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ABSTRACT Absorbance difference spectra associated with the light-induced formation of functional states in photosystem |l
core complexes from Thermosynechococcus elongatus and Synechocystis sp. PCC 6803 (e.g., P*Pheo™,P*Q;, 2P) are
described quantitatively in the framework of exciton theory. In addition, effects are analyzed of site-directed mutations of D1-
His'%8, the axial ligand of the special-pair chlorophyll Py, and D1-Thr'”®, an amino-acid residue nearest to the accessory
chlorophyll Chlp4, on the spectral properties of the reaction center pigments. Using pigment transition energies (site energies)
determined previously from independent experiments on D1-D2-cytb559 complexes, good agreement between calculated and
experimental spectra is obtained. The only difference in site energies of the reaction center pigments in D1-D2-cytb559 and
photosystem Il core complexes concerns Chlpy. Compared to isolated reaction centers, the site energy of Chlp is red-shifted
by 4 nm and less inhomogeneously distributed in core complexes. The site energies cause primary electron transfer at
cryogenic temperatures to be initiated by an excited state that is strongly localized on Chlp, rather than from a delocalized state
as assumed in the previously described multimer model. This result is consistent with earlier experimental data on special-pair
mutants and with our previous calculations on D1-D2-cytb559 complexes. The calculations show that at 5 K the lowest excited
state of the reaction center is lower by ~10 nm than the low-energy exciton state of the two special-pair chlorophylls Pp; and
Pp2 which form an excitonic dimer. The experimental temperature dependence of the wild-type difference spectra can only be
understood in this model if temperature-dependent site energies are assumed for Chlpy and Pp4, reducing the above energy
gap from 10 to 6 nm upon increasing the temperature from 5 to 300 K. At physiological temperature, there are considerable
contributions from all pigments to the equilibrated excited state P*. The contribution of Chlp; is twice that of Pp; at ambient tem-
perature, making it likely that the primary charge separation will be initiated by Chlp; under these conditions. The calculations
of absorbance difference spectra provide independent evidence that after primary electron transfer the hole stabilizes at Pp+,
and that the physiologically dangerous charge recombination triplets, which may form under light stress, equilibrate between
Ch|D1 and PD1.

INTRODUCTION

While all of the photosynthetic reaction centers share con-
siderable similarity in the nature and arrangement of their
redox cofactors, only that of photosystem II (PS-II) is able to
generate a reduction potential that is positive enough to oxi-
dize water to molecular oxygen. While the mechanistic details
of the water splitting and of the primary electron and hole
transfer reactions in PS-II are not fully understood, recent
progress in the x-ray crystallographic structure determination
(1,2) has resulted in a 3.0 A resolution crystal structure (2) that
provides the basis for detailed calculations of optical spectra.

The following scheme of primary reactions was estab-
lished for PS-II by various spectroscopic techniques (recent
reviews are given in (3,4)). Optical excitation of the reaction
center, either directly or via excitation energy transfer from
the core antennae CP43 and CP47 generates a state com-
monly referred to as P* which donates an electron to the
pheophytin of the electron transfer active D1-branch, Pheop,
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and a state P*Pheop,, is formed. The electron is transferred
further to the plastoquinone Q, and the hole via a tyrosine,
Tyrz, to the manganese cluster, where the water-splitting
reaction takes place. Under light stress, a triplet state *Pego
may be generated in the reaction center by charge recombi-
nation of [P Pheop,]. Although the overall reaction
scheme is clear, the molecular identities of some of the func-
tional states and the mechanistic and kinetic details are not.

It is still not entirely clear whether electron transfer at
physiological temperatures starts at the accessory chlorophyll
of the D1-branch Chlp, or at the special-pair chlorophyll Pp,
or both. On the one hand there are recent reports by Groot
et al. (5) and Holzwarth et al. (6) who inferred independently
from femtosecond IR studies and pump-probe experiments in
the visible spectral region, respectively, that the primary
electron transfer at physiological temperatures occurs be-
tween Chlp; and Pheop;. However, the reported timescale
for the pheophytin reduction differs by a factor of 4-5.
Whereas Groot et al. report a 600-800 fs time constant, that
of Holzwarth et al. is 3 ps.

In contrast, Novoderezhkin et al. (7), based on a fit of linear
and time-resolved nonlinear optical spectra, using an exciton
model including charge transfer (CT) states, concluded that
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the primary charge-separated state is an intra special-pair CT
state that either is directly optically excited or populated
within 100 fs by exciton relaxation from the core pigments.
This idea seems to be in line with studies of Krausz et al. (8),
who detected a long wavelength excited state capable of charge
separation. One difference between the two CT states is that the
one of Novoderezhkin et al. is broadened inhomogeneously
whereas the one of Krausz was shown to be homogeneously
broadened (8). In more recent work, Novoderezhkin et al.
(9) concluded that two parallel electron transfer pathways
exist, one starting from an intra dimer CT state of the special-
pair and one at Chlp,, where the relative importance of the
two pathways is determined by the specific realization of
disorder in site energies.

A key idea about the identity of the primary electron donor
in PS-II came from van Brederode, van Grondelle, and co-
workers (10-12), who found that in bacterial reaction centers
there is ultrafast electron transfer from the excited state of the
accessory bacteriochlorophyll (B 4) of the L-branch. Electron
transfer from B} is an order-of-magnitude faster than elec-
tron transfer from the low energy exciton state of the special
pair. However, in bacterial reaction centers the slow pathway
is dominant because of the large energy gap between the low
energy special-pair exciton state and the remaining excited
states that gives rise to an equilibrated excited state popula-
tion that is localized at the special pair. The fact that the
excited states of the PS-II reaction center are much closer in
energy, as seen, e.g., from the absorption spectrum, led van
Brederode and van Grondelle(12) to suggest that the fast side
pathway in bacterial reaction centers might be the dominant
one in PS-IL.

Very much related to the question of the identity of the
primary electron donor is the extent to which P* is a delo-
calized excited state of the core pigments, as assumed in the
multimer model, or an excited state, that is localized on a
particular pigment, the primary electron donor. In the original
multimer model proposed by Durrant et al. (13) all of the
pigments, in the absence of excitonic couplings, had the same
mean transition energy (site energy). In such a model, all of
the exciton states are delocalized over a number of core
pigments, where the extent of delocalization and the energy
and population of a particular exciton state depend on the
particular realization of static disorder, caused by slow con-
formational motion of the protein. As the coupling between
the two special-pair chlorophylls is the largest in all multimer
models (13—17), the lowest exciton state contains a consid-
erable contribution from the special-pair chlorophylls.

In contrast to these traditional multimer models, we have
recently suggested an exciton model with blue-shifted site
energies of the special-pair pigments and a red-shifted site
energy of Chlp; (named Accp; in (18)) that results in a high
degree of localization of the lowest exciton state on the latter,
a second lowest exciton state with a large contribution from
the pheophytin Pheop, of the inactive D2-branch and where
only the third lowest exciton state is the low-energy exciton
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state of the special pair. This model explains 11 independent
optical spectra of the D1-D2-cyth559 complexes, including
difference spectra with chemically modified, oxidized, and
reduced pigments and pigments in the triplet state (18). In a
recent work of Novoderezhkin et al. (9), similar site energies
were inferred.

The D1-D2-cyth559 complexes unfortunately contain
neither the manganese cluster nor the primary quinone
electron acceptor Q. Consequently, it is not possible to in-
vestigate with this material the whole sequence of primary
and secondary electron transfer reactions. In addition, be-
cause of the rather harsh isolation procedure of the D1-D2-
cyth559 complexes, it cannot be excluded that the transition
energies of the reaction center pigments might be different
from those in core complexes. This point has been raised ever
since D1-D2-cyth559 preparations became available (see,
e.g., (3) and references therein). We will provide evidence in
this work that the D1-D2-cyth559 complexes represent a
valid model system for the reaction center pigments in PS-II
core complexes, as concerns the transition energies of the
pigments. The only modification with respect to our proposed
site energies of D1-D2-cyth559 complexes concerns Chlpy,
the site energy of which is red-shifted in core complexes and
less inhomogeneously distributed.

A major difficulty in interpreting optical experiments on
PS-II core complexes is that the bands of the reaction center
pigments strongly overlap each other as well as the bands of
the pigments in the core antenna subunits, CP43 and CP47.
Therefore it is difficult in such a complex to excite particular
states of the reaction center. An alternative is to measure op-
tical difference spectra of core complexes in which particular
reaction center pigments have been converted into a different
electronic state. The optical difference spectrum reveals only
those pigments that are coupled to the pigment that has un-
dergone a change in electronic state. As the couplings between
the reaction center pigments and the pigments in the CP43 and
CP47 subunits are weak, the difference spectra provide direct
information about the reaction center pigments of PS-II core
complexes without interference from the antenna pigments.
The combination of optical difference spectroscopy with site-
directed mutagenesis, in which amino-acid residues in the
local environment of certain chlorophylls are replaced, pro-
vides valuable information regarding the transition energies
of these pigments located at the sites of mutation.

Analysis of triplet minus singlet (T-S) and Pgg, — Peso
difference spectra on wild-type and mutants of the axial
ligands of the special-pair chlorophylls of Synechocystis sp.
PCC 6803, provided evidence that electron transfer starts at
Chlp, and that the hole stabilizes at Pp; at low temperatures
(19). In addition, recent experiments on mutants with
changes in the local environment of Chlp; have provided
direct evidence that the charge recombination triplet is lo-
calized on Chlp, at low temperatures (20).

We present in this work an independent verification of the
molecular identities of the states P*, P, and *Pggo from
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exciton calculations of wild-type difference spectra at low
temperature and comparison with experimental data. It is
demonstrated that the exciton model developed previously
for D1-D2-cyth559 complexes (18) explains these wild-type
spectra as well as the difference spectra measured on mutant
core complexes.

An important question is: Do the experimental and theo-
retical studies at cryogenic temperatures reflect the same
primary reactions that occur in the living cell, i.e., at physio-
logical temperatures? There is a remarkable change of several
difference spectra with increasing temperature (21). At low-
temperature, multiple bands are visible in the ngo — Pegso
difference spectrum, whereas at room temperature just a single
bleaching band at 680 nm appears (22), the source of the
spectroscopic term P(g,. This strong overlap of different bands
at physiological temperatures is a major obstacle in identifying
functional states.

We show in this work that the identity of the functional
states does not change significantly as a function of tempera-
ture. Rather the temperature dependence of the dielectric
constant and of the site energies of Chlp; and Pp; are re-
sponsible for the temperature dependence of the difference
spectra involving P¢g,. This change in site energies, however,
does not alter the exciton model, in that the lowest excited state
is still localized at Chlp;. However, in the case of the T-S
spectrum, more than one triplet state contributes at higher
temperatures.

The work presented here is organized in the following
way. We first summarize the theoretical methods and our
earlier exciton model for the reaction center pigments in PS-II
(18). We next present calculations of difference spectra of
wild-type and mutant core complexes, that identify the
functional states. We describe the temperature dependence of
the wild-type difference spectra and provide a discussion of
1), the necessary revision of the multimer model; 2), an
identification of functional states at physiological tempera-
tures; and 3), functional implications of our exciton model.

THEORETICAL METHODS

The theoretical methods were described in detail in our recent report on D1-
D2-cyth559 complexes (18). We provide below a short summary and con-
centrate on some new aspects. We used the recent 3.0 A structure of PS-II (2)
to calculate the excitonic couplings between the reaction center pigments by
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the ab initio TrEsp method, developed previously (23), that combines the
accuracy of the ab initio transition density cube method (24) with the sim-
plicity of the semiempirical transition monopole method (25). We use the
TrEsp atomic transition charges determined from a fit of the electrostatic
potential of the transition density calculated with time-dependent density
functional theory, with a B3LYP exchange correlation-functional and a
6-31G* basis set (23). (Note that the TrEsp charges for chlorophyll a are
given in the Supplementary Material of (23) and those of pheophytin « in this
article’s Supplementary Material, Data S1.) The transition charges were re-
scaled to yield an effective transition dipole moment of 4.4 D for Chl @ and
3.4 D for Pheo. (Please note that the effective dipole strength of Chl a was
chosen in accordance with the empty cavity analysis of chlorophyll dipole
strengths in different solvents by (26), which resulted in a vacuum dipole
strength of 4.6 D. The reduction to 4.4 D takes into account the change in
excitonic coupling by screening and local field effects by the dielectric en-
vironment. The reduction was chosen somewhat smaller than obtained re-
cently from electrostatic calculations on the pigments of the FMO-protein
(41) to take into account the closer distance and hence less screening in the
PS-II reaction center. The effective dipole strength of 3.4 D for Pheo a was
estimated on the basis of the value for Chl a and the optical dipole strengths
measured for Chl a and Pheo a in an ether solvent (27).) Much to our surprise,
the coupling between Pp, and Pp, was drastically reduced compared to the
coupling obtained previously (18) from structural data with lower resolution
and the transition monopole charges of Chang (25). Judging from the
structural data, considerable wavefunction overlap can be expected between
the two special-pair chlorophylls Pp; and Pp,. This overlap results in a
Dexter-type exchange coupling, in addition to Forster-type Coulomb cou-
pling obtained by the TrEsp method. To estimate the exchange contribution
we refitted the eleven D1D2-cyth559 spectra, studied previously (18), taking
the special-pair coupling as well as the site energies as fit parameters. The
coupling was allowed to vary between 60 cm ™' and 240 cm ™. We obtained
the same optimal site energies as previously (18) and an optimal special-pair
coupling of 140-170 cm™'. In parallel, we performed quantum chemical
calculations of the excited state energies and transition dipole moments of the
special-pair monomers and the whole dimer (unpublished). The short-range
coupling was extracted by comparing the monomer and dimer results, using
an effective two-state Hamiltonian. The short-range coupling obtained was
smaller than that inferred from the fit. However, agreement with the fitted
value was obtained after moving the two Chls closer together, within the
error limits of the crystallographic structure (J. Biesiadka, 2007, private
communication). The excitonic couplings used in the calculations are given
in Table 1.

For comparison, we also show in Table 1 the point dipole couplings
(numbers in brackets). The largest deviations between the TrEsp couplings
and the point dipole approximation, except for the special-pair coupling
discussed above, are obtained for the coupling between the special-pair and
the accessory chlorophylls. Whereas in point dipole approximation the special-
pair chlorophyll of one branch couples more strongly to the accessory
chlorophyll of the other branch, in TrEsp the couplings to the accessory
chlorophyll of both branches are similar.

The energies and oscillator strengths of the exciton states, obtained from
the couplings in Table 1 and the site energies by a diagonalization procedure,

1

TABLE 1 Ab initio excitonic couplings, obtained using the TrEsp method (23), in units of cm™

Ppo Chlp, Chlp, Pheop,; Pheop, Chlzp, Chlzp,
Ppi 150 (239) —42 (—17) —53 (—81) —6 (—4) 17 (16) 1() 1 (1)
Ppa —60 (—82) —36 (—10) 21 (20) -3 (—4) 1(1) 1(D)
Chlp, 7 (12) 47 (71) —4 (-5) 3(3) 0 (0)
Chlp, =5 (=5) 35 (64) 0 (0) 2(2)
Pheop,; 303 -4 (—4) 0 (0)
Pheop, 0 —4 (—4)
Chlzp, 0 (0)

The following effective dipole strengths have been assumed: 4.4 D for Chls and 3.4 D for Pheos. For the coupling between Pp; and Pp, additional short-
range exchange contributions were included as described in the text. The values in parentheses were obtained using a point dipole approximation.
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determine the positions and intensities of optical bands of the reaction center.
The homogenous line shape follows from the coefficients of the exciton
states and the spectral density of the pigment-protein coupling which was
extracted previously from fluorescence line-narrowing spectra and the tem-
perature dependence of the absorption spectrum (16,18). The local transition
energies of the pigments were determined from a fit of the optical spectra of
D1-D2-cyth559 complexes (18).

In the calculation of the difference spectra, the absorbance spectrum is
calculated twice, first with all of the pigments and second without those
pigments which are oxidized, reduced, or transformed into the triplet state. In
the case of a reduced or oxidized pigment, electrochromic shifts of the
transition energies of the remaining pigments are taken into account as
described in detail previously (18). Briefly, the electrochromic shift is cal-
culated from the Coulomb interaction of the excess charge of the reduced or
oxidized pigment with the change in permanent dipole moment A between
ground and excited states of the neutral pigment. The excess charge was
evenly distributed over the 7-atoms of the conjugated rings of the reduced or
oxidized pigment. The simplest approximation for the orientation of Agi for
Chl a is to assume that it is aligned along the Np-Np, axis (18), in crystal-
lographic notation (where Ny and Np correspond to Ny; of ring A, Nj3 of
ring C, respectively, in IUPAC nomenclature (29)). From Stark spectra an
angle of 20° between Afi and this axis was reported (30). We find the best
agreement with experimental difference spectra if we assume that the A
vector is rotated in plane by 15° with respect to the Ng — Np direction
toward N (N, of ring B in [UPAC nomenclature (29)). We assume the same
orientation of the Afi vector for the two Pheos. In the calculation of elec-
trochromic shifts, an effective dielectric constant e.;c = 2 (18) was used at
cryogenic temperatures as a screening factor of the Coulomb interaction. At
higher temperatures €.¢ was allowed to increase, reflecting additional con-
formational motion of the protein that is frozen out at low temperatures.

Static disorder in optical transition energies has been taken into account
by a Monte Carlo method as before (18), assuming independent variations of
site energies according to a Gaussian distribution function. A full width at
half-maximum A;,;, = 200 cm ™" for all pigments, except for Chlp,, gave the
best agreement with experimental data. We note, however, that any value for
Ainn that lies within 180 cm ™' as assumed earlier (18) and 220 cm ™! gives
very similar results. The A;,, for Chlp; had to be reduced to 120 cm ™! to
describe the difference spectra of core complexes.

In summary, of all the parameters, only two, 1), the site energy of Chlp,
and 2), the width of the inhomogeneous distribution function of the site
energy of Chlp; were allowed to vary freely to fit the low temperature ex-
perimental data. In addition, in the case of the calculation of temperature
dependence of the difference spectra, a temperature-dependent site energy of
Chlp; and Pp; and a temperature-dependent €.¢ had to be assumed.

RESULTS

Three calculated optical difference spectra are compared in
Fig. 1 with experimental spectra measured by Hillmann et al.
(21) on core complexes of Thermosynechococcus elongatus,
the same PS-II core complex for which the three-dimensional
structure was recently determined (2). The site energy of the
accessory chlorophyll of the D1-branch, Chlp;, was red-
shifted by 4 nm from 678 nm in D1-D2-cytb559 complexes
(18) to 682 nm in PS-II core complexes.

In the calculation of the difference spectrum (Pgy, Pheo™ -
Pgso Pheo) in the upper part of Fig. 1 it was assumed that the
electron is localized at the pheophytin of the DI1-branch,
Pheopy, and the hole resides at the special-pair chlorophyll of
the same branch, Pp;. The first assumption is justified by the
fact that electron transfer occurs only along the D1-branch
(31,32) and the second one, suggested earlier from difference
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FIGURE 1 Experiments (21) and calculations of optical difference spectra

of PS-II core complexes from Thermosynechococcus elongatus. The calcu-
lations were performed using the site energies determined previously (18),
except for Chlp; which was shifted by 4 nm to the red. The corresponding
wavelengths assigned to each pigment are P, 666 nm; Pp,, 666 nm; Chlp,,
682 nm; Chlp,, 667 nm; Pheop;, 672 nm; and Pheop,, 675 nm. The two
experimental T-S spectra (bottom panel) were obtained for singly (open
squares) and doubly (solid circles) reduced Qa. In the latter case it is also
possible that Q4 has dissociated from the core complex.

spectra measured on mutant core complexes (19), was verified
by considering different possibilities of hole stabilization as
discussed in detail further below. The experimental and cal-
culated spectra show two bleachings, one at ~675 nm and one
at ~685 nm. When the electrochromic shifts are neglected,
only a single bleaching at ~675 nm is obtained, whereas the
one at 685 nm vanishes. The strongest electrochromic shift of
5.6 nm to the blue was calculated for the accessory chlorophyll
of the D1-branch, Chlp;.

The two bleachings are also seen in the experimental and
calculated (ngo Q3 - Psgo Qa) spectrum in the middle part of
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Fig. 1. In the calculated spectrum, the low energy bleaching
also vanishes if no electrochromic shifts are included.
However, the amplitude of the low energy bleaching is
smaller than the bleaching of the high energy one, whereas in
the P¢y, Pheo™ - Pggo Pheo spectrum discussed above, the low
energy bleaching is stronger. Of those pigments undergoing
site energy shifts, Chlp, shifts largest, by 3.3 nm to the blue.
This shift, however, is only approximately half of that cal-
culated for Py, Pheo™. The best agreement between the ex-
perimental and calculated spectra is obtained by assuming
that the hole is localized at Pp, as suggested earlier (19). The
spectra for alternative placement of the cation in the state Pg,
including Py, (PDIPD2)+, and Chlg1 are shown in Fig. 2 and
give less satisfying agreement with the experimental data.
The experimental and calculated T-S spectra in the lower
part of Fig. 1 show a main bleaching at ~684 nm. We note
that the position of this bleaching is red-shifted by ~3 nm
with respect to the one reported for D1-D2-cyth559 com-
plexes (33). The experimental spectra were measured for two
different states of Qa, singly (squares) and doubly (solid
circles) reduced, giving rise to two different widths of the
main bleaching. The reason for the difference is unclear and
indicates larger conformational disorder of the protein for
doubly reduced Q4. In the calculations, the triplet state was
assumed to be localized at Chlp, in agreement with recent
mutant spectra (20), discussed below. An alternative as-
signment of the triplet state as *Pp, yields a main bleaching at
675 nm (dashed curve) in strong contradiction with the ex-
perimental data. T-S spectra calculated assigning the triplet
state to any other pigment in the reaction center are shown in
Fig. 3 and also do not fit the experimental data of Fig. 1.

"l @ Experiment ||

AOD / a.u.

L | L | L | s | s
650 660 670 680 690 700
wavelength / nm

FIGURE 2 Calculation of Pgso Qj -Psgo Q4 difference spectrum using
different assumptions for the localization of the cation in the Pgy, state, in
comparison with experimental data (21). For Py, = (Pp; PD2)+ , 0.5 elemen-
tary positive charges were put on both special-pair chlorophylls for the
calculation of electrochromic shifts. For better comparison with experimental
data, the calculated spectra were scaled such that their low energy bleaching
gets equal in magnitude (the unscaled spectra are shown in Data S1).
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The density of exciton states
du(w) = () 8(® — om))as ()
M

is compared in Fig. 4 with the exciton states pigment distri-
bution

(@) = (X 1N 8(0 — 0r)Yai )

where wy is the transition frequency between the ground
state and the M™ exciton state, c,(:lv[ ) |2 is the probability that
pigment m is excited in the M™ exciton state, and (.. .)g
denotes an average over disorder in site energies. The very
similar shape of dy—i(w) and dmn—cnip, (@) shows that the
lowest exciton state M = 1 at ~685 nm is dominated by
Chlp,. The next higher exciton state M = 2 has large contri-
butions from Pheop, and minor contributions from other
pigments (Chlp,, Pp;, Ppy, Pheop;). As seen in the middle
part of Fig. 4 the special-pair chlorophylls Pp; and Pp, form
two delocalized exciton states M = 3 at ~675nmand M =6
at ~658 nm.

One might get the impression that it is easy to detect the
special-pair exciton states. However, Fig. 4 just considers the
distribution of different pigments over the exciton states but
not the oscillator strengths of the latter which determines the
probability of an optical transition. According to our calcu-
lations, ~80% of the oscillator strength of the special pair is
in the lower dimer state at 675 nm. Further, when interpreting

3
<
~
a
2 0.3 Chl VT
e | - D2 \\ ,’ |
.-+ Pheo, v/
04 | Pheo,, “/ -
. 1 . ] . ] . ]
650 660 670 680 690

wavelength / nm
FIGURE 3 T-S spectra at 5 K calculated assuming the triplet state to be

localized on the respective reaction center pigments, as indicated in the
legends.
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0650 660 670 680 690
wavelength / nm

FIGURE 4 Density of exciton states dy(w) (Eq. 1) and exciton states
pigment distribution d,,(w) (Eq. 2) for the six strongly coupled reaction
center pigments.

optical difference spectra where a pigment was converted to a
different electronic state one also has to take into account that
this pigment does not participate in the delocalization of
exciton states anymore. This effect is seen in the T-S spectra
in Fig. 3. The positions of the main bleachings obtained by
assuming the triplet to be localized on Pp,, Pp,, and Chlp,
agree with the peak positions of the corresponding d,,(w) in
Fig. 4. However, the relative intensities of the minor peaks
are different. Moreover, the high energy exciton transition of
the special pair seen in dp,, (w) and dp,,, (w) at ~658 nm is not
seen as a bleaching in the 3PD1-PD1 and 3PDZ-PDz spectra.
Instead a positive band appears at ~662 nm. This band is due
to the monomer absorption band of the special-pair pigment
that remains in its singlet state, while the other pigment is in
the triplet state. As the monomer band is broader (due to the
missing resonance energy transfer narrowing) and more in-
tense than the high energy exciton band of the special pair,
the latter is completely covered. We also note that the max-
imum of the monomer band is shifted by 4 nm to the blue
with respect to the wavelength of 666 nm corresponding to
the local site energies of Pp; and Pp,. This shift is caused by
the larger oscillator strengths of the low-energy exciton state
which in the difference spectrum diminishes the low energy
side of the monomer band. Another interesting result is that
the 3PD]—PD1 and 3PD2—PD2 spectra differ at long wave-
lengths. Obviously there is a mixing between the excited
states of the special-pair chlorophyll Pp, and Chlp, that re-
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distributes oscillator strength. In that sense, although quali-
tatively true, it is too simple to speak about the exciton states
of the special pair.

In the case of Chlp; and the two pheophytins (lower part of
Fig. 3), the positions of the main bleachings in the T-S spectra
are shifted with respect to the peaks of the respective d,,,(w) in
Fig. 4. Obviously the change in excitonic couplings that
occurs when one pigment goes to the triplet state becomes
even more important in this case. For example, the function
dchip, (@) shows that Chlp, contributes most strongly to an
exciton state at 670 nm, whereas the main bleaching of the
3Cth2—Cth2 spectrum occurs at 677 nm. The excitonic
coupling obviously redistributes oscillator strength between
Pheop, and Chlp, in the singlet spectrum. We note that the
*Pheop,-Pheop, closely resembles the difference spectrum
measured by Germano et al. (33) for exchange of Pheop, by a
chemically modified pheophytin, the absorbance of which is
blue-shifted. Due to the strong blue shift this pigment is ef-
fectively decoupled from the other pigments and the absor-
bance difference (except for the strongly blue-shifted
monomer absorption of the exchanged pheophytin) becomes
very similar to the T-S spectrum calculated here.

The strong bleaching at 685 nm in the 3PheoD1—PheoD1
spectrum (lower part of Fig. 3) reflects the redistribution of
oscillator strength between Chlp; and Pheop;, which in first
approximation form an excitonic hetero dimer. Due to the
““inline’” geometry of transition dipole moments, a consid-
erable part of the oscillator strength is distributed to the low
energy exciton state. Because of the large difference in site
energies of ~200 cm ™' the energy of this state is close to the
excitation energy of Chlp,, despite a considerable redistri-
bution of oscillator strength (an effect discussed in detail in
Fig. 3 of (34)). The upper exciton state is close in energy to
the site energy of Pheop, explaining the position of the high
energy bleaching in the difference spectrum. Finally, we note
that the difference spectrum measured by Germano et al. (33)
after replacing both pheophytins can be understood by taking
into account that in D1D2-cythb559 complexes the site energy
of Chlp, is blue-shifted by 4 nm. For a more detailed dis-
cussion of this and other difference spectra of D1D2-cyth559
complexes, we refer to our previous article (18).

The Pgg, Qi - Poso Qa spectra of wild-type and mutants of
Synechocystis sp. PCC 6803 are shown in Fig. 5. The axial
ligand D1-His'*® of the special-pair chlorophyll Pp; was
replaced by a glutamine in the D1-His'**GIn mutant, whereas
the D1-Thr'”, which overlies the accessory chlorophyll
Chlp;, was replaced with a His or a Glu in the D1-Thr'”®
mutants. It has been proposed (2) that a water molecule,
hydrogen-bonded to D1-Thr'”, is the axial ligand of Chlyp,.
The experimental spectra (19,20) are shown in the upper
part and the calculations in the lower part of this figure.
The site energy of Chlp, was shifted from 682 in T. elon-
gatus to 680 nm to describe the spectral position of the low-
energy bleaching in the wild-type of Synechocystis sp. PCC
6803.
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FIGURE 5 Experiments (19,20) (upper part) and
calculations (lower part) of wild-type and mutant
Pgso Qa - Peso Qa spectra of Synechocystis sp. PCC
6803 at 80 K. In the calculations of the mutant
spectra, the site energy of the pigment at the
mutation site was shifted with respect to its wild-
type value as indicated in the legends.
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The shift of the low energy bleaching of the Chlp; mutant,
where Thr'”® was replaced by His on the left half of Fig. 5,
can be explained by shifting the site energy of Chlp; by 3 nm
to the red in the calculation of the mutant spectrum. The blue
shift of the same band that is measured when Thr'” is re-
placed by Glu can be reproduced by assuming a 2-nm blue
shift of the site energy of Chlp,; in the calculation. These
mutations and site energy shifts do not effect the high energy
absorbance band at ~673 nm.

However, the latter is shifted by the mutation of the axial
ligand of P as shown in the right half in Fig. 5. Upon chang-
ing His'”® to Gln, a blue shift of the high energy bleaching
results, a shift that is explained by assuming an 8-nm blue
shift of the site energy of Pp; in the calculations. An im-
portant experimental and theoretical result here is that a local
change at Chlp, changes only the low energy bleaching in the
spectrum and a local change at Pp; influences mainly the
high-energy bleaching.

The T-S spectra of the same wild-type and mutants are
compared in Fig. 6 with the calculations. In agreement with
experiment, a local change at Pp; does not influence the
spectrum, whereas a red shift of the experimental and cal-
culated bleaching occurs for the Chlp, D1-Thr'”°His mutant.
The same 3-nm red shift of the site energy of Chlp; was
assumed as in the calculations of the Py, Qx -Peso Qa
spectrum of this mutant in Fig. 5.

The temperature dependence of the experimental T-S
spectrum of wild-type Synechocystis sp. PCC 6803 (19) is
compared in Fig. 7 with the calculations. The site energy of
Chlp; was varied with temperature in accordance with our
previous analysis of D1-D2-cyth559 reaction centers (18),

680 690

and the analysis of core complexes of T. elongatus below. As
in our previous analysis, it was assumed that there is a ther-
mal equilibrium of the triplet state occupation at *Chlp; and
3PD1. From the fit of the spectra in Fig. 7 we infer a free
energy difference between the two triplet states of 11 meV, a
value that is very close to the 10 meV determined for D1-D2-
cyth559 complexes (18) and in between the 8 meV (35) and
the 13 meV (36) determined from FTIR and EPR studies,
respectively, on D1D2-cytb559 complexes.

Finally we examined the temperature dependence of
the Pggy Qi -Poso Qa and Pgg, Pheo™ - Pggo Pheo difference
spectra of T. elongatus. The calculated spectra are compared
in Fig. 8 with the experimental data (21). A temperature
dependence was assumed for the site energy of Chlp; and Pp;
and for the dielectric constant €.; used in the calculation
of electrochromic shifts. The site energy shift of Chlp; with
temperature is as described in the previous calculations on
D1-D2-cyth559 reaction center spectra (18), whereas the site
energy shift of Pp; is new. Due to these temperature de-
pendencies and the increase in homogeneous broadening
with increasing temperature, the double bleaching at low
temperatures is transformed into a single negative peak at
680 nm at physiological temperature.

DISCUSSION
Revision of the multimer model

The calculation of optical difference spectra of WT and
mutant core complexes shows that the exciton Hamiltonian
that we proposed previously for D1-D2-cyth559 complexes
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(18) also applies to the reaction center pigments of PS-II core
complexes. The only difference in the excited state energies
between these two preparations involves Chlp,. Its site en-
ergy is even more red-shifted in core complexes and its in-
homogeneous width is smaller than that of the other
pigments. A consequence of the red shift is an even stronger
localization of the lowest excited state of the reaction center
on Chlp; as seen by the almost identical functions dm—chip,
and dyi—, in Fig. 4. At low temperatures there is an ~10 nm
gap between this lowest excited state and the lowest energy
exciton state of the special pair. The experiments and cal-
culations on the various mutants in Figs. 5 and 6 provide a

¢ exp. 150K

I — calc. 77K \
-- calc. 150K

660 670 680

wavelength / nm

690 700

FIGURE 7 Experiments (19) and calculations of the temperature depen-
dence of T-S spectra of Synechocystis sp. PCC 6803. The site energy of
Chlp; was assumed to change with temperature, corresponding to wave-
lengths of 680 nm at 77 K and 678 nm at 150 K.
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direct proof of this assignment. The fact that in the exciton
theory just one site energy (that of the pigment with the
mutated protein environment) had to be shifted to explain the
mutant spectra, shows that the mutation was indeed local and
did not lead to a large conformational change of the protein.

A close inspection of the experimental Py, Qj - Peso Qa
wild-type and His'*®Gln mutant spectra in the upper-right
panel of Fig. 5 shows that changing the environment of Pp,
leads, besides the dominating shift of the 673 nm band, to a
slight shift of the long wavelength band at 683 nm. At first
glance, the latter could be caused by a changed contribution
of Pp; in the lowest exciton state, i.e., by the excitonic cou-
pling between Chlp; and Pp,. However, in this case, we
would expect also a shift of the 673 nm band, if the envi-
ronment of Chlp, is changed, a shift that is seen neither in the
experiment nor in the calculations in the upper- and lower-
left panels of Fig. 5, respectively. We take the absent shift and
the fact that the calculations of the His'*®*GIn mutant spectra
in the lower-right panel of Fig. 5 do not reproduce the slight
shift at long wavelengths seen in the experiment (upper right
panel) as evidence that the site energy of Chlp, is slightly
blue-shifted in the His'*®*GIn mutant. This result is in line
with the fact that the site energy of Chlp, is found to react
more sensitively in different preparations than those of the
other pigments.

Whereas a replacement of Thr'”® by His leads to a red shift
of the site energy of Chlp, a replacement by Glu results in a
blue shift. The reason for the red shift might be the stronger
dispersive interaction (37-39) between the strongly polariz-
able m-electrons of His and Chlp, and the blue shift might be
caused by the charge density coupling (40—43) between the
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FIGURE 8 Temperature dependence of the ng() Pheo™ - Pggo Pheo (left
half) and the ngo Qj -Psso Qa (right half) spectra of T. elongatus. The
calculations (solid lines) are compared with experimental data (solid circles)
(21). The temperature-dependent wavelengths corresponding to the site
energies of Pp; and Chlp; (Pp;/Chlp,) and the dielectric constants (€.g) are
shown as well at each temperature.

ground and excited states of Chlp; and the negative charge on
Glu, assuming a standard protonation state of this residue.

Interestingly, a replacement of His by GIn in the Pp,
mutant leads to a site energy shift of 8 nm to the blue, whereas
replacing Thr by His in the Chlp; mutant just results in a 3-nm
red shift. The reason for the different magnitudes might be in
the strong distance-dependence of the dispersive interaction
and the fact that the His at Pp; is an axial ligand, whereas in
the case of Chlp, the His might still be connected via a water
molecule, i.e., further away than the one at Pp,.

The evidence for the excited state structure of the reaction
center pigments provided by the experiments and this ex-
citon theory is so strong, that we feel a revision of the
multimer model of PS-II is necessary. The two essential
changes are 1), the lowest excited state of the reaction center
is localized at Chlp,; and 2), the low-energy exciton state of

113

the special pair absorbs at 6—10 nm to shorter wavelengths
(higher energy).

Except for our exciton model (18) and the recent model of
Novoderezhkin (9), in all previous exciton models, mostly of
the multimer type, i.e., assuming the same (mean) site ener-
gies of all pigments, there are considerable contributions
from the excited states of the special-pair chlorophylls Pp,
and Pp, in the lowest exciton state. Even in the multimer
calculations of Prokhorenko and Holzwarth (15), who cor-
rectly predicted the primary electron donor at low tempera-
tures from calculations and comparison with their photon
echo data, the lowest excited state is dominated by Pp; and
Pp,, an assignment that is in contrast with this study. In an
earlier article of Novoderezhkin et al. (7), different site en-
ergies were proposed for the reaction center pigments, based
on fits of linear as well as nonlinear optical spectra. However,
the lowest excited state still had large contributions from the
special pair and therefore could not explain the experiments
described here. These results demonstrate how difficult it is to
find an exciton model of PS-II that has predictive power. On
the one hand, nonlinear spectra contain more information
about the system, but on the other hand, it is more difficult to
describe these spectra as more parameters are needed than for
the description of linear spectra. In that respect, mutant ex-
periments are ideally suited to check an exciton Hamiltonian,
since no new parameters are involved and just one site energy
needs to be shifted, if the mutation indeed is local.

In our calculations, the spectral density J(w) just contains
the low-frequency protein modes. The inclusion of the high-
frequency intramolecular modes of the pigments described in
the literature (7,9) gives rise to a large reorganization shift of
the exciton energies that, we believe, might not be real for the
following reason: The shift depends on the delocalization of
exciton states (9). By including the high-frequency modes
into the spectral density that is transformed into the exciton
basis, one neglects the fact that the delocalization of those
transitions that involve excitation of intramolecular vibra-
tions is much weaker than for the 0 — O transitions, due to the
small Franck-Condon factors of the former. We think, a
proper inclusion of intramolecular vibrations would neces-
sitate incorporating them as separate states in the exciton
Hamiltonian that is diagonalized. Since we expect mainly
corrections in the high-frequency wing of the spectra, where,
in addition, higher electronic excitations like Q, occur, we
have neglected theses modes, for simplicity.

The assignment of the site energies in our earlier study (18)
on the D1-D2-cyth559 complexes was verified by calcula-
tions of a large number of additional spectra and comparison
with experimental data. In the case of core complexes, we
have to rely on a few difference spectra, namely the three
spectra calculated here and the DTQj -DQ, difference
spectra presented elsewhere (19), where D represents the
carotenoid or the peripheral Chlz on the D2-side of the re-
action center. Fortunately, these difference spectra can be
described at least qualitatively by the site energies deter-
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mined earlier for D1-D2-cyth559 complexes (18). In the case
of D*Qj - DQ, difference spectra we actually performed the
calculations of the mutant spectra first, before one of us (E.S.)
determined experimentally the predicted curve, proving that
the low energy electrochromic band shift in the D* Q) - DQ,4
difference spectra is due to Chlp; (20).

We will have to await a structural study with higher res-
olution to calculate the excitonic coupling within the special
pair with greater precision. The value of 150 cm ™, inferred
from refitting the D1-D2-cyth559 spectra, can only be un-
derstood by including a Dexter type exchange contribution,
which, however, depends critically on the positions of the
atoms. Applying a point dipole approximation also leads to a
large excitonic coupling, but such an approximation is not
valid for the small interpigment distance in this case, as
shown in our TrEsp calculations (see Table 1). There is
currently no direct experimental measure of the value of the
excitonic coupling in the special pair. The high energy ex-
citon component has a rather small oscillator strength and
therefore is not easy to detect. Inspection of the calculated
PZso Qi - Peso Q4 spectra in the lower part of Fig. 5 reveals a
small positive band at ~662 nm. A similar band is found in
the experiment on the wild-type complexes in the upper part
of this figure at 665 nm and may reflect the electrochromi-
cally shifted monomer band of Py, that becomes visible upon
oxidation of Pp;. To resolve this band more clearly, experi-
ments with polarized light on oriented samples will be per-
formed. Direct extraction of the excitonic coupling from the
relative positions of the monomer and exciton bands will still
be difficult, since in a dimer of closely packed chlorophylls
like Pp; and Pp,, in addition to the excitonic coupling, the
shift of the monomer and exciton energies by the charge
density and dispersive coupling, and by mixing with charge
transfer states, has to be taken into account.

A higher resolution structural study might also help to
identify the charge transfer states and their influence on the
excited state properties. From nonconventional Stark spectra
it was suggested that the low energy exciton state is mixed
with a charge transfer state (44). Experimental evidence at
cryogenic temperatures, indicating that charge separation
occurs upon long wavelength excitation (8), could also reflect
a low-lying CT state. In our calculations we find indirect
evidence regarding CT states from the fact that two site en-
ergies (Chlp, and Pp;) change with temperature. This change
could reflect a temperature-dependent dephasing of the
quantum mechanic mixing of an exciton and a CT state (45).

Identification of functional states at
physiological temperatures

We have provided independent evidence that at low tem-
peratures the lowest excited state is localized at Chlp, (Fig.
4), that the hole is stabilized at Pp; (Fig. 2) and that the triplet
is localized at Chlp; (bottom panel of Figs. 1 and 3). These
conclusions agree with those inferred earlier from mutant
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spectra (19) measured at 5 K. We have recently presented
evidence (18) that, if Pp; were the primary electron donor at
low temperature, that there would be a much stronger tem-
perature dependence of the primary electron transfer rate than
has been detected in D1-D2-cyth559 reaction centers (46—
48). As in core complexes, the site energy of Chlp, is even
more red-shifted, the mechanism of primary charge separa-
tion at low temperature remains the same: The excitation
energy is funneled to Chlp; forming the state P* = Chlp;*
and charge separation leads to the primary radical pair
Chly, Pheop, , after which the hole is stabilized at Pp;, where
the state Py, = Pp, is formed.

The situation is more complicated at physiological tem-
peratures. The calculations of the temperature dependence of
the difference spectra in Fig. 8 suggest that the identity of the
state Py, = P, is the same at all temperatures. This finding
is in agreement with pulsed EPR studies by Zech et al. (49),
which determined a distance of 27.4 + 0.3 A between the
negative charge on Q, and the positive charge on Pgg,. Given
this distance, one cannot conclude whether the cation resides
on Pp; or Pp,. However, cation localization on Chlp; or
Chlp, can be excluded as can a distribution of the cationic
state over all four Chls.

To describe the temperature dependence of the spectra in
Fig. 8, it was necessary to assume 1), an increase of the di-
electric constant €.¢ from about 2 to 8 as the temperature is
increased from below to above 170 K; and 2), a shift of the
site energies of Pp; and Chlp, around this temperature.

The internal dielectric constant of proteins reflects, on the
one hand, the possible degree of orientation of its polar side
chains and its amide backbone dipoles in response to an
electric field. In addition to this orientational polarization
there is the polarization of electron clouds often termed €.,
since it remains the only contribution if the frequency of the
field is very high. The value €., is given by the square of
the refractive index. For typical organic solvents, €., ~ 2. The
orientational polarization of a polar solvent is influenced by
the temperature. Below the glass transition temperature at
~200 K (50) the orientational degrees of freedom are frozen
out, causing a sudden drop of the dielectric constant around
this temperature (51). Such a transition is also expected in
proteins (50,52-57), explaining the low value of 2-3 for €.
at low temperatures inferred in this study.

Information about conformational protein dynamics at
different temperatures (55,56) was obtained from measure-
ments and calculations on a charge recombination reaction in
bacterial reaction centers, occurring in the 100-ms time range.
Below the glass transition temperature, the restricted confor-
mational motion led to a wide distribution of electron transfer
rates that became much narrower above this temperature.
Below 100 K, no change of the distribution was found, in-
dicating that the conformational dynamics of the protein does
not change further below 100 K. In our calculations we find a
slight increase of €.¢; from 2 at 25 K to 3 at 77 K. This increase
could reflect a thermal-activated barrier crossing in the rugged
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landscape of the protein, as detected by monitoring spectral
diffusion in hole burning (58) and photon echo (59) experi-
ments at cryogenic temperatures. On the other hand, using
€.¢r = 2 in the calculation of the 77 K spectrum in Fig. 8 still
describes the experiment qualitatively (as shown in the sup-
porting information). Therefore, our evidence for an increase
of €4 at <100 K is much weaker than for the €.¢ = 8 at 300
K. Without the latter, the room temperature spectra could not
even be qualitatively described.

Whereas the free rotation of polar solvent molecules re-
sults in large values for the dielectric constant at ambient
temperatures, as in liquid water (e = 80), in a protein, the
polar side chains and the amide backbone cannot rotate freely
but are constrained by intramolecular forces. These con-
straints and the smaller density of polar groups lead to a much
smaller high-temperature dielectric constant of proteins. The
value €.¢ = 8 obtained from our calculation of the room
temperature spectra is practically identical with the €. = 7
inferred (60) from electrochromic shift calculations of chlo-
rophylls around the secondary electron acceptor in photo-
system I at room temperature. The same €.; = 8 as in this
study was determined from the electric field strength mea-
sured inside an a-helix in water at 273 K (61).

The inferred temperature dependence of the site energies
of Chlp; and Pp; in Fig. 8 might reflect a mixing of exciton
states with charge transfer states, as noted above. It was more
straightforward to allow for a temperature dependence of the
site energy than to explicitly include the CT states into the
calculation of optical spectra. At present, there is no theory
that can include all three aspects: a dynamic localization of
excited states (45), and lifetime broadening and vibrational
sidebands of exciton transitions (16). Due to the strong cou-
pling of a CT state to the vibrations, a temperature-dependent
localization of the mixed excitonic/CT state can be expected
(45). A first attempt to include a CT state into the calculation of
optical spectra of PS-II reaction centers was provided by
Novoderezhkin et al. (7,9). In this approach, the coupling of
the CT state to the vibrations was assumed to be larger by only
a factor of 1.6 than the exciton-vibrational coupling of an
excited state without CT character and so no dynamic locali-
zation needed to be included. However, this choice of param-
eters seems questionable because of the large permanent
dipole moment of a CT state that should give rise to a much
larger coupling to the protein vibrations of a CT state. A chal-
lenge for future theory development will be to allow for a direct
calculation of the influence of CT states on the position of op-
tical bands of oligomer complexes at different temperatures.

One important difference between low and high tempera-
tures is that the state P* at high temperatures will be formed
not only by the lowest exciton state localized at Chlp,, but the
thermal energy kT is sufficient to substantially populate
higher exciton states, in particular the low energy exciton
state of the special pair and in principle electron transfer
could start from both pigments, Chlp; and Pp;. To quantify
the contributions from the different pigments to P* we as-
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sume, as in our previous model (18), that exciton relaxation
between the six core pigments is fast compared to primary
electron transfer and therefore that the electron transfer rate
constant can be described as

kET = Pr(:q)km*nﬁernf? (3)

where kyn —m+n- 1S the intrinsic rate constant for creation of
the primary radical pair m*n~ and Pr(ﬁ(” is the (quasi) equi-
librium population of the local excited state of pigment m,

P.(Eq) = <Zf(M)|C$4)‘2>du 4
M

Here the Boltzmann factor f(M) = exp{—hwm/kT}/
Y nexp{—hwn/kT} describes the thermal population of
the M™ exciton state, |cfnl\/[)|2 is the quantum mechanical
probability to find pigment m excited in the M™ exciton
state, and (---)4;s denotes an average over static disorder in
site energies.

In Fig. 9 the thermal populations Pr(rfcl> defined above are
shown for two different temperatures. At 5 K practically only
Chlp, contributes to the equilibrated population of exciton
states that represents the state P*. At physiological temper-
ature there is still a 30% contribution by Chly, however the
remaining pigments also contribute significantly. The con-
tribution by Pp; is ~15% and the smallest contributions of
8% is due to Chlpy,.

It is still an open question as to why in the bacterial reac-
tion center the electron transfer starting at the accessory
bacteriochlorophyll is one order-of-magnitude faster than the
one starting at the special pair (10,11). However, from the
nearly perfect overlay of Chlp/Pheop; in PS-II reaction
centers and in the homologous bacterial reaction centers, as
shown in Fig. 10, it is likely that the electron transfer cou-
pling matrix elements in the two reaction centers are similar.
Therefore it seems not unlikely, despite uncertainties of other
factors like the driving force of the process, that, in PS-II,
subpicosecond electron transfer can also occur starting at
Chlp;. The present finding, that at room temperature the
excited state is mostly localized on Chlp, strongly suggests
that this electron transfer pathway dominates in PS-II. From
calculations of the time-dependent fluorescence decay of
PS-II core complexes and comparison with experimental data
(62), we obtained additional evidence for the presence of
ultrafast primary electron transfer (63).

Considering that the electron hole is stabilized at Ppy, it is
likely that this pigment has the highest HOMO level of the
reaction center pigments. Furthermore, from the blue-shifted
transition energy of Ppy, it follows that the LUMO of Pp, is
higher than that of Chlp,. Therefore, an excited electron at
Chlp, is transferred energetically downhill only to Pheop,,
which has a higher oxidation potential (64) and therefore a
lower LUMO. As the accessory chlorophyll in the D2 branch,
Chlp,, contributes mostly to an exciton state at ~668 nm;
even at room temperature, this excited state is only weakly
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FIGURE 9 Equilibrated population of local excited states Pl(sq) (Eq. 4) at
T =5 K (upper part) and T = 300 K (lower part).

populated. This asymmetry in the excited state energies of the
two accessory chlorophylls might be one of the factors that
leads to unidirectional electron transfer in PS-II.

FUNCTIONAL IMPLICATIONS

The particular challenge in the evolution of the oxygenic
photosystems was to find a way to use water as a proton and
electron source. The reduction potential of the O,/2H,0
couple at pH 6 is ~880 mV versus NHE, larger than the
reduction potentials measured for chlorophyll in most sol-
vents. A confluence of factors was therefore necessary to
allow the special-pair chlorophylls and also the accessory
chlorophylls to be substantially more oxidizing than the
potential required for water oxidation. One of these is the
protein environment (65). Another factor is the degree of
delocalization of the cationic state. Whereas the hole is
localized on one of the two special-pair chlorophylls in PS-II
(66), most likely on Pp; according to mutant experiments at
low temperatures (18) and these calculations, it is more de-
localized (67) over both special-pair pigments in the bacterial
reaction center, which does not have as severe constraints as
in PS-II on the reduction potential of the primary donor.

It is interesting to note that although the overall arrange-
ment of pigments is very similar in the two reaction centers,
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Pheoy,,

FIGURE 10 Overlay of accessory (bacterio-) chlorophylls and pheophy-
tins of the electron transfer active branch of PS-II (shaded) and the bacterial
reaction center (solid). The overlay was determined from a minimization of
the mean-square deviation in positions of equivalent atoms of the two
molecules using the program VMD (75).

an important difference is the mutual orientation of the two
special-pair chlorophylls, as seen in Fig. 11. Whereas there is
a remarkable overlay of two rings in the bacterial reaction
center, this -stacking interaction is disrupted in PS-II by an
in-plane tilt of the macrocycle. It is likely that this tilt was
needed to localize the hole state. As noted by Rutherford and
Faller (68), the monomeric nature of the Pgy, state was
probably a key element in the evolution of PS-II that allowed
it to reach a high enough reduction potential to drive the
splitting of water. Another interesting observation is that the
higher the resolution of the crystal structure data of PS-II
became, the smaller the distance got, between the two spe-
cial-pair pigments in the crystallographic models. It seems
that it is a rotation rather than a translation that has localized
the state Pgg,.

The reduction potentials of the reaction center chlorophylls
in PS-II are so high that the usual photoprotection mecha-
nism, i.e., the quenching of the physiologically dangerous
triplet state populations of the chlorophylls by carotenoids
would not work, as the carotenoids would simply be oxidized
by the chlorophylls. Consequently, no carotenoids are found
within van der Waals contact of the four strongly coupled
reaction center chlorophylls in PS-II. An alternative mecha-
nism concerns the quenching of triplets by Q, (69). As
proposed by Noguchi (70) this quenching mechanism might
be the reason why the triplets equilibrate between Pp; and
Chlp,, simply because the triplets at Chlp, can be quenched
efficiently because of its proximity to Q. Nevertheless, the
mean in vivo lifetime of a PS-II reaction center is only ap-
proximately one-half hour at high light intensity (71,72).
During that time the D1-polypeptide is irreversibly damaged
and is subsequently replaced by a new polypeptide. At least
two different possibilities are discussed for the molecular
mechanism behind the photodamage (72). One possibility is
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FIGURE 11 Overlay of the special pair (bacterio-) chlorophylls of PS-II
(shaded) and the bacterial reaction center (solid). The overlay was deter-
mined from a minimization of the mean-square deviation in positions of
equivalent atoms of the two molecules using the same program as in Fig. 10.

an oxidation of pigments (or parts of the protein) by the
highly oxidizing Pg, and a subsequent degradation of the
unstable cationic states. Another possibility (70,72,73) is that
Qa becomes doubly reduced and doubly protonated and
leaves its binding pocket in the protein. Now, the chlorophyll
triplets can no longer be quenched by Q, and their lifetime
increases by two orders of magnitude (69). The chlorophyll
triplets react with triplet oxygen to form the highly reactive
singlet oxygen which damages the D1-protein. In both cases,
the unidirectional electron transfer in photosystem II is of
physiological relevance, because it confines triplet formation
and the creation of oxidizing equivalents to the D1-branch,
thereby limiting photophysical damage to this branch. An
additional mechanism to prevent oxidative damage probably
is the controlled hole transfer from Py, to cyth559 via Carp,
(20) and a subsequent charge recombination with reduced Qg
(74). In addition, based on calculations of excitation energy
and primary electron transfer in PS-II core complexes, we
have proposed that for closed reaction centers the rate con-
stant for primary electron transfer slows down to an extent
that a considerable part of the excitation energy remains in
the antenna and the subsequently formed triplet states of the
Chls are quenched there by the antenna carotenoids (63).
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