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The energetics of electron transfer in the photosynthetic reaction center ofRhodopseudomonasViridis was
studied using the density functional theory (DFT). By examining the basis set-dependence and the accuracy
of the DFT for calculating adiabatic electron affinity, single-point calculations with 6-31+G(d) basis sets, at
the geometry optimized with 6-31G(d) basis sets, were found to be almost independent of the basis set. In
gas-phase calculations, bacteriopheophytin (H) had the greatest electron affinity among the three chro-
mophores: H, menaquinone (MQ), and ubiquinone (UQ). However, the order of the electron affinity was
reversed to be UQ> MQ > H by including residues that interacted with the chromophores through hydrogen
bonding. Based on the QM/MM optimized geometries, cluster models for the binding sites were constructed.
The computed reaction energy was comparable to values obtained experimentally. The reaction energy can
be decomposed into a vertical electron affinity term and a relaxation energy term using a driving force analysis.
The most important term was the vertical electron affinity of the chromophores. Based on optimization, there
was little structural reorganization. The present results indicate that, with regard to the energetics of electron
transfer, local interactions between the chromophores and proteins play a decisive role by tuning the electron
affinity of the chromophores, whereas the effects of distant residues are of secondary importance.

1. Introduction

Photosynthesis by green plants and photosynthetic bacteria
is one of the most important biochemical reactions on Earth. A
key reaction in photosynthesis is photoinduced electron transfer
in the photosynthetic reaction center protein (for reviews see
refs 1-5).1-5 Figure 1 shows the X-ray structures of the
chromophores in the reaction center ofRhodopseudomonas
Viridis (Rps.).6,7 An excited electron at the special pair (P) is
transferred along the L-branch to bacteriochlorophyllb (BL),
bacteriopheophytinb (HL), menaquinone (MQ), and finally
ubiquinone (UQ). This electron transfer is known to be very
effective, with a quantum yield of almost 100%. Therefore, a
significant amount of effort has been concentrated on elucidating
the mechanisms of various electron transfers in the reaction
center. Although the chromophores are arranged in close toC2

symmetry, the electron transfer from P to UQ occurs only along
the L-branch. In addition to the important contributions from
experimental studies on this point (for reviews, see refs 4 and
5), many theoretical studies have also provided useful insight.
To understand the initial step in this electron transfer (Pf HL),
the absorption spectrum of the reaction center ofRps. was
assigned.8-13 The energetics of the initial steps in electron
transfer was evaluated using electrostatic calculations,14-16 the
charge equilibration method,17 molecular dynamics calcula-
tions,18 and semiempirical quantum mechanical calculations.9-11

The L-side selective transfer can mostly be ascribed to the

electronic factor in the rate constant given by Marcus and
Sutin,19 based on semiempirical10,14,15and ab initio SAC-CI20

studies.21

The slow electron transfer from H to MQ and from MQ to
UQ shows complex characteristics. A recent review article by
Okamura et al.,22 mainly aboutRhodobacter sphaeroides(Rd.),
provides considerable insight. The first excited electron is
transferred from H to QA (MQ in Rps.and UQ inRd.) with a
rate constant ofkHfMQ ) 4.4× 109 (s-1)23 and then to QB (UQ
in bothRps.andRd.) with kMQfUQ ) 104 (s-1).22 Stowell et al.
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Figure 1. Chromophores in the photosynthetic reaction center of
RhodopseudomonasViridis. Numbers in the box denote the calculated
electronic factor in 10-12 au unit.21,39 Numbers under the box are the
observed reaction time. The nuclear coordinates are taken from 1PRC6

in Protein Date Bank.7
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successfully crystallized the “light” and “dark” structures of the
reaction center ofRd.24 Graigh et al. found that the rate constant
is independent of the driving force (∆G) by driving force
assay.25 These facts indicate that the rate-limiting step is the
conformational gating step.25 For RhodopseudomonasViridis,
the same mechanism can be expected because of the structural
similarity betweenRps.and Rd. Thus, after the reduction of
MQ, UQ at the distal position moves into the proximal position
(QB site) and then accepts an electron from MQ.

Many theoretical studies have been reported over the past
10 years. Studies using classical simulation methods have
concentrated on the kinetics,26 protein motion,27,28 and the
reorganization of the protonation state of ionizable residues in
the reaction center.29-33 It was found that relaxation of the
protein structure is important for reproducing the experimental
reaction free energy.30,32 However, these studies were within
the classical approximation even for chromophores for which
the electronic states and charge distribution change in the course
of electron transfer. Some semiempirical INDO MO studies34,35

have been reported, but their computational models for protein
residues might be inadequate for treating energetics. Recently,
a DFT study36 was reported forRhodobacter sphaeroides, in
which the protein effect was modeled by two water molecules
for hydrogen-bonding and by the self-consistent isodensity
polarizable continuum model (SCIPCM)37,38 for the dielectric
effect. They successfully reproduced the energetics, although
the proximal protein residues may be oversimplified in their
computational model. Furthermore, they showed that the electron
affinity of the quinones depends significantly on solvation by
the protein. A different approach is based on the electronic factor
in the rate constant formula19 using quantum mechanical
calculations.39 The computed electronic factor was unexpectedly
so large it suggested that electron transfer might be regulated

by some other rate-limiting step, like the conformational gating
mechanism.22

One puzzling issue involves the electron affinities of quinones
and bacteriopheophytin in the reaction center. Because bacte-
riopheophytin has a largeπ-electron system with a low LUMO
energy level, its electron affinity is quite large (90 kcal/mol in
DMF40). Quinones are also very strong electron acceptors, with
a large electron affinity in water (around 100 kcal/mol41) and a
smaller electron affinity in the gas phase (around 40 kcal/
mol).42,43 A comparison of theoretical calculations in the gas
phase shows that bacteriopheophytin has a greater electron
affinity (45kcal/mol) than quinones (35 kcal/mol), as shown in
Table 2, indicating that electron transfer is difficult to explain
without considering the effects of surrounding protein residues.
Therefore, quantum chemical calculations for electron affinity
should include the effects of surrounding proteins, which might
be essential as a driving force for electron transfer. In a similar
system,Rhodobacter sphaeroides, Blomberg et al.36 showed that
hydrogen bonding and the dielectric effect both significantly
affect electron affinity.

Another interesting point is the reaction coordinate of the
electron transfer. As shown in Figure 1, electron transfer from
MQ to UQ is slow. In addition, the reduced UQ is a stable
intermediate.22 Thus, there should be enough time for structural
relaxation of the system after electron transfer. However, there
has not yet been a careful study on whether the reaction
coordinate is within the chromophores or extends to the solvation
structure in the protein. A recent development in the QM/MM
methodology44-46 makes it possible to calculate the minimum-
energy structure before and after electron transfer in proteins.

The thermodynamic parameters estimated based on experi-
mental results are∆G ) 0.65 eV (15.0 kcal/mol) for Hf MQ47

and ∆G ) 0.131 eV (3.02 kcal/mol),∆H ) 0.076 eV (1.75

TABLE 1: Adiabatic Electron Affinity of Quinones in the Gas Phase Computed by DFT with Various Basis Setsa

adiabatic electron affinity (EA)

basis sets En(a.u.)b Ea(a.u.)b in kcal/mol in eV

(1) p-Benzoquinone(p-BQ)
6-31G -381.341554 -381.410191 43.1 1.87
6-31G(d) -381.451687 -381.509915 36.5 1.58
6-31+G -381.359908 -381.448701 55.7 2.42
6-31+G(d) -381.470458 -381.550012 49.9 2.16
6-31+G(d) SPc -381.470431 -381.549899 49.9 2.16
6-311+G(2d,p) -381.572506 -381.650840 49.2 2.13

CASPT2/ANO-L+diffused 46.4 2.01
SAC-CI/Huzinage-Dunning TZ2P+ Diff, Ryde 38.5 1.67

exptl. 44.0,f 42.9g 1.91,f 1.86g

(2) 2,3,5,6-Methyl-1,4-p-benzoquinone(2,3,5,6-Me-1,4-pBQ)
6-31G(d) -538.733131 -538.782331 30.9 1.34
6-31+G(d) -538.751770 -538.818026 41.6 1.80
6-31+G(d) SPc -538.751691 -538.817860 41.6 1.80
exptl. 37.4f 1.62f

(3) 1,4-Naphthoquinone(1,4-NQ)
6-31G(d) -535.115947 -535.170163 34.0 1.49
6-31+G(d) -535.137357 -535.210516 45.9 1.99
6-31+G(d) SPc -535.137318 -535.210412 45.9 1.99
6-311+G(2d,p) -535.273331 -535.345715 45.4 1.97
exptl. 41.7f 1.81f

(4) 2-Methyl-1,4-Naphthoquinone(2-Me-1,4-NQ)
6-31G(d) -574.438347 -574.489576 32.1 1.39
6-31+G(d) -74.459990 -574.529586 43.7 1.89
6-31+G(d) SPc -574.459937 -574.529466 43.6 1.89
exptl. 40.1f 1.74f

a Some previous results and experimental data are also shown.b En andEa are abbreviations for total energy at the optimized geometry of neutral
and anion species, respectively.c Single-point calculation at a geometry optimized by DFT/B3LYP with 6-31G(d) basis sets.d Reference 70. ANO-L
C,O[4s3p1d],H[2s1p], diffuse 1s1p1d at the center of the molecule.e Reference 71. Huzinage-Dunning TZ+ polarization and diffuse functions
(C[6s4p2d], O[7s5p2d], and H[3s2p]) and Rydberg 2s2p2d functions at the center of the molecule.f Reference 42.g Reference 43.
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kcal/mol) for MQf UQ.48 However, the origin of the driving
force is still ambiguous. These thermodynamic parameters can
be decomposed into simple molecular properties: vertical
electron affinity (vEA) and relaxation energy (ER) terms.
Hereafter, we call this decomposition analysis the driving force
analysis (DFA). The vEA and ER terms reflect, respectively,
the electronic and structural relaxations of the system after
reduction of the chromophores. A quantum chemical DFA study
is quite useful for understanding the origin of the driving force
of the electron transfer in terms of vEA and ER.

We have been studying electron transfer in the photosynthetic
reaction center inRhodopseudomonasViridis. In a series of
studies on the absorption spectrum, SAC-CI calculations gave
an ab initio assignment for the reaction center.12,13,49An SAC-
CI study revealed that the L-branch preference of the electron
transfer is mostly due to electronic factors.12,21A perturbation-
theoretical method was applied to the electronic factor for
electron transfer from H to UQ along both the L and M chains39

and for electron transfer from the cytochromec unit to the
oxidized special pair P+.50

The results reported here are part of our quantum-chemical
study of electron transfer in the reaction center ofRhodopseu-
domonasViridis. In this paper, we describe the energetics of
the electron transfer from H to MQ and from MQ to UQ.
Quantum chemical calculations for the chromophores are
performed using density functional theory (DFT). We sought
(1) to investigate how proteins affect the electron affinities of
MQ and UQ to pass an electron from H to UQ, (2) to find the
energy-optimal structure after reduction to identify the reaction
coordinate of the electron transfer, (3) to evaluate the energy
level diagram against the electron-transfer coordinate, and (4)
to clarify by DFA the characteristics of the electron transfer in
terms of electronic and structural relaxations during electron
transfer. Section 2 explains the computational details and section
3 describes the numerical results, i.e., vEA with and without
protein effects, and the theoretical and experimental results are
compared with regard to the energetics of electron transfer. In
section 4, the energetics is analyzed in terms of structural effects
and DFA.

2. Computational Details

2.1. Computational Models.Figure 2 shows computational
models for the H-, MQ-, and UQ-binding sites. They are
composed of chromophores and some proximate amino acid
residues that interact with the chromophores through hydrogen

bonds. For the chromophores, the phytyl groups in H and MQ
are simplified to methyl groups. Because H is located in a
hydrophobic part of the protein, only two residues are included.
The structures shown are the subject of the present quantum
chemical calculations, and the effect of the remaining protein
is taken into account by a continuum model with a spherical
cavity51 or by the self-consistent reaction field (SCRF) method
with the SCIPCM.37,38 For the SCRF calculations, a dielectric
constant of 4.0 as suggested by the previous study36 was used.
(See Appendix.) For MQ and UQ, two models, Models 1 and
2, are shown. Based on a structural analysis of the optimized
geometry by the QM/MM method,44-46 model 1 is augmented
by a residue and some substituents to form model 2. In
particular, Asn M257 is added to MQ in model 2, because the
effect of this residue was found to be nonnegligible after the
result of the present QM/MM calculations were analyzed. The
charge polarization in the main chain mainly contributes to the
stabilization of MQ in the anion state, because the main chain
of Asn M257 is close to one of the oxygen atoms in MQ.

In the QM/MM method, the self-consistent charge density-
functional based tight-binding (SCC-DFTB) method52 is used
to optimize the initial- and final-state geometries of the QM
parts, menaquinone and ubiquinone, within the protein environ-
ment. The implementation of SCC-DFTB QM/MM is described
in refs 53 and 54. The MM energy and force are calculated by
the TINKER program,55 and AMBER-95 is used for the force
field.56

The protonation states of titratable residues are assigned using
the following guidelines: (1) Residues close to the protein
surface are considered neutral because they must be neutralized
by counterions. (2) Residues with counterionic residues are left
ionized. For example, in a pair consisting of GLU and ARG,
both residues are ionized. In this way, the pair considered
together is neutral. (3) In rare cases, residues in a hydrophobic
environment remain neutral, because there is no apparent proton
acceptor in the region. For residues close to the protein surface,
a more elaborate model would include the solution and the
counterions surrounding the protein. Fortunately, the structure
obtained for neutral chromophores agrees reasonably well with
the experimental structure (2PRC),57 as shown later in Figure
6. We expect that the charges on the protein surface are more
or less compensated at the chromophore binding site and provide
only a minor contribution to the electrostatic potential at the
binding site.

For the initial state, the total charges on menaquinone and
ubiquinone are-1 and 0, respectively. For other cofactors, the
total charge on P is assumed to be+1 and 0 for B and H;+2
is assumed for metal ions. We follow a recently developed
iterative optimization method.46 The partial charges for the
cofactors are calculated by SCCTB, and the protein structure
is then optimized until the RMSD energy gradient is below 1.0
kcal/mol/Å. The geometries of the cofactors P, B, H, and ions
are kept fixed during the optimization. Next, the geometries of
menaquinone and ubiquinone are optimized within the relaxed
protein environment using the QM/MM method. The same
procedure is used for the final state except that the total charges
for menaquinone and ubiquinone are switched.

2.2. Method and Basis Sets.The electron affinities of the
chromophores were calculated by DFT58-61 using the B3LYP
functional.62,63 The 6-31G(d) basis sets (6-31G sets64 plus a
single polarization d-function65 on carbon, nitrogen, and oxygen)
were used for geometry optimization, and the 6-31+G(d) sets
(6-31G(d) sets plus 1s1p diffuse functions on carbon, nitrogen,
and oxygen66) were used for single-point calculations at the

TABLE 2: Vertical Electron Affinity ( WEA) (in kcal/mol) of
the Chromophores calculated by DFT with the B3LYP
functional

method
gas

phasea +residuesb,c +RFb,d +SCRFb,e

(a) H(bacteriopheophytin)
B3LYP/6-31+g(d) 47.3 54.5 52.1 64.3 (9.8)
(b) MQ(menaquinone)
B3LYP/6-31+g(d) 38.0 69.0 68.5 76.4 (7.4)
(c) UQ(ubiquinone)
B3LYP/6-31+g(d) 36.2 72.6 71.2 82.4 (9.8)

a Geometry was optimized for neutral state in the gas phase.
b Geometry was optimized for neutral state by the QM/MM calculations.
c Binding site model 2 shown in Figure 2.d Onsanger reaction field
with the dipole approximation has been included in addition to the
binding site models. The dielectric constant for acetone, 20.0, is used.
e Self-consistent reaction field effect estimated with the 6-31g(d) basis
sets has been included in addition to the binding site models. The values
in parentheses indicate the change of vEA from the “+residues”
calculations.
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optimized geometry. For the hydrogens in hydrogen bonds
between the amino acid residues and quinones, an additional
p-type polarization function65 was augmented.

DFT is a practically useful electronic structure theory,
especially if the computing target is very large, as in biological
systems. Although its computational cost is almost the same as
that of the Hartree-Fock method, DFT includes electron
correlations that are often important for describing the potential
energy of chemical reactions. However, because of the semiem-
pirical nature of the functional, one should examine beforehand
the numerical performance of DFT on the systems being studied.
Before choosing the method and the basis sets described above,
we performed several test calculations on adiabatic electron
affinity for some benzoquinones and naphthoquinones: p-ben-
zoquinone (pBQ), 2,3,5,6-methyl-1,4-p-benzoquinone (2,3,5,6-
Me-1,4-pBQ), 1,4-naphthoquinone (1,4-NQ), and 2-methyl-1,4-
naphthoquinone (2-Me-1,4-NQ). Benzoquinones and naphtho-
quinones have skeleton structures similar to ubiquinone and
menaquinone, respectively. To accurately compute the adiabatic
electron affinity, both the electronic and structural relaxation
effects must be included correctly.

First, to check the basis set-dependence in computing the
electron affinity, we performed DFT calculations of p-BQ
starting with the 6-31G sets. As seen in Table 1 (1), adding a
polarization d-function and diffuse s- and p-functions (namely
6-31+G(d) sets) causes a significant change in the electron
affinity. However, further improvements (valence triple-ú,67

second polarization d-function68 on C, N, and O, and polarization
p-function on H) produced only a slight change of less than 1
kcal/mol. Similar results were seen for 1,4-NQ. Therefore,
6-31+G(d) sets are considered to be sufficient for the present
calculations of electron affinity.69

Next, basis set convergence on the structure was examined.
At the geometry optimized with 6-31G(d) sets, single-point
calculations were performed with 6-31+G(d) sets. As seen in
Table 1, the results of the single-point calculations are very close
to those for the optimization with 6-31+G(d) sets with regard
to the total energy and electron affinity for the test compounds.
The geometry is almost converged with 6-31G(d) sets. There-
fore, we concluded that the 6-31+G(d) single-point calculation
at 6-31G(d) geometry could give results that were almost
independent of the basis set.

In closing this section, we compare the computed adiabatic
electron affinity with the experimental value42,43 and with the
results of previous calculations.70,71 The DFT with 6-31+G(d)

sets overestimates the electron affinity for all four quinones by
4∼6 kcal/mol. This constant overestimation does not complicate
our discussion, because the error can be estimated and the
constant shift can be canceled out when the difference in electron
affinity is evaluated. The reaction energy,∆E, which will be
discussed later, is not affected by this overestimation, because
it depends on the difference in adiabatic electron affinity, as
described later. For p-BQ, previous results are available for
comparison. The CASPT270 and SAC-CI71 results show good
agreement with the experimental values. Although the present
DFT results do not agree as very closely with the experimental
values, the computing time is much less. Because our target in
this study is a very large system, we adopted DFT in the present
calculations using the Gaussian 9872 and 9473 packages.

3. Results

3.1. Vertical Electron Affinity. In Table 2, the vertical
electron affinity (vEA) computed for the chromophore is shown.
Geometries optimized for the neutral states were used.

In the gas phase, H (bacteriopheophytin) has the largest vEA
of the three chromophores: the vEAs of H, MQ (menaquinone),
and UQ (ubiquinone) are 47.8, 34.5, and 31.7 kcal/mol,
respectively. This means that the energies of the anionized states
of MQ and UQ are higher than that of H, which is quite puzzling
because an electron is transferred from H to UQ in the reaction
center. Because there are no experimental data available on gas-
phase vEA for the chromophores, we could not assess the
accuracy of the computed values. However, the difference in
vEA values is more than 10 kcal/mol, which is greater than the
error in the calculations.

Next, we examined the effect of protein residues in the
vicinity of the chromophore, since the electron affinities of
quinones are known to be solvent-sensitive. We calculated the
vEAs of chromophores within the binding sites: here, vEA is
the difference in total energy between the anionized and neutral
states in cluster models of the binding sites. Figure 2 shows
computational models of the binding sites. As shown in Table
2, solvation by the residues increases the vEAs of the quinones
by more than 20 kcal/mol. As a result, the relative magnitude
of vEA changes to UQ> MQ> H, consistent with the observed
electron transfer in the reaction center.

The significant solvation effect for quinones can be under-
stood based on an analysis of their singly occupied molecular
orbitals (SOMOs). Because the SOMOs of anion species have

Figure 2. Binding site models for (1) H, (2) MQ, and (3) UQ, respectively.
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a large amplitude on the oxygen atoms of carbonyl groups
(Figure 3), the quinone anion is greatly stabilized by solvation.
UQ has the greatest effect, because several interacting residues
exist in the binding site of UQ. The effect of the remaining
protein was examined with a continuum model in a spherical
cavity (Onsanger model)51 and with the SCRF model. In the
first model, the dielectric effect was small, as shown in Table
2. In a previous study,36 however, the dielectric field greatly
affected the electron affinity. Although the present protein
models include actual residues surrounding the quinones, this
discrepancy could be because of the method used to treat the
dielectric field, because the Onsanger model used in this study
could underestimate the dielectric effect. Therefore, the SCRF-
(SCIPCM) effect was included in the calculations. The SCRF
method stabilized the anion states and the vEA of the chro-
mopores increased about 7.4∼9.8 kcal/mol. However, these
changes in vEA are almost equal in the three chromophores.

The present results indicate thatthe local protein enVironment
plays aVery important role in the energetics of electron transfer
in the reaction center. These calculations, however, do not
include the structural relaxation effect. In the next subsection,
we investigate the energetics of electron-transfer including this
effect.

3.2. Energetics of Electron Transfer from Bacteriopheo-
phytin (H) to Ubiquinone (UQ). To understand the energetics
of this electron transfer, calculation of the vEA computed at
the X-ray geometry alone is, of course, insufficient, because
the reaction time for each step in electron transfer from H to
UQ seems to be long enough for relaxation of the molecular
structure to occur. In this subsection, we calculate the energies
of the chromophores for the neutral and anion optimized
structures and estimate the reaction energy for electron transfer
and compare the results with the experimental data. An analysis
of the results in terms of electron affinity, relaxation energy,
and optimized structure will be presented later.

Electron-transfer involves two steps and three states: H-,
MQ-, and UQ-. H- consists of H in an anion state and MQ
and UQ in neutral states. MQ- and UQ- are defined similarly:
MQ and UQ in an anion state and the remaining chromophores
in a neutral state. Three sets of geometries are also defined: in
the “initial-state geometry”, the geometry of H was optimized
for the anion state and those of MQ and UQ were optimized
for the neutral state. The “intermediate-” and “final-state
geometries” have anion structures for MQ and UQ and neutral
structures for the other chromophores, respectively. The energies
of the states are defined by summing the energies of the three
chromophores:

X denotes the geometry defined above, i.e., the initial-,
intermediate-, or final-state geometry. This is a good ap-
proximation, because previous calculations showed that the
electronic interaction between the chromophores is very small.39

Table 3 shows the relative energies of the states involved in
the electron transfer. The H- state at the initial-state geometry
is taken as a reference. For the UQ- state at the final-state
geometry, the relative energy from the MQ- state at the
intermediate-state geometry is also shown in parentheses for
comparison with experimental findings.48 Actual electron trans-
fer is expected to start with the H- state at the initial-state
geometry, pass through the MQ- state in the intermediate-state
geometry, and end up with the UQ- state in the final-state
geometry.

Energetics Computed from the Model Optimized in the Gas
Phase.First, the energetics of electron transfer was studied using
the geometry of the chromophores optimized in the gas phase.
As shown in Table 3 ((1) C), the gas-phase model that includes
only the isolated chromophores obviously cannot explain the
energetics of electron transfer. The energy of the MQ- state at
the intermediate-state geometry is 3.8 kcal/mol higher than that
of the H- state at the initial-state geometry, which is completely
different from the experimental free energy of-14.9 kcal/mol.47

Therefore, because proteins significantly affect the electron
affinity, as elucidated in the previous section, the interacting
residues shown in model 1 in Figure 2 were attached to the
chromophores, as in the X-ray structure.6 Here, the energy of a
state is defined as the sum of the energies of the binding-site
cluster models, as in eq 1. The relative energy of the MQ- state
at the intermediate-state geometry is reduced to-3.4 kcal/
mol: the potential surface of electron transfer from H to MQ
slopes downward ((1) C+Res in Table 3). However, for the
relative energy from the UQ- state to the MQ- state, this cluster
model gave a worse agreement with the experimental findings.48

This may be ascribed to the cluster model, which does not
include Asn M257 in the MQ site. This residue affects the
reaction energy, as described below. The remaining protein
effects were included by further adding the reaction field with
a spherical cavity model.51 The relative energy was slightly
modified by a few kcal/mol. However, we note that the present
calculations could underestimate the dielectric effect,36 because
of the Onsanger model.

Energetics Computed from Models Optimized in the Binding
Sites.The second computational model was constructed by
optimizing the structures and positions of the chromophores in
the binding-site cluster model. During optimization, the geom-
etry of the protein residues was fixed according to the X-ray
structure, except for the positions of the hydrogens involved in
hydrogen-bonding with the chromophores. Because chro-
mophore-residue interaction was already included in the model,
the computed energy qualitatively reproduced the experiments
((2) C+Res in Table 3). The relative energy of the MQ- state
at the intermediate-state geometry is improved slightly to-6.0
kcal/mol. However, the energy of the UQ- state is still
underestimated, which again could be attributed to a lack of
Asn M257 in the model.

Energetics Computed from Models Based on QM/MM
Structures.The final model is also a binding-site cluster model,
but the geometries adopted for the intermediate (MQ-) and final
(UQ-) states were optimized by the QM/MM method.44-46 For
the geometry of H, the former structure optimized within the
binding-site cluster model was used. In QM/MM calculations,
the QM part included MQ and UQ and the rest of the protein
was treated by the MM method. Optimization was performed

Figure 3. Singly occupied molecular orbital (SOMO) of (a) MQ and
(b) UQ.

{H-state: EH-state(X) ) EH-
(X) + EMQ (X) + EUQ (X)

MQ-state: EMQ-state(X) ) EH (X) + EMQ-
(X) + EUQ (X)

UQ
-
state: EUQ-state(X) ) EH (X) + EMQ (X) + EUQ-

(X)
(1)
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for the entire protein structure in the intermediate and final states.
For the QM calculations, an approximate DFT, the self-
consistent charge tight binding (SCCTB) method,52 was adopted.
In constructing the cluster models based on the QM/MM results,
the models were extended to some extent to include chro-
mophore-residue interactions in the QM/MM optimized struc-
tures, as shown in model 2 in Figure 2. For the model of the
MQ binding site, Asn M257 in the proximity of MQ turned
out to contribute to the reaction energy, and therefore this residue
was also included in the cluster model. The proximate interacting
residues included in this model are those that contribute more
than 3 kcal/mol to the reaction energy.

Using these extended models, the computed∆E(H f MQ)
was improved to-12.2 kcal/mol, which is close to the
experimental value of-15.0 kcal/mol (Table 3 (3) C+Res).
∆E(MQfUQ) was also significantly improved to-1.8 kcal/
mol, which is also comparable to the experimental value of
-1.75 kcal/mol. This improvement in the relative energy might
be mostly due to refinement of the cluster model and especially
to the addition of Asn M257, which will be discussed later.
The dielectric effect of protein treated by the Onsanger model
gave small corrections, whereas that by the SCRF method
worsened the agreement with the experimental values. Finally,
a minor contribution of electrostatic interaction between a
cationic special pair and other chromophores was included
(C+Res+RF+ES(P+) in Table 3). A dielectric constant of 4.0
is used, as in the previous study.36 Table 3 shows that the
interaction stabilizes the H- state more than the MQ- state by
2.1 kcal/mol. On the other hand, the UQ- state is stabilized
more than the MQ- state by only 0.1 kcal/mol.

Using the proper geometry and proper binding-site cluster
model, the computed reaction energy was improved toward the
experimental findings. However, we could not rule out the
possibility that the numerical results might be further influenced
by the nonuniform MM electrostatic field from residues that
are not included in the current cluster models.

4. Discussion

4.1. Driving Force Analysis: A Decomposition Analysis
of the Reaction Energy. Because the computed reaction
energies agree reasonably well with the experimental values,
an analysis of the reaction energy could provide meaningful
information. The computed reaction energy∆E can be divided
into two terms: vertical electron affinity (vEA) and relaxation
energy (ER):

VEA and ER for a chromophore X are defined as follows:VEA
is the energy difference between the anion and neutral species
at the equilibrium structure of the neutral species and ER is the
stabilization energy of an anion species when it is relaxed to
the anion structure:

We note that∆E can also be defined as the difference between
the adiabatic electron affinities of the donor and acceptor:

Table 4 shows the results of the decomposition analysis for the
two steps in the electron transfer, Hf MQ and MQ f UQ.

4.2. Structural Analysis and Driving Force Analysis
Binding-Site Model using the Gas-Phase Optimized Geom-
etry. As described in the previous section, the gas-phase
calculations failed to reproduce the reaction energy for the step
H f MQ. The decomposition in Table 4 ((1) C) shows that the
reason for the positive reaction energy lies in theVEA term.
Because the model does not include the proximate residues,VEA
of H is larger than that of MQ by 9.3 kcal/mol. Although the
relaxation energy of MQ is larger than that of H,∆E becomes

TABLE 3: Relative Energy Levels (kcal/mol) for (H-)-MQ-UQ, H-(MQ -)-UQ, and H-MQ-(UQ-) States at Initial-,
Intermediate-, and Final-State Geometriesr

initial-state geometrya intermediate-state geometryb final-state geometryc

model H- MQ- UQ- H- MQ- UQ- H- MQ- UQ-

(1) Optimized Geometry in the Gas Phase
Cd 0.0 14.7 16.4 4.5 3.8 15.6 8.3 17.6 0.0 (-3.8)g

C+Rese 0.0 0.3 12.1 11.2 -3.4 -6.3 20.7 15.5 -14.6 (-11.2)
C+Res+RFf 0.0 -0.3 14.8 11.1 -4.0 -3.6 18.4 12.6 -13.4 (-9.4)
C+Res+RF+ES(P+)h 0.0 -1.9 (-9.5)

(2) Optimized Geometry in the Binding Site Model
C+Res 0.0 3.6 4.1 12.2 -6.0 -0.4 17.6 13.4 -18.4 (-12.4)
C+Res+RF 0.0 -0.3 5.7 12.3 -9.4 2.2 17.2 10.0 -16.4 (-7.0)
C+Res+RF+ES(P+) 0.0 -7.3 (-6.9)

(3) QM/MM Optimized Geometry for MQ and UQ (Asn M257 in MQ Site Is Included in the Model)
C+Res 0.0 -6.8 -10.4 13.6 -12.2 -4.5 21.6 7.1 -14.0 (-1.8)
C+Res+RF 0.0 -9.6 -12.3 13.6 -14.2 -5.5 21.2 4.8 -15.6 (-1.4)
C+Res+SCRFq 0.0 -4.9 -10.9 13.9 -9.0 -4.2 21.2 9.1 -14.0 (-5.0)
C+Res+RF+ES(P+) 0.0 -12.1 -13.6 (-1.5)
C+Res+SCRF+ES(P+) 0.0 -6.9 (-5.1)
exptl. 0.0 -15.0i (-1.75j)
previous theoreticalk 0.0 -14.9l, -11m (-3.4n, -3.6o, -1.8p)

aH: anion structure. MQ and UQ: neutral structure.b MQ: anion structure. H and UQ: neutral structure.c UQ: anion structure. H and MQ:
neutral structure.d Chromophores.e Protein residues are included in the model.f Onsanger reaction field is included in the model. Dielectric constant
is 20.0 (acetone).g The values in parentheses are the relative energy from the MQ- state at the intermediate-state geometry.h Electrostatic interaction
between the special pair in the cation state and the chromophore is included. See text.i Reference 47.j Reference 48.k Previous theoretical studies.
l DFT calculation forRhodobacter sphaeroides, reference 36.m Reference 26.n Free energy calculation, reference 27.o Free energy calculation,
reference 29.p Free energy calculation forRhodobacter sphaeroides, reference 32.q Self-consistent reaction field effect estimated with the 6-31g(d)
basis sets is included. See the appendix.r H-, MQ-, and UQ- indicate the (H-)-MQ-UQ, H-(MQ-)-UQ, and H-MQ-(UQ-) states, respectively.
The energy of the H- state in the initial-state geometry is taken as a reference.

∆E ) (VEAdonor- VEAacceptor) + (ERdonor- ERacceptor) (2)

ERX ) EX-
(neutral)- EX-

(anion) (3)

VEAX ) EX (neutral)- EX-
(neutral) (4)

∆E ) EAdonor- EAacceptor (5)
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3.7 kcal/mol. For the second step, MQfUQ, the relaxation
energy is -3.7 kcal/mol. Although∆VEA is positive, the
relaxation energy of UQ is larger than that of MQ by 5.5 kcal/
mol. This large relaxation energy of UQ is related to rotation
of the methoxy group. In Figure 4, the optimized structures of
MQ and UQ are shown. Comparing (b-2) with (b-3), the dihedral
angles differ by about 115°. In the neutral species, one of the
two methoxy groups points toward the other methoxy group,
which indicates the formation of intramolecular hydrogen bonds
with the lone-pair in the other methoxy group. The methoxy
group at the C2 position appears to show hydrogen-bonding with
the lone-pair in the carbonyl group. In the anion species, both
of the methoxy groups prefer hydrogen-bonding to the carbonyl
group, because the carbonyl oxygens in the anion species have
larger minus charges, reflecting the character of the SOMO.

Table 4 also shows why attachment of the proximate resides
improves the reaction energy of Hf MQ and makes it negative
((1) C+Res). The electron affinity of MQ increases by about
19 kcal/mol because of the effect of the proximate residues.
The electron affinity of UQ also shows a large increase of about

33 kcal/mol, which causes a large negative reaction energy of
-11.2 kcal/mol.

The structural change in the skeletons is very small in all of
the quinones. The bond-stretching tendencies reflect the char-
acteristics of the SOMO. The CdO bonds are elongated by 0.04
Å, but the next C-C bonds are shortened. In comparison with
Figure 3, the SOMOs have an antibonding character on the
CdO bonds and a bonding character on the C-C bonds. Almost
the same degree of skeleton relaxation can be seen in the
binding-site models and in the QM/MM models. For bacte-
riopheophytin (H), the amount of this relaxation is quite small,
and therefore we do not discuss it further.

Binding-Site Model using the Geometry Optimized in the
Binding Site.Table 4 (2) shows the DFA for the second
models: the geometry of the chromophores and hydrogens
involved in hydrogen-bonding was optimized in the binding-
site cluster model shown in Figure 2 (model 1). The geometry
of the rest of the protein residue was fixed to the X-ray
structure.6 Because the proximate residues are included in the
models, the∆E’s for both Hf MQ and MQf UQ are negative
and similar to the (1)C+Res results. In the optimized geometry
shown in Figure 5, the anionized chromophores are closer to
the hydrogen-bonding residues. For the MQ site, the distance
from the hydrogen in Ala M258 to the oxygen in MQ decreases
by about 0.14 Å. The distance from the hydrogen in His M217
to the oxygen in MQ also decreases by about 0.25 Å. For the
UQ site, similar behavior is observed. The O (UQ)-H (Ser
L223) and O (UQ)-H (His L190) distances decrease by 0.13
and 0.25 Å, respectively. This is because anionized species
experience a greater positive electrostatic field by moving closer
to the residues. However, there is a large discrepancy between
the X-ray (black lines) and optimized structures (blue lines),
especially for the UQ site. This can be attributed to the
oversimplified model used in the optimization. As for the
skeleton of the chromophores, the amount of the displacement
is similar to that in the gas-phase optimization and is very small.

The rearrangement in the hydrogen-bonding structure is also
of interest, because a proton is transferred from Ser L223 in
the step after the reduction of UQ.22 Our calculations show that
the positions of the hydrogen atoms involved in hydrogen
bonding do not change much between the neutral and anion
structures. These changes are within 0.01 Å. This result indicates
that the proton transfer from Ser L223 requires a great deal of
external perturbation, which helps Ser L223 to release the

TABLE 4: Decomposition Analysis for the Reaction Energy of the Electron Transfer in the Photosynthetic Reaction Center of
Rhodopseudomonas Viridis(kcal/mol)

H f MQ MQ f UQ

VEAa ERa VEA ER

model VEAH VEAMQ ∆VEA ERH- ERMQ- ∆ER ∆E VEAMQ VEAUQ ∆VEA ERMQ- ERUQ- ∆ER ∆E

(1) Optimized Geometry in the Gas Phase
Cb 47.3 38.0 9.3 2.9 8.5 -5.6 3.7 38.0 36.2 1.8 8.5 14.0 -5.5 -3.7
C+Resc 51.7 56.9 -5.2 10.3 8.6 1.7 -3.5 56.9 69.3 -12.4 8.6 7.4 1.2 -11.2
C+Res+RFd 51.5 57.3 -5.8 10.3 8.6 1.7 -4.0 57.3 66.3 -9.0 8.6 9.0 -0.4 -9.4

(2) Optimized Geometry in the Binding Site Model
C+Res 54.5 58.7 -4.2 5.2 7.1 -1.9 -6.0 58.7 66.3 -7.6 7.1 11.8 -4.7 -12.3
C+Res+RF 52.1 59.3 -7.2 5.3 7.3 -2.1 -9.4 59.2 62.0 -2.8 7.3 11.4 -4.1 -7.0

(3)QM/MM Optimized Geometry for MQ and UQ (Asn M257 in the MQ Site Is Included in the Model)
C+Res 54.5 69.0 -14.5 5.2 2.9 2.3 -12.2 69.0 72.6 -3.6 2.9 1.1 1.8 -1.8
C+Res+RF 52.1 68.5 -16.5 5.3 2.9 2.4 -14.2 68.5 71.2 -2.7 2.9 1.7 1.2 -1.4
C+Res+SCRFg 64.3 76.4 -12.1 5.6 2.5 3.1 -9.0 76.4 82.4 -6.0 2.5 1.5 1.0 -5.0
Exptl. -15.0e -1.75f

a VEA and ER are abbreviations for the vertical electron affinity and relaxation energy, respectively.b Chromophores.c Protein residues are
included in the model.d Onsanger reaction field is included in the model. Dielectric constant is 20.0 (acetone).e Reference 47.fReference 48.
g Self-consistent reaction field effect estimated with the 6-31g(d) basis sets is included. See appendix.

Figure 4. Structures of (a) MQ and (b) UQ optimized in the gas phase
by DFT/B3LYP with 6-31g(d) basis set. In (b-1) and (b-2), dihedral
angles, C3-C2-O-Me and C2-C3-O-Me, are shown. In (a) and (b),
bond lengths of the neutral and anion (in the parenthesis) structures
are shown in ångstrom unit.
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proton. Thus, proton donation to Ser L223 from other acidic
residues is likely necessary to trigger the protonation of UQ by
Ser L223, as has been suggested in other reports.22,74-76

Binding-Site Models using the QM/MM Geometry.An
analysis of this model clearly shows that the most important
term is VEA of the chromophores. The∆VEA term is larger
than the∆ER term in both of the steps in electron transfer.
Therefore, we conclude thattheVertical electron affinity, which
is controlled by the residues, plays the definitiVe role in the
energetics of electron transfer. The∆VEA term of-16.5 kcal/
mol leads to a∆E of -14.2 kcal/mol in Hf MQ. For MQ f
UQ; although the magnitude of∆VEA is small, this is still the
dominant term.

As explained in the last section, the third model taken from
the QM/MM structure improves the values of∆E for H f MQ
and MQ f UQ, as seen in Table 4 (3). These results are
comparable to the experimental data. We analyzed this result
by DFA. First, for the vEA term, a comparison with the second
model shows that the∆VEA term is reduced by 10 kcal/mol in
the Hf MQ step and increased by 4.0 kcal/mol in the MQf
UQ step. The vertical electron affinity of MQ increases by 10
kcal/mol. This can mainly be attributed to the inclusion of Asn
M257 in the computational model, because Asn M257 stabilizes
the anionized state of MQ, which was also expected from the

analysis of the preliminary QM/MM results. The change in EA
caused by the inclusion of Asn M257 indicates that proper
modeling of the local environment is very important. The local
environment plays a crucial role in the energetics of the electron
transfer.

There is also a decrease in the relaxation energy in the QM/
MM model. The difference from the second model is about 4.2
and 6.5 kcal/mol in the Hf MQ and MQ f UQ steps,
respectively. Comparing Figure 6 with Figure 5, the structural
rearrangement seen in the QM/MM geometry is much smaller
than that in the second model. Especially in UQ, the large upper
shift of about 1.5 Å seen in the second model (Figure 5) is not
reproduced in the third model (Figure 6). In the anionized MQ
site, the O(MQ)-H(Ala M258) and O(MQ)-H(His M217)
distances are decreased by only about 0.05 and 0.07 Å,
respectively, compared with the neutral MQ site. In the reduced
UQ site, the O(UQ)-H(Ser L223) and O(UQ)-H(His L190)
distances are decreased by about 0.09 and 0.19 Å, respectively,
which is much less than with the second model. The positional
shifts of the chromophores might be suppressed by other protein
structures not included in the second model (model 1 in Figure
2). In the X-ray structure, Leu L189 is proximate to the methyl
group of UQ. The edge-to-edge distance is about 2.5 Å, which
is close enough so that UQ does not change its position as freely
as in the second model. The rotation of the methoxy group in
UQ can also be ascribed to the small relaxation energy. In the
gas-phase model, the relaxation energy of UQ is 14.0 kcal/mol
because of rotation, as seen in Figure 4. In the QM/MM
optimizations, the neighboring residues hinder methoxy rotation
and suppress the relaxation of UQ.

Conclusions

The energetics of the electron transfer in the reaction center
of RhodopseudomonasViridis was studied by DFT. The basis
set-dependence and reliability of the DFT (B3LYP functional)
for the present subject were examined by calculations of the
adiabatic electron affinities of a series of quinones: p-benzo-
quinone (pBQ), 2,3,5,6-methyl-1,4-p- benzoquinone, 1,4-naph-
thoquinone, and 2-methyl-1,4-naphthoquinone. The single-point
calculation with 6-31+G(d) basis sets at the geometry optimized
with 6-31G(d) basis sets seems acceptable. The DFT tends to
overestimate the electron affinity by 4∼6 kcal/mol. Fortunately,
however, the present argument is based on the difference in
electron affinity, so that this constant error is expected to be
canceled out.

The electron affinities of quinones are shown to significantly
depend on solvation by protein residues.Especially, the local
protein enVironment isVery important, and the dielectric effect
would be of secondary importance, as shown in Table 2.The
protein serves not only to fix the chromophores in space but
also adjusts the energy levels by tuning the electron affinities
of the quinones. Although bacteriopheophytin (H) has the
greatest electron affinity among the three chromophores in the
gas phase, the inclusion of hydrogen-bonding residues enhances
the electron affinity of the quinones and reverses the order to
UQ > MQ > H.

To study the energetics, three kinds of computational models,
binding-site cluster models, were constructed. The proximate
residues that interacted directly with the chromophores through
hydrogen-bonding were included in the DFT calculations, and
the rest of the protein effect was treated by the Onsanger and
the SCRF(SCIPCM) models. Summing over the energies of the
cluster models, the energy of the states involved in the electron
transfer was evaluated. The model using the QM/MM geometry

Figure 5. Molecular structure of (a) H, (b) MQ, and (c) UQ sites
models. Geometries of the chromophores and the hydrogens in the H
bonding are optimized. The rest of the protein residues is fixed to the
X-ray geometry. The red, blue, and black lines represent the anion,
neutral, and X-ray(2PRC)57 structures, respectively.
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gave results comparable to the experimental findings, which
are summarized in Table 5.

The computed reaction energy can be decomposed into the
vertical electron affinity term and the relaxation energy term in
a DFA. The results of this analysis clearly show that the most
important term is theVertical electron affinity of the chro-
mophores in the protein enVironment, indicating that the protein,
especially the local enVironment, plays a decisive role that
determines the energetics of the electron transfer. The effects
of the rest of the protein, namely, the distant residues, should
be less important based on our results, because our cluster
models give the primarty contribution to the energetics. For the
structural relaxation effect, a comparison of the results obtained
with the gas-phase model and the QM/MM model indicates that
there may be protein strain that restricts structural relaxation of
the chromophores.

From the optimized structures, the reaction coordinate of the
electron transfers can be deduced. The QM/MM optimized
structures obtained for the anion and neutral states show that
specific and significant reorganization of the protein structure
and the solvation structure were not seen in the area of the
binding site. Only slight structural relaxation caused by the

electron transfers is found in the binding-site protein residues,
the positions of the chromophores in their binding sites, and
the skeleton structures of the chromophores.
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Appendix

In some of the SCRF calculations for the binding-site models,
the SCF calculations did not converge when diffuse basis sets
were included. Therefore, we estimated the SCRF effect for
6-31+g(d) basis sets by that without diffuse functions as follows:

This means that the additivity of the SCRF effect is assumed
as in the ONIOM method.77,78 This was checked for UQ as
shown in Table 6. TheVEA with 6-31+g(d) was 60.1 kcal/
mol, whereas the estimatedVEA was 63.6 kcal/mol. The Error
was 3.5 kcal/mol in this scheme.
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