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Abstract In photosystem II (PSII) the probability that energy
absorbed by core antenna chlorophyll (Chl) is transferred to the
reaction center (RC) is extremely high. Although close proxim-
ity between antenna Chl ensures a high transfer e⁄ciency, rel-
ative pigment orientation can fractionally modify it. This level
of re¢nement has often been assumed to be super£uous as so
many subsequent processes limit the overall e⁄ciency of photo-
synthesis. Nevertheless, did natural selection act on the most
e⁄cient step of energy conversion in PSII by optimizing the
orientation of antenna Chl? Our Monte Carlo simulations
sampled the orientation space of Chls in kinetic models for
excitation energy transfer based on the X-ray structures of
PSII from Thermosynechococcus vulcanus and Synechocystis
elongatus. Our results revealed that the orientations of key
antenna Chls are optimized to maximize photosynthesis while
the orientations of the two peripheral RC Chls (ChlZ) are not.
/ 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

Photosystem (PS) II is one of two photochemical reaction
centers (RCs) that convert solar energy into stable chemical
energy in oxygenic photosynthesis. The role of PSII in photo-
synthesis is to catalyze both the oxidation of water, with the
resulting release of molecular oxygen, and the reduction of the
mobile electron transport carrier plastoquinone.
In PSII a number of pigments act as light-harvesting anten-

na to absorb and direct solar energy to a single RC, where the
charge separation that drives the chemistry of photosynthesis
occurs. The e¡ectiveness of the photochemical RC depends on
the e⁄cient transfer of excitation energy from these antenna
molecules. Charge separation (formation of the primary rad-
ical pair P680þ and Pheo3) and charge stabilization (reduc-
tion of the primary quinone electron acceptor, QA) in PSII
can occur with greater than 90% quantum e⁄ciency [1]. Plants
are challenged by having to function e⁄ciently under light-
limiting conditions and protect themselves from photodamage

under conditions when light absorption exceeds metabolic de-
mand. The relative number of antenna pigments that transfer
excitation energy to the RC of PSII, and the e⁄ciency of
energy transfer between antenna and RC are critical factors
in the balance between optimizing energy conversion and
avoiding photodamage.
The RC of PSII consists of the D1 and D2 proteins, the

PsbI protein, cytochrome b559 (Cyt b559) and binds six chlo-
rophyll (Chl) and two pheophytin (Pheo) molecules [2]. Two
RC Chls, ChlZ(D1) and ChlZ(D2) are located at the periphery
of the RC. One of these Chls appears to form part of a Cyt
b559-mediated cyclic electron transport pathway around PSII
as it is ultimately oxidized by P680þ and reduced by Cyt b559
which in turn is reduced by plastoquinone [3].
Associated with the RC are the oxygen-evolving complex

(OEC) and two core antenna proteins, CP43 and CP47, that
together contain approximately 30 Chls. Additional light-har-
vesting antenna proteins may increase the number of antenna
pigments transferring energy to PSII. These include the Chls
containing light-harvesting complexes in plants and green al-
gae and the phycobilin proteins of red algae and cyanobac-
teria.
The recent solution of X-ray crystal structures for PSI [4]

and PSII [5,6] has opened the door to an increasingly detailed
understanding of photosynthetic function. Recent examina-
tion of the design of PSI has revealed that the quantum e⁄-
ciency of this PS only weakly depends on the orientations of
antenna Chls [7]. However, this work also showed that the
existing arrangement of Chls in PSI is near optimal. The core
antenna design of PSII is di¡erent from that of PSI. Instead
of the ring of pigments around the RC seen in PSI, the Chl
antennae of CP43 and CP47 in PSII form two clusters that
£ank the RC chromophores. The core antenna Chls of PSII
are more distant from the RC than those in PSI, only a few of
them are located within 30 AF of any of the RC chromophores.
Structure-based excitation transfer calculations have shown
that chromophores in CP43, CP47 and the RC form a
three-compartment system, where energy transfer within
each compartment is much faster than transfer between com-
partments [8,9]. How dependent is photosynthetic yield to
changes in the arrangement of antenna Chls in PSII? From
an evolutionary perspective another question arises. Are the
orientations of the antenna Chls optimized in PSII for the
highest yield of photosynthesis?
In this study we addressed the ¢rst question by Monte

Carlo sampling of the orientation space of the antenna Chls
and evaluating the yield of charge stabilization for each com-
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bination of orientations. The second question was addressed
by comparing the results of the random sampling of orienta-
tion space to the orientations identi¢ed in the two published
X-ray structures of PSII.

2. Materials and methods

The X-ray structure of PSII from Thermosynechococcus vulcanus
was re¢ned based upon an electron density map that was improved
by recalculations of re£ection phases with newly obtained molecular
masks from the previously published structural model [6]. The im-
proved electron density map gave rise to clearer features for the phy-
tyl tails of a number of the antenna Chls. There were also some Chls
whose phytyl tails were found to be too close to a nearby protein or
pigment residue based on the new electron density; the positions and/
or orientations of these Chls were modi¢ed to ensure a stereochemi-
cally more reasonable structure. The re¢ned structure ¢ts better into
the electron density map based on the combined phases, and thus
represents an improvement over the originally published structure [6].
Kinetic models for excitation energy transfer between all pigments

in PSII were constructed based on the X-ray structure of Synechocys-
tis elongatus (1ILX.pdb) [8] and the re¢ned X-ray structure of T.
vulcanus discussed above. The excitation transfer rates between Chls
were calculated based on Fo«rster theory as described previously [10].
The P680 dimer was represented by an exciton. The lower excitonic
state carried most of the oscillator strength and its energy was chosen
to be 14 630 cm31 [11]. The site energies for the remaining Chls were
set at 675 nm (14 814 cm31). The master equation, describing time
evolution of excitation in the system along with all Chl sites, con-
tained two additional sites representing the primary pheophytin elec-
tron acceptor, Pheo, and secondary quinone electron acceptor, QA.
The yield of stable charge separation was calculated numerically as
bQA (t)/gibi(0) where bQA denotes the probability that the quinone ac-
ceptor QA is reduced and gibi(0) is the total amount of excitation at
time zero. Unimolecular decay rates were 0.5 ns31, the index of re-
fraction was 1.5 [12], the rate of charge separation was 1000 ns31 and
the rate of recombination 4.5 ns31 [8].
Transition dipoles for each chromophore were located at the center

of each chromophore as found in the appropriate X-ray structure. In

some calculations the orientations of the transition dipoles of some or
all of the antenna chromophores were randomized. To form the en-
semble of random dipole orientations we ¢rst generated 4096 points
uniformly distributed on a sphere of unit radius using the ‘spiral’
algorithm [13]. The ensemble was then formed by random indepen-
dent selection of the dipole orientations from the set of 4096 points.

3. Results

Table 1 lists the positions and transition dipoles for antenna
Chl molecules according to the re¢nement of the PSII struc-
ture of T. vulcanus described in Section 2. For most of the
antenna Chls the changes in position and orientation with
respect to the originally published structure are subtle. The
most signi¢cant changes were for a number of Chls with al-
tered transition dipoles. In all such cases the di¡erence arose
from a rotation of the transition dipole within the plane of the
chlorine ring. The modi¢ed positions and dipole orientations
associated with the revised structure, and shown in Table 1,
were used for excitation energy dynamics calculations for T.
vulcanus in place of those associated with the previously pub-
lished structure, PDB entry 1IZL [6].
Fig. 1 overlays the structure of PSII for T. vulcanus, de-

scribed in Section 2, with that of S. elongatus described by
PDB entry 1ILX [8]. The positions of the PSII chromophores
are very similar with some minor changes. 12 of the 13 Chls in
CP43 observed in T. vulcanus are also present in the structure
of S. elongatus. In both structures, these 12 Chls in CP43 all
have symmetry-related analogs in CP47. One peripheral Chl
that also has a CP47 analog was resolved only in the S.
elongatus structure. Another one, which does not have a
matching Chl in CP47, is observed only in the T. vulcanus
structure. In addition, in both structures, three to four Chls
are found only in CP47 with no matching analogs in CP43.

Table 1
The revised central Mg coordinates and transition dipoles of PSII antenna Chls

No. Center Transition dipole

X Y Z X Y Z

12 51.452 35.256 49.948 30.222028 30.830495 0.510864
13 37.409 67.198 44.613 30.231463 30.319474 0.918891
14 66.704 61.292 57.223 0.888713 30.442247 30.120861
15 33.980 67.296 71.408 30.796407 0.597926 0.090670
16 42.915 71.758 61.474 30.711835 0.684486 30.157384
18 50.859 73.301 56.264 0.779711 30.602662 30.169848
19 53.852 59.613 73.206 0.445878 0.875859 30.184561
20 50.909 71.606 74.429 0.351244 0.367650 30.861082
21 44.769 64.161 67.184 30.023089 0.371163 30.928281
22 59.730 76.572 63.059 30.898406 0.087752 30.430310
23 43.922 70.019 49.815 30.601105 30.284904 30.746661
24 59.072 87.520 63.007 0.751786 30.521653 30.403355
26 58.216 66.513 58.168 30.390970 30.918642 0.056918
27 315.021 58.475 20.162 0.903060 0.245091 30.352723
28 3.103 37.499 22.096 0.693253 0.666933 30.273130
31 320.281 31.591 22.599 30.649422 30.743084 30.161486
32 33.837 37.115 29.591 30.808434 0.559589 0.182469
33 315.390 41.528 27.966 30.038021 30.994018 0.102384
34 39.995 31.075 23.347 30.901490 30.281110 30.329080
35 30.483 58.117 28.447 30.722725 30.078287 30.686688
36 11.342 36.863 14.161 30.408820 0.201181 30.890164
37 316.045 47.400 34.939 30.907929 30.281600 30.310431
38 39.363 43.662 9.437 0.971214 0.058884 0.230816
39 8.606 47.468 21.091 0.479662 0.455567 0.749922
41 37.355 37.085 3.231 0.014674 30.993831 30.109928
42 329.258 52.973 35.190 0.738408 0.137115 30.660267
43 315.594 31.552 12.670 30.864644 30.315048 0.391326

The frame of reference is the same as in PDB entry 1IZL.
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For both T. vulcanus and S. elongatus we generated an
ensemble of PSII models with alternate arrangement of the
transition dipoles by random independent orientation of the
antenna Chls. We then assessed the quantum yield of photo-
chemistry, as Q3

A formation, of kinetic models for excitation
energy transfer based on each of the resulting structural con-
¢gurations. The results of simulations are represented as his-
tograms of the yield distribution (Figs. 2^4). The number of
scores in each histogram bin is equal to the number of Chl
arrangements for which the quantum yield of photochemistry
falls within the range of the bin. The area under the entire
histogram represents the total number of occurrences of all
possible yields, which is also the total number of di¡erent
structural con¢gurations tested. For all trials this number
was at least 107. The histograms were used to calculate the
probability of occurrence of any particular quantum yield.

3.1. Randomizing all of the antenna Chls in PSII
Fig. 2 shows histograms of quantum yield of the ensembles

formed by random independent orientation of all 30 antenna
Chls and the two ChlZs for both T. vulcanus and S. elongatus.
The peaks of the distributions are at 94.2 and 94.5% and the
halfwidths of the distributions are 1.2 and 0.7% for the S.
elongatus and T. vulcanus structures, respectively. The total

span of either distribution is about 4.5%. It is seen that for
both structures, the observed X-ray Chl arrangement is nearly
at the middle of the distribution, 32^34% of randomly gener-
ated arrangements have a better quantum yield. Two conclu-
sions can be drawn from these data:
1. The quantum yield calculated using the observed X-ray

arrangement is somewhat shifted toward the higher end
of the distribution indicating a slight trend toward optimi-
zation.

2. The whole PSII antenna aggregate is not nearly as opti-
mized as was previously shown for the entire PSI antenna
aggregate [7].
An immediate question arises from this result: is the lack of

pronounced optimality a characteristic of all Chls in the PSII
antenna system? Are there any functional groups of pigments
within PSII that are optimized? To identify such optimized
pigment clusters, we ¢rst considered the set of pigments clos-
est to the RC. These Chls are expected to have the most
signi¢cant in£uence on the overall energy transfer rate from
antenna to the RC and on its quantum yield [2].
We select this set of pigments using a 29 AF cut-o¡ distance

from the closest pigment in the RC core. This distance
roughly corresponds to a 10-fold decrease of the rate of en-
ergy transfer from its maximal value determined for the Chls

Fig. 1. Positions of the chromophores from the X-ray structures of PSII from T. vulcanus (black) and S. elongatus (gray). The top panel shows
a view within the membrane plane, and the bottom panel shows a view normal to the membrane plane. Highlighted are the six bridging Chls
(numbers 15, 17, 23, 30, 35 and 39) and the two ChlZs (numbers 12 and 13). The extra Chl in T. vulcanus is Chl number 25. Chl numbering is
as in 1IZL.pdb. This ¢gure was produced with VMD [17]. See text for details.

FEBS 28133 1-3-04

S. Vasil’ev et al./FEBS Letters 561 (2004) 111^116 113



closest to the core pigments (Chls 24 and 42 in PDB ¢le
1ILX). Pigments outside this range are not likely to have a
signi¢cant e¡ect on the overall energy transfer rate from an-
tenna to the RC. Nine Chls (numbers 12, 13, 15, 17, 23, 25,
29, 30, and 35) were found within this cut-o¡ in the T. vul-
canus structure, and eight Chls (numbers 19, 20, 22, 24, 30, 37,
42, and 46) in the S. elongatus structure. These Chls are high-
lighted in Fig. 1 and belong to two di¡erent functional
groups. The ¢rst group includes six bridging light-harvesting
antenna Chls located in CP43 (numbers 22, 24, 30 in 1ILX;
15, 17, 23 in 1IZL) and CP47 (numbers 37, 42, 46 in 1ILX;
30, 35, 39 in 1IZL). The second group contains two redox
active Chls, ChlZ(D1) and ChlZ(D2), located in the RC sub-
units and coordinated by D1-His118 and D2-His117 [3]. The
one ‘extra’ Chl (number 25 in 1IZL) located between
ChlZ(D2) and CP43 Chl and observed only in the T. vulcanus
structure, has previously been suggested to participate in the
alternative electron transfer pathway involving ChlZ [14]. This
Chl was analyzed separately (data not shown).

3.2. Antenna bridging Chls
The yield distributions calculated for the random ensembles

of the six antenna bridging Chls common to the T. vulcanus
and S. elongatus structures are shown in Fig. 3. As expected
the widths of these distributions were smaller than for the
ensembles in which the orientations of all antenna Chl were
randomized, but not by much. These six Chls are thus respon-
sible for much of the variation in quantum yield observed
when all antennae are randomized. However, in contrast
with the histograms generated by randomizing all antennae,
it is clear that the orientations of these six Chls as found in
the X-ray structures of both T. vulcanus and S. elongatus are
nearly optimal for maximizing the quantum yield of PSII.

Only 1.31% of random orientations have a higher quantum
yield than the X-ray determined orientations in T. vulcanus,
and only 1.66% in S. elongatus.
When comparing the transition dipole orientations of Chls

in T. vulcanus (as shown in Table 1) with those in S. elongatus
it is apparent that although ¢ve of these six bridging Chls
have very similar transition dipole orientations in both struc-
tures, one does not. The transition dipole of Chl 37 in S.
elongatus is oriented at approximately 90‡ to that of its equiv-
alent, Chl 30, in T. vulcanus. However, in a 3.6 AF resolution
unpublished structure of S. elongatus (Petra Fromme, person-
al communication) the transition dipole orientations of all six
bridging Chls agree with the revised structure of T. vulcanus
(as shown in Table 1). The quantum yield of the S. elongatus
kinetic model was increased when the transition dipole of Chl
37 was rotated to match the unpublished S. elongatus struc-
ture. Only 0.78% of all random orientations had a higher
quantum yield than this modi¢ed S. elongatus structure. Our
results for both T. vulcanus and S. elongatus indicate that the
orientations of the bridging antenna Chls closest to the RC
have been strongly selected over the course of evolution to
maximize the quantum yield of PSII.

3.3. ChlZ and the ‘extra’ Chl
Both ChlZs are located at a distance of less than 25 AF from

the RC core chromophores. The results of our study show
that in contrast to the antenna bridging Chls, the orientations
of both ChlZ(D1) and ChlZ(D2) are not optimal (Fig. 4).
Interestingly, only 14% (T. vulcanus) and 6.4% (S. elongatus)
of random orientations had a lower quantum yield than the
orientations found in the X-ray structures. This suggests that
the orientation of these two ChlZs may have been optimized
for purposes other than e⁄cient transfer of excitation energy
to the RC core. The same motif was found for the ‘extra’ Chl

Fig. 2. Histograms of the yield of charge stabilization distribution
constructed from Monte Carlo simulations (see Section 2 for de-
tails). Transition dipole orientations of all 30 antenna Chls and two
ChlsZs were sampled randomly. A: T. vulcanus structure. B: S. elon-
gatus structure. Down triangles mark X-ray dipole orientations.

Fig. 3. Histograms of the yield of charge stabilization distribution
constructed from Monte Carlo simulations. Transition dipole orien-
tations of six bridging Chls were sampled. A: T. vulcanus structure.
B: S. elongatus structure. Down triangles mark X-ray dipole orien-
tations. Details of simulation as described in Section 2.
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of CP43, which was only described in the T. vulcanus structure
(data not shown).

4. Discussion

We have found that the orientations of bridging antenna
Chls are near optimal for maximizing the quantum yield of
photochemistry in PSII. Recently, a similar simulation was
reported that analyzed the arrangement of all antenna Chls
of PSI [7]. Results of that work revealed light harvesting in
PSI to be optimized as well. Optimality thus appears to be a
common feature of core Chl antennae in oxygenic photosyn-
thetic systems. If we estimate the potential gain in yield
achieved by orientational optimization to be the optimal
quantum yield minus the most probable quantum yield, we
¢nd a fairly modest gain in PSII (less than 1.3%). In the case
of PSI the gain was previously shown to be even smaller, only
about 0.3% [7]. Any such increase in photochemical e⁄ciency
will only be translated into an increase in the overall rate of
photosynthesis under light-limiting conditions. In natural en-
vironments photosynthetic organisms are often limited by one
or more of a number of di¡erent factors. Small increases in
photochemical e⁄ciency in the RC would thus, on average,
lead to much smaller increases in photosynthetic productivity.
Nevertheless, it appears that the advantage of increasing pho-
tosynthetic e⁄ciency by at most 0.3^1% was su⁄cient for
natural selection in this direction.
The degree of optimization obtained for these bridging Chls

is especially signi¢cant when physical constraints a¡ecting the
possible positions of antenna Chl molecules are considered.
Orientational constraints are expected to arise from consider-
ations of assembly, structural stability and interaction with
other photosynthetic components. Our orientational sampling
protocol had no constraints and thus gives an overestimate of

the range of possible orientations. Regardless of this, the six
bridging pigments were found to be strongly optimized within
this overestimated range of possible orientations. Clearly the
selection pressure for optimization of primary photochemistry
was stronger than the selection pressures for any other factors
constraining the positions of these bridging pigments.
In stark contrast were our ¢ndings for the two ChlZ mole-

cules, whose orientations minimized their contribution to light
harvesting. At present we do not know whether an unfavor-
able orientation for energy transfer is a requirement for the
e⁄cient function of these Chls as alternative electron donors
to P680 or if it arises from an as yet unknown evolutionary
constraint. The optimal orientation for energy transfer would
have the transition dipole vector pointing towards the center
of the RC core complex. The macrocycle planes of both ChlZs
are almost normal to the direction of the optimal dipole vec-
tor. Thus, a major reorientation of the Chl plane would be
required to orient the ChlZ optimally for energy transfer to
the RC. Interestingly, Chl homologous to the two ChlZs have
been found in PSI and in RCs of the putative PSI and PSII
ancestors, green sulfur bacteria and heliobacteria [15,16]. The
later ¢nding indicates that ChlZ analogs appeared early in
evolution and for some reason have been conserved in all of
the above-mentioned organisms. The molecular function of
ChlZ analogs in PSI and in the RCs of green sulfur bacteria
and heliobacteria is not clear at present. They may have been
important for energy transfer from light-harvesting antennae
to the RCs early in evolution when pigment number and
arrangement were di¡erent.
In conclusion, we have found in the present study that pig-

ments in PSII can be divided into two groups depending on
their orientational optimization for energy transfer e⁄ciency.
A group of six antenna Chls are highly optimized for bridging
energy transfer between CP47 and CP43 and the RC chromo-
phores. In contrast, the orientations of the two ChlZs in PSII
appear to have been selected to minimize energy transfer to
the RC. A more detailed study of orientation optimality of all
individual Chls in both PSII and PSI may help to identify
common evolutionary related blocks within these PSs and
possibly shed some light on the nature of the selection pres-
sures responsible for these di¡erences.
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