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ABSTRACT: The primary donor chlorophyll (Chl) of photosystem II (PSII), P680, has an extremely high
oxidation redox potential (Eox) of ∼1.2 V, which is essential for photosynthetic water oxidation. The
mechanism for achieving a high potential such as that of P680 has been one of the central questions in
photosynthesis research. Here, we have examined the dielectric constant (ε) dependence of theEox of
monomer Chl using density functional theory calculations with the polarizable continuum model. The
calculatedEox of a model Chl compound exhibited a sharp increase with a decrease inε in the relatively
low ε region (ε < 5). In contrast, in the higher-ε region,Eox was rather insensitive toε and converged to
a constant value at very highε values. This tendency in the high-ε region explains the experimental
Eox values of isolated Chla that have been observed in a relatively narrow range of 0.74-0.93 V. The
Eox of Chl in an ideal hydrophobic protein was estimated to be∼1.4 V at anε value of 2. This value
indicates that Chl in a hydrophobic environment originally has a highEox that is sufficient for oxidizing
water (Eox ) 0.88 V at pH 6). On the basis of the reported X-ray crystallographic structures, the protein
environment of P680 in PSII was estimated to be more hydrophobic than that of the primary donors in
bacterial reaction centers. It is therefore suggested that the low-dielectric environment around P680 is
one of the major factors in its very highEox, and thus, introducing nonpolar amino acids into the binding
pocket of P680 was an important process in the evolution of PSII.

Photosynthetic water oxidation began at least 2.5-2.6
billion years ago by cyanobacteria (1, 2). Utilization of water
as a terminal electron donor for reduction of carbon dioxide
to synthesize sugar was an ultimate strategy for early
photosynthetic life to survive on Earth. The beginning of
water oxidation was also a turning point in the evolution of
other life on Earth; molecular oxygen released as a byproduct
made the atmosphere aerobic, leading to the extensive
development of life.

Water oxidation is carried out in photosystem II (PSII),1

which is thought to be developed from the type II reaction
center (RC) of anoxygenic photosynthetic organisms or
homodimeric RC as a common ancestor (2-5). During the
evolution of PSII, two major events were necessary to gain

the water-oxdizing capability: creation of the catalytic site,
the so-called Mn cluster, and increasing the oxidation redox
potential (Eox) of the primary donor chlorophyll (Chl) to a
level sufficient for water oxidation (3, 5). The primary donor
of purple photosynthetic bacteria, e.g., P870 ofRhodobacter
sphaeroides, has anEox of ∼0.5 V (6), which is far below
the potential of water oxidation of 0.88 V at pH 6, the pH
showing the maximum O2-evolving activity in PSII prepara-
tions (7) (Figure 1). In contrast, the primary donor of PSII,
P680, is estimated to have an extremely highEox of
1.1-1.3 V (Figure 1) (8-11). This value is much higher
than the potentials of any other primary donors, and even
higher than theEox values of isolated Chla in organic
solvents [0.74-0.93 V (12-20)] (Figure 1). How this
extremely high potential of P680 was achieved during the
evolution of PSII has been one of the central questions in
photosynthetic research (3, 5, 21-25).

Several mechanisms have been proposed for increasing
Eox in the development of P680. One effective way is
changing the constituting pigment (3). Indeed, theEox of Chl
a is higher than that of Bchla by 0.1-0.2 V (17, 20),
although this difference is not enough to explain the potential
gap of ∼0.7 V between P870 and P680 (Figure 1). Also,
weak electronic coupling in the Chla dimer has been
suggested as a major reason for the highEox of P680
(5, 24, 25). Charge delocalization over the dimer in a primary
donor cation decreases itsEox (26-29), and hence, the rather
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monomeric nature of P680 (30-32) should provide a
potential higher than that of the strongly coupled dimer like
P870. However, this mechanism of weak coupling cannot
fully explain theEox of P680 that is even higher than the
reportedEox of monomeric Chla by 0.3-0.5 V (Figure 1).

Another simple mechanism for increasing theEox is placing
positively charged amino acid groups near P680. D2-Arg181
has been proposed to be the candidate for such an amino
acid residue (23). According to the recently published X-ray
structure of PSII (33), however, no charged amino acids are
found in the vicinity of P680 and the D2-Arg181 side group
is more than 13 Å from the Mg atom of P680, the distance
at which strong screening effects for attenuating the elec-
trostatic interactions have been observed in bacterial RCs
(34, 35).

There is one missing consideration in the above argument.
Does monomeric Chla in typical photosynthetic proteins
indeed have anEox value in the potential range of Chla,
0.74-0.93 V, that has been determined in organic solvents?
In electrochemical measurements, polar solvents with high
dielectric constants must be used to dissolve supporting
electrolytes. In contrast, it is known that the local dielectric
constant in the protein interior is generally low (36-41). In
particular, Chl molecules bound to photosynthetic proteins
usually exist in hydrophobic environments with quite low
dielectric constants (37). In this respect, Rutherford and Faller
(5) recently proposed that theEox of monomer Chl is
intrinsically high in the dielectric environment of a RC
protein. Also, very recently, Ishikita et al. (42) calculated
the redox potentials of P680 and other Chl molecules in PSII
RCs considering the protein environment, and showed the
importance of the low-dielectric environment around P680
in realizing the high potential of P680. However, a clear view
of the relationship between theEox of Chl and the surround-
ing dielectric property has not yet been obtained. Clarifying
this relationship therefore should provide an important basis
for understanding the mechanism of the extremely highEox

of P680.
In this study, the dielectric constant (ε) dependence of the

Eox of Chl was calculated using the density functional theory
(DFT) method with the polarizable continuum model (PCM).
DFT calculations have recently been applied to Chl-related
molecules, and successfully provided information about the
electronic, magnetic, and vibrational properties of their cation

and anion radicals as well as those of neutral species
(43-53). Although solvation effects have been treated in
some quantum chemical calculations (44, 53-56), systematic
investigation on this subject has not yet been performed.
From the calculatedε dependence, theEox of Chl in a
nonpolar environment (ε ) 2) representing the interior of
hydrophobic proteins was estimated. On the basis of the
results that were obtained, the reason for the high potential
of P680 and the strategy for increasing the potential in the
evolution of PSII are discussed.

COMPUTATIONAL METHODS

All calculations were performed in GAUSSIAN 03 (57).
The initial coordinates of atoms in the model Chl compound
(Figure 2) were obtained from the crystal structure of ethyl
chlorophyllidea (58). Geometry optimization was carried
out for both neutral Chl and its cation radical (Chl+) by the
restricted and unrestricted DFT method, respectively, using
Becke’s three-parameter hybrid functional (59) combined
with the Lee-Yang-Parr correlation functional (60) (B3LYP)
and the 6-31G(d) basis set. Final electronic energies were
calculated at the B3LYP/6-311+G(d) level for the optimized
structures. These calculations were performed in the gas
phase and in solvents approximated with IEF-PCM (PCM
calculation using the integrated equation formalism model)
(61-63). Seven solvent parameters included in GAUSSIAN
03 were used: argon (ε ) 1.4), benzene (ε ) 2.2),
chloroform (ε ) 4.9), dichloroethane (ε ) 10.4), acetone
(ε ) 20.7), dimethyl sulfoxide (ε ) 46.7), and water
(ε ) 78.4).

RESULTS

The structure of the model Chl, whose geometry was
optimized at the B3LYP/6-31G(d) level, is shown in Figure
2. This Chl model retains the structure of Chla except for
the phytyl ester side chain and ethyl group, which are
replaced with a methyl group to reduce the number of atoms.
Table 1 summarizes the results of energy calculations of Chl
and Chl+ in the gas phase and in various solvents with
different ε values. Theε dependence of the electronic
energies (Eelec) of Chl and Chl+ is depicted in Figure 3.

FIGURE 1: Comparison of the redox potential of P680+/P680 in
PSII with the potentials of P870+/P870 in the RC ofRb. sphae-
roides, Chl a+/Chl a and Bchla+/Bchl a in organic solvents, and
water (O2/H2O at pH 6.0). The redox potentials of Chla+/Chl a
and Bchla+/Bchl a in solvents are distributed in some potential
range depending on solvent species.

FIGURE 2: Structure of model Chl used in this study.
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Although the Eelec values of Chl and Chl+ were rather
insensitive toε in the higher-ε region, they rapidly increased
asε was lowered in the relatively low-ε region (ε < 5). This
ε dependency ofEelec was more prominent in Chl+ than in
Chl.

The ionization potential (IP) of Chl at each dielectric
constant was estimated as the difference inEelec values
between Chl and Chl+ (fourth column of Table 1). The IP
value in the gas phase was estimated to be 6.230 eV. This
value is in good agreement with the IP of 6.1 eV for Chla
in the gas phase previously estimated from the measurement
of the photocurrent threshold in solution (64) and the IPs of
∼6 eV for various chlorin compounds in previous ab initio
MO calculations (43, 44, 48, 65, 66).

The standard redox potential versus the standard hydrogen
electrode (SHE),E°(SHE), can be converted from the
electronic energy on an absolute scale,E(abs), by the
following equation (54, 67, 68)

where EH is the absolute potential of SHE referenced to
vacuum, which has been estimated to be 4.43 V (68, 69).
BecauseE(abs) corresponds to the IP of the reduced species
(67), the standard redox potential versus the SHE of the
Chl+/Chl couple,Eox, can be estimated from the IP of Chl
by the equation

The calculatedEox (Eox
cal) at eachε is presented in Table

1 (fifth column), and theEox
cal curve as a function ofε is

depicted in Figure 4 (‚‚‚). The Eox
cal was estimated to be

1.80 V in the gas phase (ε ) 1.0), and it decreased
dramatically with an increase inε but finally converged to
a constant value of∼0.6 V. Thus,Eox

cal was highly sensitive
to ε in the relatively low-ε region (ε < 5), and became
insensitive in the higher-ε region [Figure 4 (‚‚‚)].

Experimental values of the oxidation potential of Chla
measured in various aprotic solvents (12-20) are also plotted
in Figure 4 (b). These measurements were performed in
tetrahydrofuran (ε ) 7.5), dichloromethane (ε ) 8.9),
butyronitrile (ε ) 24.8), propionitrile (ε ) 29.7), acetonitrile
(ε ) 36.6), and dimethylformamide (ε ) 38.2) as solvents.
These experimental potentials range between 0.93 and
0.74 V. The calculatedEox

cal of the model Chl in theε range
of 7-40 was 0.78-0.60 V [Table 1 and Figure 4 (‚‚‚)]. This
result is in satisfactory agreement with the experimental data,
although calculations provided values lower by∼0.15 V than
those from the experiments. This deviation is at the same
level of the average errors (∼0.18 eV) of the absolute IP
values by the B3LYP method previously estimated for
various small molecules (70, 71). Selection of a basis set

Table 1: Calculated Electronic Energies, Ionization Potentials, and
Oxidation Redox Potentials of Model Chl in Solvents with Different
Dielectric Constants

Eelec (eV)b

εa Chl Chl+ IP (eV)c Eox
cal (V)d Eox

cor (V)e

1.0 -51234.240 -51228.010 6.230 1.80 1.96
1.4 -51234.407 -51228.530 5.877 1.45 1.61
2.2 -51234.583 -51229.007 5.576 1.15 1.31
4.9 -51234.854 -51229.568 5.286 0.86 1.02

10.4 -51234.014 -51229.874 5.141 0.71 0.87
20.7 -51235.108 -51230.043 5.065 0.64 0.80
46.7 -51235.155 -51230.114 5.041 0.61 0.77
78.4 -51235.262 -51230.260 5.002 0.57 0.73

a Dielectric constants of the gas phase (1.0), argon (1.4), benzene
(2.2), chloroform (4.9), dichloroethane (10.4), acetone (20.7), dimethyl
sulfoxide (46.7), and water (78.4).b Electronic energies of Chl and Chl+

calculated at the B3LYP/6-311+G(d) level for their optimized geom-
etries obtained at the B3LYP/6-31G(d) level in solvents.c Ionization
potential obtained as the difference between theEelec values of Chl
and Chl+. d Calculated redox potential vs the SHE of the Chl+/Chl redox
couple. The absolute potential of the SHE was assumed to be 4.43 V
(68, 69). e Corrected redox potential obtained by adding a constant
(0.16 V) toEox

cal to fit to the experimental potentials of Chla in organic
solvents (see Figure 4).

FIGURE 3: Calculated electronic energies (Eelec) of Chl (b) and
Chl+ (9) as a function of the dielectric constant.

FIGURE 4: Calculated oxidation redox potential (Eox
cal) of model

Chl (‚‚‚) as a function of the dielectric constant (ε) in comparison
with the experimental potentials of Chla in organic solvents (b).
The solid line expresses the corrected redox potential (Eox

cïr) of
Chl obtained by adding a constant toEox

cal to fit to the experimental
potentials. The inset showsEox

cïr values of Chl in various solvents
(4; Table 1) plotted as a function of 1- 1/ε, showing a linear
relationship. The experimental data are also plotted in this graph
(b). The estimatedEox

cïr value at anε of 2 is given.

E°(SHE)) E(abs)- EH

Eox ) IP - 4.43

DFT Calculation of Chl Redox Potential Biochemistry, Vol. 44, No. 24, 20058867



[6-311+G(d)] also influences the calculated values. In fact,
the smaller basis set of 6-31G(d) provided further smaller
Eox

cal values (by∼0.28 V) in the gas phase. The necessity
of using a large basis set to obtain a reliable potential of
Chl has been pointed out in the previous DFT study (44). It
should be emphasized, however, that what is important in
our study is not the absolute value of the calculatedEox

cal

but its change depending onε. The observedε dependence
of Eox

cal was a general tendency even in calculations with a
smaller basis set and for different Chl models, including those
with a more truncated chlorin ring, with a water ligand to
Mg, and with a bacteriochlorin ring (not shown).

To correct the errors in the absoluteEox
cal values, an

appropriate constant was added to theEox
cal curve [Figure 4

(‚‚‚)] to fit to the experimental potentials. The best fit was
achieved with the constant of 0.16 V, and the correctedEox

(Eox
cïr) curve as a function ofε is shown in Figure 4 with a

solid line. The relatively large deviation of the experimental
data at anε of 8.9 (dichloromethane) from theEox

cïr curve
could originate from partial aggregation of Chla in dichlo-
romethane that does not provide a fifth ligand to Mg. The
Eox

cïr was 1.96 V in the gas phase (ε ) 1.0) and converged
to ∼0.74 V at very highε values. Crystal and Friesner (44)
previously calculated the solvation energy for model Bchl
in dimethylformamide (ε ) 38.2) at the B3LYP/6-31G(d,p)
level and obtained a value of approximately-1.3 V, which
is similar to our result of approximately-1.2 V at the same
ε. The Eox

cïr values for various solvents (Table 1, sixth
column) plotted against 1- 1/ε [Figure 4 inset (4)] showed
a linear relationship, in agreement with Born’s theory (72).

DISCUSSION

The dielectric constant of proteins comprises electronic
polarization (high-frequency dielectric constant or optical
dielectric constant) and reorientation of polar protein groups
(36, 39-41). Since such reorientations of chemical groups
are rather restricted in the protein matrix, local dielectric
constants of the protein interior are generally low (36-41).
This is the case particularly for hydrophobic proteins such
as photosynthetic RCs (37, 40). If we assume that a Chl
molecule exists in an ideal hydrophobic protein that does
not include any polar amino acid groups, then the dielectric
property of the Chl binding site would be attributed only to
the electronic polarization of the surrounding groups. In this
case, the local dielectric constant of the Chl site will be
regarded as being∼2, which is a general value of the optical
dielectric constant of organic molecules (36, 39).

From the obtained dependency ofEox
cïr on ε (Figure 4),

the Eox of Chl at anε of 2.0 can be estimated to be 1.37 V
(Figure 4 inset). Thus, it is concluded that in the nonpolar
environment of an ideal hydrophobic protein, Chl originally
has a very high potential of∼1.4 V. This value, which is
much higher than the generally acceptedEox of monomer
Chl (∼0.8 V) in organic solvents (12-20), is sufficiently
high for Chl to oxidize water (Eox ) 0.88 V at pH 6.0). This
estimation also indicates that theEox of P680, which has been
estimated to be∼1.2 V (8-11), is only slightly (by
∼0.2 V) lower than theEox of monomer Chl in an ideal
hydrophobic environment (Figure 5). In contrast, theEox of
P700 [∼0.5 V (73)] is significantly lower (by∼0.9 V) than
this original potential of Chl. TheEox of Bchl a in an ideal

hydrophobic environment is assumed to be∼1.2-1.3 V,
taking into account the potential gap of 0.1-0.2 V between
Chl a and Bchla in organic solvents (17, 20). Thus, theEox

of P870,∼0.5 V (6), is lower than thisEox of Bchl a in a
hydrophobic protein by 0.7-0.8 V (Figure 5). The question
from this potential scheme is now the reasons for the smaller
potential decrease in P680 in comparison with those of other
primary donors.

Table 2 lists the polar amino acid groups [whose dipole
moments are higher than 1.0 D (74)], and the carbonyl and
ester groups of Chl molecules surrounding P680, P870, and
P700, which were selected on the basis of the X-ray
structures of PSII fromThermosynechococcus elongatus
(PDB entry 1S5L) (33), the RC from Rb. sphaeroides
(PDB entry 1AIJ) (75), and PSI fromT. elongatus(PDB
entry 1JBO) (76), respectively. The O, N, or S atoms of these
side chains and polar groups are within 7 Å of the C, N, O,
or Mg atoms of the chlorin rings (rings I-V plus keto
C9dO and acetyl C2dO groups, but without other side
groups and a phytol chain). This 7 Å distance was adopted
in an effort to select the chemical groups directly facing the
primary donors, on the basis of the observation that the
distance between the Mg atom and theR-carbon of its His
ligand is∼6.5 Å in all the (B)Chls of these primary donors.

Nine polar amino acid groups and two keto C9dO groups
of accessory Chls (ChlD1 and ChlD2) are found around P680,
while 16 polar amino acids, two keto C9dO groups of
accessory Bchls (BL and BM), and two acetyl C2dO groups
of the partner Bchls of the dimer itself (PL and PM) are present
around P870. It is noted that a similar number of polar
groups, i.e., 18 polar amino acids and four CdO groups of
Bchls, are found around P960 ofRhodopseudomonasViridis
(PDB entry 1PRC) (77) (not shown). Thus, only half of the
number of polar groups exist around P680 compared with
the primary donors of purple bacteria. In addition, 13 polar
amino acids, two keto C9dO groups, and two carbomethoxy
C10dO groups of accessory Chls (eC-A2 and eC-B2) are
present around P700 in PSI. It seems evident therefore that
the environment of the binding pocket of P680 in PSII is
much more hydrophobic than that of P870 (P960) and P700.

The above qualitative considerations suggest that the
hydrophobic environment around P680 is one of the major
reasons for its high potential, that is, the small potential

FIGURE 5: Relationship of the oxidation redox potentials of Chla
and Bchla in a nonpolar environment (ε ) 2) with those of P680
in PSII, P700 in PSI, and P870 in the bacterial RC.
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decrease form the original potential of monomer Chl in an
ideal hydrophobic environment. A larger number of sur-
rounding polar groups will increase the local dielectric
constant of the binding pocket and decrease the potential of
P870 (P960) and P700. Such dielectric effects of polar groups
could be larger than those expected from their apparent
numbers listed in Table 2, because of a greater likelihood
that water and ions penetrate into the polar protein matrix.
In addition to the dielectric effect, electrostatic interactions
of the polar groups should directly affect theEox. It is noted,
however, these electrostatic effects either decrease or increase
the potentials. Indeed, recent calculations by Ishikita et al.
(42) showed that the charges of amino acid side chains have
a negative effect in total on the P680 potential, while the
charges of cofactors contribute to its positive shift.

Another important factor in controlling the potential is
dimerization of (B)Chl. Stabilization of the cation radical
due to delocalization of a positive charge over the dimer
decreases theEox of a primary donor (26-29). The extent
of the Eox decrease by charge delocalization has been
estimated to be 0.13-0.18 V in P870 ofRb. sphaeroides
from the Eox upshifts in the HL(M202) and HL(L173)
mutants (78-80). The primary donor in these mutants is a

Bchl-Bph heterodimer with a positive charge localized on
the Bchl side, whereas the charge in wild-type P870+ is
significantly delocalized. Also, charge delocalization in
P700+ has been proposed by FTIR studies (81).2 In contrast,
P680 has a relatively large separation of Chl molecules
[Mg-Mg distance of 8.2-8.3 Å (33, 85) in comparison with
a distance of∼7.6 Å in P870 (75)], and the positive charge
has been suggested to be rather localized on the Chl on the
D1 side (30-32), although partial delocalization is evident
from the presence of a weak mid-IR intervalence band in
P680+ (86, 87). Thus, the dimerization effect on theEox

decrease may be small in P680, being consistent with the
relatively smaller potential decrease of P680 from the
calculatedEox of monomeric Chl at anε of 2 (Figure 5).

In the development of PSII from the bacterial RC (2-5),
the Eox of the primary donor had to dramatically increase
by as much as∼0.7 V to gain the capability of water
oxidation (Figure 1). From the considerations given above,
the major strategies for achieving this evolution are presumed
to be as follows. (i) Replacing polar amino acid residues
around the primary donor with nonpolar ones produces a
more hydrophobic environment. Indeed, the number of polar
amino acids was reduced almost to half in PSII (Table 2).
This strategy of changing dielectric properties should be very
effective in controlling the potential, becauseEox is highly
sensitive toε in the relatively low-ε region (ε < 5), which
might be realized in the photosynthetic proteins, and because
the potential can be controlled within the range of∼0.65 V
(difference between∼1.4 V at anε of 2 and∼0.75 V at
very highε values; Figure 4) by changingε. (ii) Changing
the charge distribution by polar groups around P increases
its potential (42). (iii) Weakening the electronic coupling of
the dimer decreases the extent of charge delocalization
(5, 24, 25). This mechanism will upshift the potential by
∼0.15 V if complete charge localization is realized
(78-80). (iv) Changing the pigment structure from Bchla
to Chl a (3) increases the potential by 0.1-0.2 V (17, 20).
Other factors such as distortion of the chlorin ring (88) might
also contribute to the upshift of the potential. In contrast,
the well-known hydrogen bond strategy for increasing the
potential (6, 26-29) seemed not to be adopted in the PSII
evolution (5, 25) judging from the free keto CdO interactions
of P680 (33), possibly because this strategy conflicts with
the hydrophobicity strategy described above.

In conclusion, this DFT calculation showed that Chl
originally has a very high redox potential in a nonpolar
environment, which is sufficient to oxidize water. The
hydrophobic protein environment around P680 in PSII may
be one of the major factors in achieving its high potential of
∼1.2 V. Further theoretical calculations explicitly including
nearby amino acid residues and pigments will be needed to
clarify the reason for the large potential difference between
P680 and other primary donors.
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