the hydrogen bonding pattern of the
keto oxygen atoms at the special pair, the asymmetry of the
spin density is significantly changed (Rautter et al., 1995).
The relevant mutants are LH(M160), LH(L131), and the
corresponding double and triple mutants. The charge
distribution at the special pair is correlated with the spin
density distribution. A change in the asymmetry of the
charge distribution should have a noticeable effect on the
shift of the special pair redox potential. Although the change
of the charge distribution is not taken into account, the
computed∆EM values of Table 2 agree well with the
experimental data.
The mutants involving the point mutation HF(L168) have

no hydrogen bond with the acetyl oxygen atom at DL. These
mutants yield calculated shifts ofEM which differ for the
mutant structuresNw (the acetyl oxygen atom of DM points
toward the Mg2+ ion of DL) andTw (the acetyl oxygen atom
of DM points away from the Mg2+ ion of DL). The shifts of
EM calculated for the single point mutation HF(L168) and
the double mutant HF(L168)+ LH(L131) agree with the
experimental data only in structureNw, where the acetyl
oxygen atom of DM points toward the Mg2+ ion of DL.
Assuming that the conformations of the acetyl groups at DL

and DM are not correlated this would favor the structureNw

also for the wild-type RC. Since the measured shift ofEM
is for the double mutant HF(L168)+ LH(M160) just
between the calculated shifts for the structuresNw andTw,
the structures can not be discriminated on the basis of the
computations for this mutant. All other mutants considered
here do not allow a clear decision between the structuresN
andT.
Influence of the Dielectric Constant on the Shift of EM.

The calculated shift ofEM can depend critically on the values
of the dielectric constant used for the solution of Poisson’s
equation and on the presence or absence of water molecules.
The version of DelPhi used here allows to assign different
values of the dielectric constantε only in two regimes.
According to the considerations in the method section the
most reasonable choice is to use the following values of the
dielectric constant,εp ) εm ) 1, in the protein and membrane
regime andεw ) 80 outside of the protein and in cavities of
the protein large enough and not occupied by water
molecules. These values were used to obtain most of the
results given in Table 2. Other values of the dielectric
constants are also tested. For the most probable hydrogen
bonding pattern (bold digits in Table 2) the shift of theEM
is also calculated forεp ) εm ) 2 andεw ) 80, accounting
for polarization effects in the RC (second column from the
right in Table 2). Other combinations of values for the
dielectric constant are considered for the mutant HF(M197).
The calculated shifts ofEM for this mutant are given in Table
3.
Generally, the calculated electrostatic energy differences

are smaller for larger values of the dielectric constant. For
εp ) 2 ) εm andεw ) 80 the calculated values of the shift
of theEM are almost exactly a factor 2 smaller than the ones
obtained forεp ) 1) εm andεw ) 80 (Table 2, last column).
This is equivalent to the behavior of a homogeneous
dielectric medium whereεp ) εw ) εm and can be expected,
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since the special pair in the RC has no direct contact with
the solvent and the membrane regime. Accordingly forεp
) 4 the calculated values of the shift of theEM are about a
factor of 4 too small as compared with the corresponding
measured values of∆EM (see Table 3). An increase of the
dielectric constant in the membrane regime toεm ) 80 yields
only a small decrease of the calculated shifts of theEM which
is not significant (Table 3).
In the absence of water molecules the calculated shift of

theEM is larger than in the presence of crystal and overlay
water molecules. Crystal water molecules seem to screen
the electrostatic field more efficiently than a dielectric
medium with εw ) 80 used for the protein cavities.
Removing the charges of the overlay water molecules but
keeping the value of the dielectric constant in the corre-
sponding cavities at unity leads to an increase of∆EM from
120 to 155 mV (Table 3). The screening due to overlay
water molecules in protein cavities has about the same effect
than a dielectric medium withεw ) 80. Therefore, it is
justified to remove the overlay water molecules before
Poisson’s equation is solved.
Influence of the Atomic Partial Charges of the Special Pair

on the Shift of EM. Atomic partial charges for the different
redox states of the special pair are not easily available for
the mutants considered. Therefore the wild-type special pair
charges are also used for the mutants. To check the influence
which different special pair charges can have on the
calculated shift of theEM, atomic partial charges used for
the mutants have been generated by rescaling the special pair
charges of the wild-type RC. The wild-type special pair
charge of atomi at BChl monomer DX is denoted by
qX,i(WT,0) [qX,i(WT,+)] for the reduced [oxidized] special
pair state. For the wild-type RC the total charge at BChl
DX can be expressed as

where the sum runs over all special pair atoms andR ) 0,+
denotes the charge state and X) L,M of the BChl monomer
of the special pair. The difference of the atomic partial
charges between the two redox states of the special pair can
then be expressed by

Note that∆qL(WT) + ∆qM(WT) ) 1. Analogous relations
hold for the special pair charges in the mutant RC’s. The
individual differences of atomic partial charges of the mutant
RC’s are obtained by scaling the corresponding differences
of the wild-type special pair charges averaged over equivalent
atoms of the DL and DM BChl monomers as follows:

The charges of the reduced (neutral) special pair are assumed
to be the same for the wild-type and mutant RC,qX,i(mut,0)
) qX,i(WT,0), whereas the charges of the oxidized special
pair in the mutant RC are calculated asqX,i(mut,+) )
qX,i(WT,0)+ ∆qX,i(mut), where∆qX,i(mut) is evaluated from
expression 9.

For the single point mutations LH(L131) and LH(M160)
which add a hydrogen bond to the keto oxygen atom of DL

and DM, respectively, the asymmetry of the spin density
differs considerably form the wild-type RC (Rautter et al.,
1995). Assuming that the asymmetry of the spin density is
identical to the asymmetry of the charge distribution in the
oxidized (positively charged) special pair state, one has in
units of the elementary charge∆qL(LH(L131))) 0.47,∆qM-
(LH(L131))) 0.53, and∆qL(LH(M160))) 0.83,∆qM(LH-
(M160)) ) 0.17, as compared to∆qL(WT) ) 0.67 and
∆qM(WT) ) 0.23 derived from the spin densities of the wild-
type RC (Rautter et al., 1995).
With these charges for the special pair atoms the mutant

RC’s were energy minimized and the shifts of theEM were
calculated with DelPhi using the energy-minimized struc-
tures. With a dielectric constant of unity in the RC (εp ) 1)
one obtains∆EM(LH(L131)) ) -4 mV and ∆EM(LH-
(M160))) 121 mV as compared to the experimental values
of 60 and 80 mV, respectively. For a larger dielectric
constant in the RC ofεp ) 2 the corresponding values of
the shift are-2 and 60 mV, almost exactly half as large as
for εp ) 1. Since for the majority of the other mutants no
agreement could be obtained forεp ) 2, the agreement with
the experimental value of the shift obtained for the mutant
LH(M160) must be considered to be fortuitous. Obviously
the special pair charges can have a large influence on the
calculated shift of theEM. The lack of success using the
scaled charges derived from the special pair charges of the
wild-type RC is probably due to the charges which are not
adequate. Another possibility is that the structures used for
the computations of∆EM are inappropriate. It is astonishing
that by using the wild-type special pair charges also for the
mutants LH(L131) and LH(M160) the calculated shifts of
the EM agree with the experimental values (see Table 2). To
clarify this point proper atomic partial charges of the special
pair which account also for the protein environment must
be used in future computations of the shift ofEM.
Dependence of∆EM on the Mutated Residue and on the

Orientation of the Acetyl Group at DM. The direct contribu-
tions of the acetyl groups to the calculated shift of theEM
can be obtained by extending the sum of the products of the
special pair chargesqi(R) and the electrostatic potential at
the corresponding special pair atomsΦi(R), eq 4, over the
acetyl group atoms only. These contributions are generally
small for both acetyl groups (at DL and DM). This can be
inferred from Table 4, where results for all single point
mutations considered in this study are given. To obtain the
contributions of the mutated residues separate computations
are required. The electrostatic potential at the special pair
atomsΦi(R) can be evaluated with vanishing atomic partial
charges of the mutated residue for the mutant as well as the
wild-type RC. The shifts of theEM computed with these
electrostatic potentials contain the influence of the special
pair environment except the mutated residue. These values
are small but not always negligible (Table 4, last column).
The major contribution is the complement of this partial shift
to the corresponding full value of the shift displayed in Table
2 with bold face digits. It is the contribution of the mutated
residue.
In Figure 4 the dependence of the shift of the special pair

redox potential on the orientation of the acetyl group at DM

is shown for the mutant FH(M197) using the weak torsion
potential, eq 2. The torsion angles are varied in the wild-

qX(WT,R) ) ∑qX,i(WT,R) (7)

∆qX,i(WT) ) qX,i(WT,+) - qX,i(WT,0), X) L,M (8)

∆qX,i(mut)) (∆qL,i(WT) +

∆qM,i(WT))
∆qX(mut)

∆qL(mut)+ ∆qM(mut)
(9)
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type and the mutant RC. To obtain the landscape of∆EM,
displayed in Figure 4, it is assumed that the torsion angles
are equal in the reduced and oxidized special pair state. This
is approximately valid for the energy minimized structures
as can be seen from Figure 3. The computations of the shift
of EM are based on the energy-minimized structures of RC’s
in the reduced state. These are the structureNw for the wild-
type RC and the structureTw for the mutant RC. Starting
from these structures the acetyl group at DM is rotated in
increments of 10° without further energy minimization.
Hence, the shifts ofEM displayed in Figure 4 can be related
only qualitatively with the calculated values of∆EM given
in Table 2. Nevertheless, for the mutant FH(M197) the value
of ∆EM ) 130 mV from Table 2 is identical to the value of
131 mV obtained from Figure 4 for the same acetyl group
orientations.
Since energy terms involving the acetyl groups contribute

only a small portion to the exact value of the calculated shift
of theEM (see Table 4 and the discussion above), one may
argue that different orientations of the acetyl groups may
have little influence on the calculated value of the shift of
EM. Figure 4 demonstrates that this is not the case.
Obviously the electrostatic interaction of the mutated residue
can vary strongly with the orientation of the acetyl group at
DM. This is exemplified for the mutant FH(M197), where
one observes a strong dependence of the shift ofEM on the
orientation of the acetyl group in the mutant RC. The
maximum value of the shift ofEM (131 mV) is reached if
the acetyl group oxygen atom forms a hydrogen bond with
the histidine of residue M197. The dependence on the
corresponding torsion angle in the wild-type RC is small.
This is corroborated by the small differences in the shift of
EM obtained by using the structuresT andN for the wild-
type RC. The corresponding values of∆EM are 5 mV for
the weak and 10 mV for the strong torsion potential.
By varying the acetyl group orientation at DM in the wild-

type RC, the bond between the Mg2+ ion at DL and the acetyl
oxygen atom can be turned on and off. In the mutant FH-
(M197) RC a hydrogen bond between the acetyl oxygen atom
and His M197 can also be turned on and off. Only if
hydrogen bond is turned on and off is a strong dependence
of ∆EM on the acetyl group orientation observed. The bond
with the Mg2+ ion at DL seems not to contribute to the value
of ∆EM. This is due to the specific variation of the atomic
partial charges at the Mg2+ ion and the acetyl oxygen atom
which occurs, when the special pair redox state changes. The
positive charge at the Mg2+ ion increases and the negative
charge at the acetyl oxygen atom decreases by changing from
the reduced to the oxidized special pair state. Since the
relevant Coulomb interaction influencing∆EM contains the
product of these charges, the net effect of the changes in the
atomic partial charges cancels approximately. This can
explain the insensitivity of∆EM on the acetyl group
orientation in the wild-type RC.
Problems with the Computation of∆EM. The evaluation

of electrostatic energies by solving Poisson’s equation for
suitably energy-minimized structures is a relatively fast
method to calculate shifts of the redox potentialEM. If
reasonable three-dimensional structures are obtained by
energy minimization, then one can expect that the method
yields reliable results. Sometimes the local minimum
reached by the energy minimization is too far away from
the global minimum to yield an appropriate structure. This

is demonstrated by the triple mutant where the directly
calculated shift of theEM differs from the experimental value
by 80 mV, whereas the sum of the calculated shifts from
the three single point mutations deviates by less than 25 mV.
A second example is the mutant FH(M197), where for

the wild-type and mutant RC in structureNs the calculated
shift is by far too large (Table 2). Although the structure
Ns is in principle inappropriate for this mutant, this fact is
not sufficient to explain such a large discrepancy.
For the single point mutation FH(M197) in structureT

another problem of inappropriate structures becomes evident
by directly comparing the acetyl group conformation at DM

for the strong and weak torsion potentials (see Figure 3, right,
and Table 5). During energy minimization the acetyl group
at DM moves to a new orientation for the strong torsion
potential, whereas for the weak torsion potential the acetyl
group orientation does not change considerably from its
initial orientation (see Figure 3). The absolute value of the
torsion angle after energy minimization is about the same
for the weak and strong torsion potential, so that the torsion
energy of the acetyl group alone assumes a higher value in
structureTs than in structureTw. Nevertheless, the total
interaction energy of the acetyl group is lower for the energy-
minimized structureTs than forTw. From this it becomes
evident that by accidental sterical hindrance in structureTw

the acetyl group is unable to reorient during energy mini-
mization to reach the energetically more favorable acetyl
group orientation obtained in structureTs. From this point
of view the agreement with the experimental∆EM value of
mutant FH(M197) using structureTw may be fortuitous.
In all of these cases the problem is related to insufficient

structural relaxation by using energy minimization. This can
in principle be avoided by using simulated annealing instead
of energy minimization. (For the conditions of simulated
annealing see point 5 in the Methods section.) However,
the shifts of theEM calculated with structures obtained by
simulated annealing differ considerably from the experimen-
tal data. (No explicit data are shown.) This may be due to
structural defects which are generated during the heating of
the RC to a temperature of 400 K. Hence, the suitability of
a three-dimensional structure for the calculation for electro-
static energies cannot be estimated from its energy value
alone.

CONCLUSIONS

The shifts of theEM of the special pair of the RCRb.
sphaeroideshave been calculated for eleven different mutants
by solving Poisson’s equation for energy-minimized struc-
tures of the RC. In these mutants the hydrogen bonding
pattern of the special pair is varied. The number and strength
of those hydrogen bonds change the redox potential of the
special pair, which determines the driving force of the
functionally important electron transfer processes. Hence,
the computational reproduction of the special pair redox
potentials of different mutants helps to understand how the
protein environment tunes this potential. In this context the
reorientation of the acetyl groups at the special pair may
serve as a switch which adjusts the redox potential of the
special pair. Therefore, the influence of the orientation of
the acetyl groups on the calculated value of the midpoint
potential was investigated in more detail.
In ten out of eleven cases good agreement with the

experimental values was obtained. As for the experimental
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data the calculated shifts of double mutants could also be
obtained by adding the calculated shifts from the corre-
sponding single point mutations. A better agreement with
the experimental shifts of theEM was reached if the torsion
potential of the acetyl groups at the special pair was assumed
to be relatively weak to allow for a large reorientation of
the acetyl groups.
The special pair is well isolated from the solvent and

membrane regime such that the calculated shifts of theEM
depend mainly on the value of the dielectric constantεp used
for the RC. In contrast to earlier applications solving
Poisson’s equation, good agreement with measured data is
obtained for εp ) 1, whereas the calculated shifts are
consistently too small, if the value of the dielectric constant
used for the RC is larger (εp g 2). Explicit water molecules
placed in the protein cavities screen the dielectric interactions
equivalently to a dielectric medium with the dielectric
constantε ) 80.
For two mutants, HF(L168) and HF(L168)+ LH(L131),

the calculated shifts of theEM agree with the experimental
values only if the acetyl oxygen atom at DM points toward
the Mg2+ ion of DL. In the other cases no change of the
orientation of the acetyl group at DM was necessary. The
computations of the interaction energy of the acetyl group
at DM with the protein environment also favor a wild-type
structure, where the oxygen atom of the acetyl group is
bonded to the Mg2+ ion of DL. On the other hand in the
crystal structure there is a weak preference for the oxygen
atom to point away from the Mg2+ ion and the atoms of the
acetyl group have nearly an in-plane orientation with respect
to the porphyrin plane.
A major uncertainty of the present computations are the

values of the atomic partial charges of the special pair. In
the present treatment these are neither adjusted to the
different orientations of the acetyl group nor are the charges
computed quantum chemically for the different mutant RC’s
and their special pair environment. A simple rescaling of
the special pair charges on the basis of the quantum
chemically computed special pair charges of the wild-type
RC and the measured asymmetry of the spin density of the
special pair (Rautter et al., 1995) did not succeed. In the
future atomic partial charges based on detailed quantum
chemical calculations must be used. Those are rather
elaborate computations. With the exception of the mutants
involving LH(L131) or LH(M160), they are, however, not
expected to basically change the results obtained in this
paper.
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