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ABSTRACT: The crystal structure of Photosystem II (PSII)
analyzed at a resolution of 1.9 Å revealed deformations of chlorin
rings in the chlorophylls for the first time. We investigated the
degrees of chlorin ring deformation and factors that contributed to
them in the PSII crystal structure, using a normal-coordinate
structural decomposition procedure. The out-of-plane distortion of
the PD1 chlorin ring can be described predominantly by a large
“doming mode” arising from the axial ligand, D1-His198, as well as
the chlorophyll side chains and PSII protein environment. In
contrast, the deformation of PD2 was caused by a “saddling mode”
arising from the D2-Trp191 ring and the doming mode arising from
D2-His197. Large ruffling modes, which were reported to lower the
redox potential in heme proteins, were observed in PD1 and ChlD1,
but not in PD2 and ChlD2. Furthermore, as PD1 possessed the largest doming mode among the reaction center chlorophylls, the
corresponding bacteriochlorophyll PL possessed the largest doming mode in bacterial photosynthetic reaction centers. However,
the majority of the redox potential shift in the protein environment was determined by the electrostatic environment. The
difference in the chlorin ring deformation appears to directly refer to the difference in “the local steric protein environment”
rather than the redox potential value in PSII.

The reaction center of Photosystem II (PSII) consists of
the D1−D2 heterodimer, harboring the chlorophyll a

(Chla) pair (PD1 and PD2), the accessory Chla pair (ChlD1 and
ChlD2), two forms of pheophytin a (Pheoa) (PheoD1 and
PheoD2), two quinones, and two additional forms of Chla
[ChlZ(D1) and ChlZ(D2)] as the redox-active cofactors (Figure 1).
P680, which absorbs light at a wavelength of 680 nm, is formed
among the four central Chla molecules, PD1, PD2, ChlD1, and
ChlD2. Excitation of P680 leads to the formation of the
ChlD1

•+PheoD1
•− state,1−3 followed by the [PD1/

PD2]
•+PheoD1

•− state. The resulting [PD1/PD2]
•+ state serves

as an electron abstractor for the oxygen-evolving cluster (OEC)
and has been shown to have its positive charge predominately
located in PD1, with a PD1

•+/PD2
•+ ratio of ∼80/20.4−7

Recently, the PSII crystal structure from Thermosynechococcus
vulcanus was reported at a resolution of 1.9 Å.8 The 1.9 Å
structure revealed detailed geometries of not only the OEC but
also other cofactors, including PD1 and PD2, where the vinyl
group is rather in plane for PD1 and out of the plane for PD2.

This may constitute one of the factors that cause breakage of
the noncrystallographic 2-fold symmetry in the PD1/PD2 Chla
dimer.
In addition to the structural characteristics mentioned above,

the 1.9 Å structure also revealed a new feature; the chlorin rings
of most of the Chla molecules including the PD1/PD2 pair are
not planar.8 In the 1.9 Å structure, electron density
distributions for the magnesium atoms of Chla were clearly
separated from those for the chlorin rings and were located out
of the ring planes in most cases. The chlorin rings were bent to
various degrees depending on their environments.8 The skeletal
flexibility of chlorin rings or porphyrin rings can be imposed by
the protein environment.9 It was reported that nonplanar
porphyrins are easier to oxidize and harder to reduce.10 If this is
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the case, deformation of the chlorin rings8 is associated with the
redox properties of chlorophylls, which may also contribute to
the larger population of PD1

•+ versus PD2
•+ in PSII.4−7

A normal-coordinate structural decomposition (NSD)
procedure10,11 has been developed and used to analyze the
nonplanarity of the porphyrin rings, in particular in heme

proteins,12−14 as porphyrin deformations have been widely
observed in the high-resolution crystal structures. The NSD
approach can describe the character of the out-of-plane
distortion observed in the porphyrin geometry, by discriminat-
ing the following individual lowest-frequency normal modes:
saddling (B2u), ruffling (B1u), doming (A2u), waving [Eg(x) and
Eg(y)], and propellering (A1u)

10,11 (Figure 2a). In this study, we
employed an NSD procedure to characterize the chlorin ring
deformations in the 1.9 Å structure of PSII.

■ COMPUTATIONAL PROCEDURES

As demonstrated in the previous article,7 we employed the
following systematic modeling procedure. First, we constructed
a realistic molecular model of the whole PSII complex using the
recently determined high-resolution crystal structure. Second,
we performed large-scale quantum mechanical/molecular
mechanical (QM/MM) calculations for the PSII protein.
Finally, using the obtained geometries, we employed an NSD
procedure10,11 to investigate the deformation of the chlorin
rings. Technical details of each modeling procedure are
summarized below.

Coordinates. The atomic coordinates of PSII were taken
from one of two independent but very similar monomers, with
chain indicators capitalized, in the X-ray structure of the PSII
complexes from T. vulcanus at 1.9 Å resolution [Protein Data
Bank (PDB) entry 3ARC].8 Hydrogen atoms were generated
and energetically optimized with CHARMM,15 whereas the
positions of all non-hydrogen atoms were fixed. All titratable
groups were kept in their standard protonation states; i.e.,
acidic groups were ionized and basic groups protonated. For

Figure 1. Chlorophylls (green) and pheophytins (purple) in the D1
(red) and D2 (blue) subunits of PSII (top) and in the L (red) and M
(blue) subunits of PbRC (bottom).

Figure 2. (a) Overviews of the lowest-frequency out-of-plane modes of the porphyrin ring. Red and blue arrows indicate the directions of the
motions. (b) NSD analysis was performed in the following steps: (1) extracting the macrocycle coordinates from the crystal (or QM/MM) structure,
(2) superimposing the extracted coordinates on the reference coordinates, and (3) decomposing the superimposed coordinates into the reference
modes (the six lowest-frequency modes). The reference modes were calculated for the Mg-substituted porphyrin (see Figure S1 of the Supporting
Information) with the B3LYP/LACVP* method.
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the QM/MM calculations, we added additional counterions to
neutralize the whole system.
Atomic Partial Charges. Atomic partial charges of the

amino acids were adopted from the all-atom CHARMM2216

parameter set. The atomic charges of the OEC, Chla, Pheoa,
and quinones were taken from our previous studies of PSII.7

We considered the OEC as being in state S1 in this study.7 A
mixture of differently reduced S states may cause a change in
the net charge of the OEC; however, as described below, the
difference in the net charge did not significantly affect our
calculated results. The exact valences of the individual Mn
atoms are unclear; however, we found that changing the
valences of each Mn atom with the same overall charge
distribution described above did not significantly affect our
calculated results.7,17

NSD Analysis. To investigate the out-of-plane distortions of
chlorin rings, we employed an NSD procedure with the
minimal basis approximation where the deformation profile can
be represented by the six lowest-frequency normal modes:
saddling (B2u), ruffling (B1u), doming (A2u), waving [Eg(x) and
Eg(y)], and propellering (A1u).

10,11 The NSD analysis was
performed in three steps (Figure 2b). First, the atomic
coordinates of the Mg-substituted macrocycle were extracted
from the crystal (or QM/MM-optimized) structure. Second,
the extracted coordinates were superimposed on the reference
coordinates of the macrocycle (Figure S1 and Table S1a of the
Supporting Information). The superimposition is based on a
least-squares method, and the mathematical procedure is
described in ref 11. Finally, the out-of-plane distortion in the
superimposed coordinates was decomposed into the six lowest-
frequency normal modes (see Reference Normal Mode
Calculation) by the projection to the reference normal mode
coordinates as

∑= ΔΓ

=

Γd z n( )
i

N

i z i
1 (1)

where dΓ represents the distortion component of mode Γ [i.e.,
Γ = B2u, B1u, A2u, Eg(x), Eg(y), or A1u], Δzi is the z component of
superimposed coordinates in the ith heavy atom, and (nz

Γ)i is
the z component of the normalized eigenvector of reference
normal mode Γ in the ith heavy atom. N represents the number
of heavy atoms.
Reference Normal Mode Calculation. In previous NSD

studies of Chla,18 a porphyrin was used for the calculation of
reference normal modes. In this study, we improved the
previous normal mode calculation in two ways.
QM Calculation. In previous studies,10,11 the normal modes

were calculated using a MM approach with a force field
parameter set. In this study, we recalculated the normal modes
using a QM approach with the DFT/B3LYP functional and
LACVP*, which is significantly accurate for describing the
electronic properties in comparison with the MM approach. We
performed QM calculations with the Jaguar program code.19

Consideration of the Mg Ion. In previous studies,10,11 the
porphyrin metal ion was not included in the normal mode
calculations. In this study, we included the Mg ion to examine
the contribution of the Mg ion position to the resulting modes
in response to the axial ligand replacement. We considered the
Mg-substituted porphyrin as a reference model (Figure S1 of
the Supporting Information). The calculated eigenvectors for
the six lowest-frequency reference modes are listed in Table
S1b of the Supporting Information.

QM/MM Calculations. QM/MM calculations are not
necessarily required for the NSD approach. In this study, we
used the QM/MM-optimized geometries mainly to generate
the atomic coordinates of Ala-substituted PSII proteins (e.g.,
D1-H198A and D2-W191A). In doing so, we can calculate the
deformation modes of the Ala-substituted PSII, compare the
results with those of the native PSII, and clarify the influence of
the key side chain on the chlorin deformation modes in native
PSII. In all QM/MM calculations reported here, we employed
the so-called electrostatic embedding QM/MM scheme and
used the Qsite20 program code. Electrostatic as well as steric
effects created by complex PSII architecture were explicitly
considered in all of the calculations. Because of the large system
size of PSII, the QM region was limited to a particular Chla
molecule under question, while other protein units, all
cofactors, and water molecules were approximated by the
MM force field. We employed the restricted DFT method to
describe the closed-shell electronic structure and the unre-
stricted DFT method for the open-shell electronic structure
with the B3LYP functional and LACVP* basis sets. The
detailed geometry of Chla was refined by the constrained QM/
MM optimizations; the heavy atom coordinates of the
surrounding MM region were exactly fixed with the original
X-ray coordinates. A Chla monomer (e.g., PD1) and water
ligands of ChlD2 were defined as the QM region. The results
essentially did not change even when the entire PD1/PD2 Chla
pair was defined as in the QM region (Table S2a of the
Supporting Information). In addition, we also confirmed that
results did not depend on the functional and the basis in the
DFT calculation (Table S2b of the Supporting Information),
which justifies the B3LYP/LACVP* method employed in our
calculation.

■ RESULTS AND DISCUSSION

Chlorin Ring Deformation and Associated Modes in
the Model System. A model chlorin ring [Chlmodel (Figure 3,
right)] without an axial ligand in vacuum is essentially planar as
observed from the absence of each deformation mode (Table
1). Note that Chlmodel was modeled as the tetrapyrole backbone
with a cyclopentanone ring attached to ring III.21 Upon ligation

Figure 3. Structure of (left) Chla and (right) Chlmodel
21 using the

IUPAC numbering scheme (R is the phytol chain). The C7C8 bond
in Chla is replaced with a single bond in BChla.
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of the His axial ligand, doming of Chlmodel was induced,
resulting in a total displacement of ∼0.5 Å (Table 1). The
doming mode in oxidized His-ligated Chlmodel was further
upshifted to ∼0.7 Å, but downshifted to ∼0.3 Å in reduced His-
ligated Chlmodel. On the other hand, small ruffling of Chlmodel
was observed upon reduction, irrespective of the presence or
absence of the axial ligand (Table 1). It has been suggested that
nonplanar porphyrins are easier to oxidize and harder to reduce
than planar porphyrins.9,10 In this study, deformation of His-
ligated Chlmodel was predominantly contributed by the doming
mode, and the deformation was further enhanced upon
oxidation. This suggests that the doming mode can contribute
to the stabilization of the oxidized state of the chlorin ring.
Deformation in the PD1/PD2 Pair. The character of the

out-of-plane distortion of the PD1 chlorin ring was described
predominantly by a large contribution of the doming mode
(Table 2). Replacement of the axial ligand D1-His198 with Ala
resulted in a slight decrease in the doming mode and also the

total out-of-plane distortion (Table 2). Removing the Chla side
chains (e.g., phytol, methyl ester, and vinyl groups) yielded
weak effects on the degree of distortion (Table S2c of the
Supporting Information). However, when the Chla side chains
were removed in the D1-H198A mutant, the total out-of-place
distortion was largely decreased (Figure 4 and Table S2d of the
Supporting Information), although there were still some
degrees of distortion. Thus, the deformation modes of PD1

were caused by D1-His198, the Chla side chains, and the
protein environment of PSII.
The total out-of-plane distortion of PD2 was almost identical

to that of PD1 [∼0.8 Å (Table 2)]. However, its deformation
character was significantly different from that of PD1. The mode
contributing the most to the PD2 deformation was the saddling
mode (0.56 Å) rather than the doming mode (0.37 Å). This
may partly contribute to the asymmetry in the properties of the
PD1/PD2 dimer. Upon replacement of the axial ligand D2-
His197 with Ala, the doming mode was completely eliminated,

Table 1. Out-of-Plane Distortions (angstroms) of Chlmodel
21 in the PD1/PD2 Pair

a

saddling ruffling doming waving propellering

B2u B1u A2u Eg(x) Eg(y) A1u totalb

model Chlmodel
c 0.01 0.06 0.02 0.00 0.00 0.04 0.08

[Chlmodel
c]+ 0.01 0.01 0.03 0.00 0.01 0.01 0.04

[Chlmodel
c]− 0.00 0.14 0.01 −0.02 −0.02 0.09 0.16

with His Chlmodel
c −0.01 0.05 0.53 0.00 0.04 0.03 0.53

with His [Chlmodel
c]+ −0.02 0.01 0.71 0.00 0.05 −0.01 0.71

with His [Chlmodel
c]− 0.03 0.12 0.34 0.00 0.03 0.08 0.37

aCharacteristic values relative to the native PSII are shown in bold. For atomic coordinates of the QM-optimized geometries, see the PDB file in the
Supporting Information. b{(B1u)

2 + (B2u)
2 + (A2u)

2 + [Eg(x)]
2 + [Eg(y)]

2 + (A1u)
2}0.5. cChlorin ring in Figure 3 (right) without phytol, methyl ester,

vinyl, methyl, and ethyl groups.21

Table 2. Out-of-Plane Distortions (angstroms) in the Original 1.9 Å Structure (PDB entry 3ARC) and the QM/MM-Optimized
Geometry (QM/MM) in the Four-Reaction Center Chla (i.e., PD1, PD2, ChlD1, and ChlD2) in the PSII Protein Environmenta

saddling ruffling doming waving propellering

B2u B1u A2u Eg(x) Eg(y) A1u totalb

original 3ARC PD1 −0.04 0.45 0.60 −0.01 −0.08 0.12 0.77
QM/MM

native PD1 0.20 0.27 0.67 −0.11 0.09 0.16 0.78
PD1

•+ 0.19 0.29 0.68 0.02 0.14 0.15 0.79
D1-H198A PD1 0.24 0.26 0.52 −0.09 0.10 0.16 0.66

original 3ARC PD2 -0.64 0.17 0.28 −0.19 0.00 0.11 0.75
QM/MM

native PD2 −0.56 −0.02 0.37 −0.25 0.11 0.16 0.75
PD2

•+ −0.57 −0.01 0.38 0.11 0.25 0.16 0.76
D2-H197A PD2 −0.56 −0.06 0.04 −0.24 0.04 0.15 0.64
D2-W191A PD2 −0.48 0.03 0.36 −0.21 0.11 0.15 0.67
D2-H197A/D2-W191A PD2 −0.49 0.01 0.11 −0.18 0.06 0.15 0.56

original 3ARC ChlD1 0.20 0.40 0.26 −0.18 0.02 0.16 0.57
QM/MM

native ChlD1 0.28 0.43 0.32 −0.16 0.00 0.19 0.65
two H2O deletedc ChlD1 0.31 0.43 0.04 −0.15 0.03 0.20 0.59
D1-T179A ChlD1 0.26 0.49 0.30 −0.13 0.00 0.20 0.67

original 3ARC ChlD2 0.39 −0.02 0.28 −0.21 −0.12 0.11 0.55
QM/MM

native ChlD2 0.45 0.01 0.31 −0.17 −0.15 0.14 0.61
two H2O deletedd ChlD2 0.50 0.00 0.09 −0.16 −0.11 0.15 0.56
D2-I178A ChlD2 0.45 0.04 0.34 −0.13 −0.15 0.15 0.62

aCharacteristic values in bold. For atomic coordinates of the QM-optimized geometries, see the PDB file in the Supporting Information. b{(B1u)
2 +

(B2u)
2 + (A2u)

2 + [Eg(x)]
2 + [Eg(y)]

2 + (A1u)
2}0.5. cA ligand water (H2O-1003) and the adjacent water (H2O-424) were deleted. dA ligand water

(H2O-1009) and the adjacent water (H2O-359) were deleted.
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whereas the saddling mode remained unchanged (Table 2). It
appeared that D2-Trp191, which is located near D2-His197,
was one of the causes for the large saddling mode. Upon
substitution of D2-W191 with Ala, the size of the saddling
mode was lowered to 0.48 Å, with a concomitant decrease in
the total out-of-plane distortion to 0.67 Å (Table 2). In the D2-
H197A/D2-W191A mutant of Chlmodel, the size of the total
out-of-plane distortion was significantly reduced to 0.33 Å
(Figure 4 and Table S2d of the Supporting Information).
Hence, the deformation of the PD2 chlorin ring was caused by
D2-Trp191, D2-His197, and the Chla side chains, as well as the
protein environment of PSII. Note that the PD1 and PD2
deformations did not essentially change upon the formation
of PD1

•+ and PD2
•+, respectively (Table 2), in contrast to the

model Chlmodel in vacuum (Table 1). The absence of the
deformation modes upon oxidation of Chla in the PSII protein
environment implies that the chlorin ring deformations
observed in the 1.9 Å structure are largely associated with
steric interactions with the local protein environment rather
than their redox abilities (discussed later). It is likely that
deformed PD1 and PD2 are already energetically stable because
of the steric interaction with the local protein environment and
cannot be easily deformed relative to Chlmodel in vacuum.
Deformations of Chla in the Photosynthetic Reaction

Center (RC). The out-of-plane distortion of the PD1/PD2
chlorin rings in the QM/MM geometry was almost identical
to that of the original 1.9 Å structure8 (Table 2), demonstrating
that the out-of-plane distortions specifically assigned to each of
the Chla molecules in the 1.9 Å structure8 were quite
reasonable. Below, we describe the out-of-plane distortion of

all Chla molecules on the basis of the original geometry of the
1.9 Å structure.
The out-of-plane distortion profiles of four Chla molecules in

the RC [i.e., PD1, PD2, ChlD1, and ChlD2 (Figure 1)], where the
initial charge separation proceeds, clearly differ between
branches D1 and D2 (Figure 5 and Table 2). The following
two notable features were found. (i) Ruffling deformations,
which involve a chlorin ring twisting about the Mg−N bond,
were large (∼0.4 Å) in PD1 and ChlD1 but apparently smaller in
PD2 and ChlD2. (ii) Saddling of the PD2 and ChlD2 rings was
significantly larger (∼0.4−0.6 Å) than that of PD1 and ChlD1. In
addition, PD1 was found to have the largest doming mode of
distortion among the four RC chlorophylls.

Ruffling. Both ruffling and saddling modes are originally
absent in the oxidized or neutral His-ligated Chlmodel (Table 1),
suggesting that ruffling of the PD1 and ChlD1 rings is induced by
the PSII protein environment. This is consistent with the fact
that substitution of D1-His198 with Ala or removal of the axial
water ligand to ChlD1 did not affect the degree of ruffling of PD1
or ChlD1, respectively (Table 2). In heme protein nitrophorin 4,
a ruffling heme deformation was due to the presence of a distal
Leu residue, suggesting a significant distal ligand dependence of
the ruffling deformation.13 In cytochrome c3, it was reported
that ruffling of heme, rather than saddling, was strongly
associated with a decrease in the redox potential.12 Recent
nuclear magnetic resonance studies of cytochrome c552 also
suggested that ruffling of heme contributed to the decrease in
the redox potential.14 The apparently large ruffling in PD1 and
ChlD1 relative to that in PD2 and ChlD2 might be associated with
the lower redox potentials in branch D1 versus those in branch
D2; this is consistent with formation of (i) the initial
intermediate ChlD1

•+PheoD1
•− state1−3 and (ii) the subsequent

PD1
•+/PD2

•+ state with a PD1
•+/PD2

•+ ratio of ∼80/20,4−7 where
the positive hole is predominately generated and localized in
branch D1 upon electronic excitation of P680.

Doming. PD1 possessed the largest doming mode (∼0.6 Å)
among the four Chla molecules in the RC (Figure 5 and Table
2). As doming of the His-ligated Chlmodel is enhanced upon
oxidation (Table 1), large doming of the chlorin ring is
probably associated with stabilization of the cationic state.
Thus, the largest doming of PD1 may be related to its ability to
form the cationic state. Together with the ruffling mode, the
doming mode of PD1 may contribute to the larger PD1

•+

population4−7 in the [PD1/PD2]
•+ state.

Contribution of the Chlorin Ring Deformations to the
Redox Potential. It is clear that deformations of porphyrin or
chlorin rings, in particular the doming mode, are pronounced as
judged by the redox state changes (Table 1). However, recent
NSD studies also pointed out that in most cases, the
contribution of the porphyrin deformation to the redox
potential may not be large.22 Indeed, a number of NSD studies
imply a link between porphyrin deformations and the redox
potentials in each heme protein for many years,12,14 but so far,
the heme redox potential values in the protein environment
cannot be quantitatively estimated solely from the deformation
modes, suggesting that there are other important factors that
contribute to the redox potential values in the protein
environment.
In previous studies, we demonstrated that the PD1

•+/PD2
•+

ratio (or corresponding spin density distribution) of 80/204,5 in
the PSII protein environment is predominantly determined by
the difference in redox potential between PD1 and PD2.

7 The
reason for the asymmetric distribution of the cationic state

Figure 4. Influence of the mutations on the chlorin ring deformation
of the QM/MM optimized Chlmodel in PD1 and PD2 (see Table S2d of
the Supporting Information for detailed data)..
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appears to be largely due to differences in several D1/D2
residue pairs, namely, D1-Asn181/D2-Arg180, D1-Asn298/D2-
Arg294, D1-Asp61/D2-His61, D1-Glu189/D2-Phe188, and
D1-Asp170/D2-Phe169. These residue pairs were responsible
for the PD1

•+/PD2
•+ ratio quantum chemically and the

difference in redox potential between PD1 and PD2 electrostati-
cally.7 Notably, the PD1

•+/PD2
•+ ratio calculated for the PD1/PD2

pair (optimized in the PSII protein environment) was nearly
50/50 in the absence of the protein environment7 irrespective
of the characteristic doming and saddling modes being present

in PD1 and PD2, respectively. This strongly suggests that the
influence of the chlorin ring deformations on the redox
potentials of PD1 and PD2 is significantly small with respect to
the electrostatic influence of the protein environment. In this
study, we also calculated the difference in the ionization energy
between deformed Chlmodel (Table S2d of the Supporting
Information) and plainer Chlmodel (Table 1). The ionization
energies of the deformed Chlmodel types were only 21.9 and 22.1
meV lower than those of the planar Chlmodel for PD1 and PD2,
respectively, which is consistent with the previous results.7

Figure 5. Out-of-plane distortions (vertical axis) of all Chla in the 1.9 Å structure (top). The numbering of the horizontal axis corresponds to the
numbering of Chla as presented in the 1.9 Å structure. Overview of the location of Chla in CP47 and CP43 (bottom).
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Hence, as previously suggested by a PD1
•+/PD2

•+ ratio,7

obviously the majority of the redox potential shift in the protein
environment is determined by the electrostatic environment
(e.g., protein charges) or the availability of solvation energy
(e.g., protein volume or shape surrounding the cofactor).23−25

The chlorin ring deformation is probably induced by steric or
electrostatic interaction with the protein environment but
appears not to be a primary cause of the shift in the redox
potential.
Instead, analyzing the chlorin ring deformation modes will be

more useful for characterizing the protein steric environment of
Chla. It is not surprising that His-ligated Chla possesses a
significantly large doming mode as demonstrated in Table 1.
On the other hand, the presence of a ruffling mode in PD1 and a
saddling mode in PD2 in addition to the doming mode (Table
2) appears to directly refer to the difference in “the local steric
protein environment” (e.g., D2-Trp191 for PD2) rather than the
redox potential value. In this sense, the NSD approach can
serve as a powerful tool for determining the character of the
local protein environment of each Chla systematically [even
without performing QM/MM calculations (see below)].

Keeping this in mind, in the next section, we analyze the out-
of-plane distortion profiles of Chla molecules in CP43 and
CP47 to characterize the difference in the local protein
environment between RC and the antenna complexes.

Deformations of Chla in the Antenna Complexes. The
out-of-plane distortion profiles of antenna complexes CP47 and
CP43 were obviously different from those of the RC (Figure 5).
A significantly large size of doming relative to other
deformations can be seen in many Chla molecules in CP47
and CP43. Notably, large doming is not necessarily due to the
types of the ligation, because the size of the doming mode in
His-ligated Chla lies between 0.2 and 0.9 Å in CP47 and CP43,
and similar doming modes were found in Chla molecules with
H2O as the ligand instead of His (Table 3).
This feature resembles light-harvesting complex II where the

doming mode was the major contribution to deformation of the
chlorin rings.18 As a possible functional role of the chlorin
doming, it was proposed to affect the site energy of Chla.18

Alternatively, the significantly large doming of Chla in CP47
and CP43 may imply that some of these Chla molecules serve
as electron−hole transfer pathways in PSII as previously

Table 3. Out-of-Plane Distortion (angstroms) of All Chla Molecules in the Original 1.9 Å Structurea

saddling ruffling doming waving propellering

Chl ligand B2u B1u A2u Eg(x) Eg(y) A1u totalb

RC
PD1 604 D1-H198 −0.04 0.45 0.60 −0.01 −0.08 0.12 0.77
PD2 605 D2-H197 −0.64 0.17 0.28 −0.19 0.00 0.11 0.75
ChlD1 606 H2O-1003 0.20 0.40 0.26 −0.18 0.02 0.16 0.57
ChlD2 607 H2O-1009 0.39 −0.02 0.28 −0.21 −0.12 0.11 0.55
ChlZ(D1) 610 D1-His118 −0.12 0.11 0.31 −0.14 −0.34 0.17 0.54
ChlZ(D2) 611 D2-H117 0.21 0.13 0.32 0.09 −0.20 0.13 0.48

CP47 612 H2O-1027 −0.15 0.22 0.43 0.09 −0.01 0.10 0.52 lumen
613 H201 −0.34 0.30 0.48 0.10 −0.17 0.14 0.70 lumen
614 H202 −0.11 0.30 0.77 0.08 −0.21 0.17 0.88 lumen
615 H455 0.08 0.31 0.56 0.09 −0.04 −0.03 0.65 lumen
616 H100 −0.08 0.10 0.68 −0.01 −0.11 0.09 0.71 lumen
617 H157 0.03 0.24 0.87 0.10 −0.29 0.05 0.96 lumen
618 H2O-1001 0.06 0.25 0.85 −0.11 −0.18 0.11 0.92 lumen
619 H466 0.02 0.00 0.26 −0.13 −0.41 0.17 0.53 stroma
620 H216 −0.44 0.02 0.45 0.13 −0.33 0.11 0.73 stroma
621 H2O-1007 0.17 0.15 −0.43 −0.07 0.00 0.09 0.50 stroma
622 H469 0.20 −0.04 0.51 0.17 −0.31 0.08 0.66 stroma
623 H23 −0.37 −0.35 −0.33 −0.16 −0.06 0.10 0.64 stroma
624 H26 −0.17 0.06 −0.43 −0.05 −0.14 0.09 0.49 middle
625 H9 −0.03 0.14 0.64 0.05 −0.11 0.11 0.67 stroma
626 H142 0.07 −0.04 −0.83 −0.09 0.18 0.03 0.85 stroma
627 H114 0.33 0.21 −0.66 0.03 0.14 0.07 0.78 stroma

CP43 628 H237 0.34 0.01 0.56 0.15 −0.21 0.07 0.71 lumen
629 H430 0.04 −0.27 0.29 −0.19 0.07 0.03 0.45 lumen
630 H118 0.43 0.21 0.73 0.11 −0.15 −0.06 0.89 lumen
631 H2O-1004 0.54 0.38 0.67 0.20 −0.11 0.07 0.97 lumen
632 H441 −0.84 0.06 0.24 −0.02 −0.10 0.04 0.88 stroma
633 H251 −0.32 0.29 0.45 −0.05 −0.20 0.12 0.67 stroma
634 H2O-816 −0.03 −0.72 −0.54 0.04 0.05 −0.04 0.91 stroma
635 H444 0.15 −0.01 0.51 0.11 −0.06 0.08 0.55 stroma
636 H53 −0.40 −0.17 −0.25 −0.16 −0.03 0.02 0.53 stroma
637 H56 −0.18 −0.02 −0.21 −0.17 −0.13 0.10 0.37 middle
638 N39 0.29 −0.06 0.58 −0.13 −0.01 −0.05 0.67 stroma
639 H164 −0.05 −0.07 −0.85 0.22 0.03 0.11 0.89 stroma
640 H132 0.46 0.15 0.58 0.12 −0.34 0.11 0.85 stroma

aCharacteristic values are shown in bold. b{(B1u)
2 + (B2u)

2 + (A2u)
2 + [Eg(x)]

2 + [Eg(y)]
2 + (A1u)

2}0.5.
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proposed;26 however, such large doming of the chlorin ring was
not observed even in the PD1/PD2 pair, which can form the
[PD1/PD2]

•+ state.4−6

All of the Chla molecules in the RC and a majority of the
Chla molecules in CP47 and CP43 possessed positive values in
the doming mode (Figure 5). In contrast, five Chla molecules
in CP47 (Chl621, -623, -624, -626, and -627) and four Chla
molecules in CP43 (Chl634, -636, -637, and -639) possessed
negative values in the doming mode, irrespective of the types of
axial ligands (His or H2O). This indicates that the His or H2O
axial ligands are situated on the opposite side of the chlorin
plane with respect to the other Chla. These Chla molecules
appeared to have a β-configuration, and those Chla molecules
with a positive doming mode are in the α-configuration.27−29

Note that all of these Chla molecules are located on the stromal
side or in the middle of the membrane (Table 3). Chl627
(ligand, CP47-His114) was proposed to be the most red-shifted
Chla among all Chla molecules in PSII by Raszewski and
Renger.30 Furthermore, the calculated red shifts in the two
Chla pairs, Chl623/Chl624 (ligand, CP47-His23/His26) and
Chl636/Chl637 (ligand, CP43-His53/His56), were signifi-
cantly large (∼50 cm−1).30 Thus, β-configuration Chla
molecules appeared to play an important role in the excitation
energy transfer.29 Notably, doming modes in the two Chla pairs
were smaller than most Chla monomer molecules in CP47 and
CP43 (Figure 5), which might be associated with strong
excitonic coupling.
In contrast to heme proteins, currently only limited examples

are available for deformation of Chla. Further detailed analysis
will be needed to understand the functional relevance of the
Chla deformation in CP47 and CP43, for instance, as light-
harvesting antenna.
Implications of Bacterial Photosynthetic Reaction

Centers. The arrangements of the cofactors and the electron
transfer pathways in PSII resemble those of photosynthetic
reaction centers from purple bacteria (PbRC).31,32 The four
Chla molecules (PD1, PD2, ChlD1, and ChlD2) in PSII
correspond to the four bacteriochlorophyll a (BChla)

molecules (PL, PM, BL, and BM) in PbRC from Rhodobacter
sphaeroides (Figure 1). We compared deformations of the four
BChla molecules in the three crystal structures of PbRC
reported at resolutions of 1.87 Å (PDB entry 2J8C),33 2.01 Å
(PDB entry 3I4D) (Fjii et al., manuscript to be published), and
2.65 Å (PDB entry 1PCR).34

Although there are some discrepancies in deformations of the
four BChla molecules among the three structures (e.g., the
ruffling mode in BM is significantly large only in the 2.01 Å
structure), a common feature is that PL displays the largest
doming mode among the four BChla molecules in all of the
crystal structures investigated (Figure 6). Like the [PD1/PD2]

•+

state observed in PSII, the [PL/PM]
•+ state can also be observed

in PbRC. The PL
•+ population is the largest among the four

BChla molecules in PbRC (∼70/30 PL
•+/PM

•+ ratio35,36),
which also resembles the situation for the PD1

•+ population
among the four Chla molecules in PSII (∼80/20 PD1

•+/PD2
•+

ratio4−7).
In the absence of the protein environment, the doming mode

was induced only upon ligation of the axial ligand (Table 1). In
contrast, this appears not to be the case in the PSII protein
environment. In PSII, PD2 also possesses the His axial ligand,
but the doming mode of PD2 was much smaller than that of PD1

(Figure 5). Via elimination of the axial ligand, the doming
mode (0.52 Å) was still present in PD1, whereas those of PD2,
ChlD1, and ChlD2 were essentially absent (Table 2); this
suggests that doming of PD1 is caused by the presence of not
only D1-His198 but also the other protein environment. The
significant contribution of the other protein environment is also
the case in the largest doming of PL in PbRC (Figure 6),
because the four BChla molecules possess the His axial ligand.
Hence, the largest doming mode and the largest cationic state
population in both PD1 and PL may not be a coincidence,
possibly arising from common structural features, which should
be clarified in future studies.

Figure 6. Out-of-plane distortions (vertical axis) of BChla in the crystal structures of PbRC (PDB entries 2J8C, 3I4D, and 1PCR).
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■ CONCLUSIONS
We investigated the chlorin ring deformations in the 1.9 Å
structure, using an NSD procedure. Upon oxidation, the
doming mode in His-ligated Chlmodel was enhanced, suggesting
that doming of the chlorin ring can stabilize the oxidized state
(Table 1). Deformation of the PD1 chlorin ring was mainly due
to the large doming mode arising not only from the axial ligand,
D1-His198, but also from the Chla side chains and PSII protein
environments, whereas deformation of PD2 was due to the
saddling mode arising from D2-Trp191 and the doming mode
arising from D2-His197. Thus, the asymmetry in the property
and function of the PD1/PD2 pair may partly be caused by the
difference in the contributing deformation modes.
Large ruffling was present in PD1 and ChlD1 but absent in PD2

and ChlD2. Because heme ruffling was suggested to contribute
to deceasing the heme redox potential in heme proteins,12,14

ruffling of PD1 and ChlD1 may also facilitate the formation of the
cationic state in branch D1 rather than branch D2, i.e., PD1

•+4−7

or ChlD1
•+.1−3 Deformations of Chla in RC were in contrast to

deformations of Chla in CP47 and CP43, where significantly
large doming modes were found in many of the Chla
molecules.
In addition to the ruffling mode, PD1 possesses the largest

doming mode among the four RC Chla molecules, which may
further promote the preferential localization of the cationic
state in PD1 rather than PD2 (i.e., the [PD1/PD2]

•+ state with an
∼80/20 PD1

•+/PD2
•+ ratio4−7). This feature also holds true for

PbRC, as PL possessed the largest doming mode (Figure 6) and
the population of PL

•+ is larger than that of PM
•+ (∼70/30

PL
•+/PM

•+ ratio35,36).
However, the majority of the redox potential shift in the

protein environment is determined by the electrostatic
environment (e.g., protein charges) or the availability of
solvation energy (e.g., protein volume or shape surrounding
the cofactor), as previously suggested in a PD1

•+/PD2
•+ ratio.7

The difference in the chlorin ring deformation appears to
directly refer to the difference in “the local steric protein
environment” rather than the redox potential in PSII.
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