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ABSTRACT. We present a systematic study of the effect of antenna size on energy transfer and trapping in
photosystem Il. Time-resolved fluorescence experiments have been used to probe a range of particles
isolated from both higher plants and the cyanobacte@ymechocysti§803. The isolated reaction center
dynamics are represented by a quasi-phenomenological model that fits the extensive time-resolved data
from photosystem Il reaction centers and reaction center mutants. This representation of the photosystem
Il “trapping engine” is found to correctly predict the extent of, and time scale for, charge separation in a
range of photosystem Il particles of varying antenna size2@ chlorins). This work shows that the
presence of the shallow trap and slow charge separation kinetics, observed in isolated D1ib&dcyt
reaction centers, are indeed retained in larger particles and that these properties are reflected in the trapping
dynamics of all larger photosystem Il preparations. A shallow equilibrium between the antennae and
reaction center in photosystem Il will certainly facilitate regulation via nonphotochemical quenching, and
one possible interpretation of these findings is therefore that photosystem Il is optimized for regulation
rather than for efficiency.

The light-driven reactions that take place in photosystem Exciton states of Multimer
Il culminate with the splitting of water to release oxygen oo | Toverom |
(for a review see ret). Photosystem Il contains the redox- T i pesecons g
active reaction center comprising the D1 and D2 proteins Relatively slow cauliraton
and thea. and 8 subunits of the cytochromb559. These . C-10p5) Y ,
proteins support six chlorophydlmolecules, two pheophytin @ i e ]
a molecules, twg carotenes, and one cytochroiiEb9 2,
3). In higher plants, approximately 250 molecules of Multphasic radical
chlorophyll surround the reaction center; they function as e
antenna by absorbing photons and allowing their transfer to Tobes ot

the reaction center. The reaction center itself comprises arGuRe 1 Summary of the energy equilibration and primary
weakly coupled multimer of four chlorophyll and two  gjectron transfer processes in the isolated photosystem I reaction
pheophytin moleculesy. Following the excitation of these  center. Subpicosecond energy transfer within thgrRultimer and
pigments by light, a charge separation reaction takes place slower energy transfer from the peripheral chlorophylls ¢caihd
leading to the formation of the primary radical paigsd® Chlpy are included. Both of the 678676 nm states shown are

. assumed to be 2-fold degenerate. An indication of the multiexpo-
Pheo (5). Secondary charge transfer reactions then occur nential nature of radical pair formation is also given, with values

to the plastoquinones (Qand @), resulting in Bso" Qa” of the lifetimes (and amplitudes in parentheses) as found irgefs
and subsequentlysi"™ Qg™ formation (). Figure 1 quali- 9, and17.

tatively summarizes pictorially the energy equilibration and
primary electron transfer processes that take place in thereview see refld). Under certain conditions quenching

photosystem 1l reaction center. This picture has been centers in the antenna are formed. These protect the reaction

constructed from a number of our studies made over the past o o .
decade 4, 6—11). center by dissipating excess excitation energy in a process

Photosystem Il is surprisingly sensitive to photoinduced known as nonphotochemical quenching. This process must

damage 12 and has adopted a number of regulatory compete with energy transfer and trapping by the reaction

mechanisms in response to environmental stresses (for Lenterin order to be effective. A predictive model of energy

transfer and trapping in photosystem Il is therefore funda-
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One way to study energy transfer and trapping is to break predicts the trapping behavior in photosystem Il as a function
down the photosystem Il complex into smaller components. of antenna size in the absence of secondary electron transfer.
The smallest charge separating unit that can be isolated from
photosystem 11(14, 15) is the D1/D2/cytochromen559 MATERIALS AND METHODS
reaction center itself, which loses its secondary electron
acceptors (quinones) during the isolation procedure. More-
over, as the isolated reaction center does not contain antenn
complexes, the radical pairs formed by charge separation are,

more easily identified by transient absorption spectroscopy, otene:1 cytochrom&559 @, 3). For optical spectroscopy

as are the roles of the individual pigments/states. Work on the samples were resuspended in a buffer containing 20 mM
the isolated reaction center has enabled an understanding i< _Tyris 20 mM NaCl. 10 mM MgG6H,0, and 1.5 mM

be gained of the subpicosecond equilibration of the excitation
energy within the majority of the reaction center chlorins
(6, 11) as well as the slow energy transfer from the peripheral
c_hlorophylls 10, 16). The primary chgrge separation reac- gqateq  from spinach with modifications described by
tions have also been extensively studied and have been foung,, 1 amer and co-workers89). After being washed with

to e>_<h|b|t multiexponential kinetics with lifetimes (and 50 mM Tris-HCI. the BBYs were solubilized, and the
amplitudes) of 3 ps (0.19), 21 ps (0.57), 100 ps (0.14), and monomer and dimer CP47 complexes were isolated and

=100 ps (0.10)8, 9, 17). [Similar data were obtained by  cparacterized as described#( 35). It should be noted that
other groupg18-21) ] the monomeric complexes do not bind functional. or
Studies on isolated photosystem Il reaction centers havethe experiments described in this paper, the samples were
also highlighted significant mechanistic differences between resuspended in a buffer containing 20 mM Bis-Tris, 20 mM
the photosynthetic reaction centers from purple bacteria andNaCl, 10 mM MgC}-6H,0, and 1.5 mMn-dodecyl 3-b-
photosystem Il. The radical pair free energy in both systems maltoside at pH 6.5.
is time dependent; however, at any given time the free energy Dimeric CP43 CP47 reaction center complexes were
gap in the bacterial system is found to be larger than in jsolated from oxygen-evolving photosystem Il cores (OctGlc
photosystem II. For example, the photosystem Il reaction cores) as describe®§) and were stored at 77 K. In the
center has a primary radical paigF Pheo which is~100 optical experiments described here, the samples were diluted
meV below the singlet states (on nanosecond time scales ain a buffer containing 0.3 M sucrose, 25 mM MES, 10 mM
277 K) (22, 23), whereasRhodobacter sphaeroiddsas a MgCl,, 10 mM NaCl, 5 mM CaG} and 1.5 mMn-dodecyl
free energy gap of+250 meV in quinone depleted and p-p-maltoside at pH 6.5.
reduced reaction centers at these t“’T%QG) The Sma” The PS IFLHC 1l Supercore Comp|exes were prepared
energy gaps that drive the photochemistry in photosystempy solubilization of BBY-type PS Il membrane fragments
Il reaction centers lead to the formation of shallow equilib- with 20 mM dodecyl maltoside and sucrose gradient
rium between the radical pair states and singlet st&@s (  centrifugation as described previousl$7(. The sucrose
This causes the reaction center kinetics to be highly sensitivegradient containg 1 M glycine-betaine as described in
to genetically modified changes in the redox potential of the Boekema et al.37). The samples were stored at 77 K. For
chlorin anions and cations2§). A microscopic model  experimentation the samples were resuspended in 0.3 M
describing energy transfer in the reaction center has beensycrose, 25 mM MES, 10 mM Mggl10 mM NaCl, 5 mM
shown to be consistent with the measured energy transfercaCy, and 0.03% w/wn-dodecyl-p-maltoside at pH 6.5.
dynamics g9, 30, 31). The oxygen evolving PS || membrane fragments (BBYs)
In this paper we employ a phenomenological model (38), were prepared as described previous$)( For the
describing energy transfer and trapping in the photosystemspectroscopy presented here the samples were resuspended
Il reaction center to explain the antenna size dependence ofin 0.3M Sucrose 25 mM MES, 10 mM Mg&£I110 mM NaCl,
this process in photosystem II. Although this model can and 5 mM Cadl at pH 6.5.
correctly fit both the transient absorption and single photon ~ Manganese-depleted CP43 CP47 photosystem |l core
counting data from isolated photosystem Il reaction center complexes fromSynechocysti6803 mutant and wild type
samples and reaction center mutants, it should not bewere prepared as described in Tang et40).(Samples were
mistaken for a microscopic representation of the reaction desalted and suspended in 50 mM MB$aOH, pH 6.0,
center dynamics, which will be discussed in more detail containing 20 mM CaG] 5 mM MgClh, 25% (w/v) glycerol,
elsewhere. In this paper we present a study of energy transfeand 0.03% dodecyl maltoside. Final concentrations were
and trapping as a function of antenna size. A number of typically 5-10 mg of Chl/mL and were stored at80 °C.
photosystem |l preparations were examined. These rangefFor the experiments described in this paper, samples were
from isolated D1/D2#559 reaction centers containing 8 resuspended in a buffer containing 0.3 M sucrose 25 mM
chlorins to photosystem Il membrane fragments w260 MES, 10 mM MgC}, 10 mM NaCl, 5 mM CaGCl and 1.5
chlorophyll molecules per reaction center. Superficially, it mM n-dodecylS-p-maltoside at pH 6.5.
is not obvious that one can reconcile the slow trapping of Sample preparation was carried out immediately prior to
excitation energy observed in photosystem Il reaction centersthe optical experiments. Samples were diluted, using the
with that reported in more intact membrane particles such buffers described above, mta 1 cni reduced volume
as BBY’s. We show, however, that the phenomenological fluorescence cuvette to give a final concentration-&fug
model that correctly fits the reaction center data quantitatively mL~%. Anaerobic conditions were achieved by the addition

Sample PreparatiorReaction centers were prepared from
ea Pisum satum) chloroplasts as previously describ&a)
nd stored at 77 K. Their pigment stoichiometry was 6
hlorophylla molecules:2 pheophytia molecules:23-car-

n-dodecyl3-p-maltoside at pH 6.5.
Monomeric and dimeric CP47 reaction center complexes
were obtained from BBY-type PS Il membrane fragments
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of 5 mM glucose, 0.1 mg mt! glucose oxidase, and 0.05 1200000 4
mg mL! catalase. The position of the chlorophyl} Rand ]
absorption maximum was used as a monitor of the stability 1000000
of the sample. It was ensured that this peak shifted by less ]
than 1 nm during the course of an experiment. This is 800000 -
indicative of less than 10% activity loss in isolated reaction
center samplesA().

Time-Resaled Single Photon Countinghe time-resolved
single photon counting apparatus has been described in full
detail in ref 22 A mode-locked coherent YAG laser
synchronously pumps a DCM dye laser. The cavity dumped
output has a repetition rate of 5 MHz and an 8 ps pulse 0 ‘
duration. 00 01 02 0.3 04 0.5

The data presented from the isolated D1/D2/b%69 Time (ns)
reaction centers, monomeric and dimeric CP47/D1/D2/cyt Fgure 2: Excited-state decay kinetics for isolated photosystem I
b559 complexes, and the BBY PS Il membrane fragments reaction centers<) and BBY's (- - -). The isolated reaction center
were collected with an instrument response measured to haveinetics were obtained using a combined analysis of transient
a fwhm of 36 ps using a LUDOX scattering solution. The absorption, fluorescence up conversion, and time-resolved single

. . . . photon counting data, allowing resolution of the fast components.
experiments carried out on the dimeric CP43/CP47/D1/D2/ 11,0 BBY fit was obtained from the single photon counting data

cytb559 cores, supercore complexes, andSiieechocystis  alone. This is making a comparison between absolute singlet state
6803 wild-type and D1-His198Ala monomeric CP43 CP47 populations of both of the samples. Also shows)(are the isolated

reaction center complexes used an instrument response fwhnfieaction center exciteq singlet state decay kinetics calculated.from
of 90 ps. The effect of the different instrument response a three-state model with inhomogeneously broadened energies of
functions was tested on isolated D1/D2/&59 samples. the radical pair states (see text for details).

Differences in the multiexponential fits to the data were only ) ) ]
apparent at times earlier than 100 ps. As the work that we  1€st of the Accuracy of the Scaling Methétgure 2 is
present monitors the singlet state population at 150 and 250Shown to give the reader a feel for the accuracy of the use

ps, the different instrument response functions will not affect ©f the dye and reaction center standards as a method of
the results that we discuss. referring the data to an absolute population scale. Fits to the

experimental data obtained from isolated reaction center
samples and PS Il membrane fragments (BBY’s) are
compared in Figure 2. The fit to the reaction center has been
obtained by the combined use of transient absorption and
single photon counting data, which allows the fast compo-
Hents (that could not be resolved using single photon counting
alone) to be included in the fit. The fits to the singlet state
decay kinetics, obtained using single photon counting, from
the largest particle, namely the BBY’s (shown in Figure 2),
are the results that should have the smallest contribution from
. . . ... .. fastcomponents. We find that there is only a 9% discrepancy
The data were analyzed assuming multiexponential kinetics;, ihe value of the singlet state populatiort at 0 between

to allow deconvolution of the instrument response function s eynonential fits to the reaction center and the BBY data,
and as a method of representing the data mathematically. \hich gives confidence in the method used to scale the data

Measurement of Absolute Singlet State PopulatiBasher  presented here. It should be emphasized that measurement
than focusing on a lifetime analysis, all of the data presented of the singlet state populationstat 0 ps has not been used
allows the singlet state populations to be tracked during the as the method of scaling the data. The data at early times
trapping process. A comparison of the singlet state popula- has only been included here to indicate the accuracy of the
tions from samples relies on the precise scaling of each datascaling. The value of 9% should not be taken as a definitive
set by the number of photons absorbed and the photonjeve| of the accuracy of these experiments, as it includes
detection geometry. The optical densities of each samplethe imprecision caused by the finite length of the instrument
were therefore recorded, and changes in laser power andesponse function. Both the precision and accuracy of the
photon number reaching the detection system were alsodata at = 150 and 250 ps (indicated by the arrows on Figure
monitored using dye standards. 2) should be considerably better than that &t O ps.

An absolute scale for the singlet state populations in all  One way of representing the data obtained from all of the
the samples was found by using the isolated reaction centerpreparations is to compare the absolute singlet state popula-
data as a standard. The equilibrium constants and hence théions at a particular time. To make a comparison between
singlet state populations from the reaction center have alreadythe various samples, the effective antenna size of each sample
been established using combined results from transientmust be calculated. For such calculations, a weighting of
absorption and time-resolved fluorescence experiments viachlorophyllb (present in some of the samples) to chlorophyll
a comparison with chlorophydl (22). The use of the reaction  a was taken as 1:6 in order to account for the free energy
center standard enabled the decays from all of the differentdifference between the energies of their respective excited
preparations to be compared on an absolute scale. states (see Table 1).

600000 -

Counts (Scaled)

400000

200000 -

All of the samples were excited using an excitation
wavelength of 620 nm, and all of the emission was collected
to the red of a 640 nm high-pass filter. The incident light
intensity used for each experiment varied but was chosen to
ensure that each sample was fully closed, i.g.pf@reduced
(see Results section). The laser beam spot diameter use
during the experiments was4 mm. Throughout the experi-
ments the samples were chilled t6@ and stirred continu-
ously. The fluorescence decay kinetics did not alter during
the 15 min data acquisition time.
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Table 1: Summary of the Composition of the Samples Studied

no. of Chla no. of Chlb

molecules in molecules in total no. of total no. of

the antenna the antenna chlorins in effective chlorins

sample (per reaction center) (per reaction center) each sample in each sampke

D1/D2/b559 reaction center 8 8
monomeric CP47 D1/DBb59 reaction center %11 18+ 1.1 18
dimeric CP47 D1/D2#559 reaction center 14 2.3 22+ 2.3 22
dimeric CP43 CP47 D1/D2/b559 reaction center core P51 1.09+ 0.03 4159+ 2.13 41
LHC Il supercore complex 724 8.8 23+ 3.6 103.0+ 12.4 84
BBY photosystem Il membrane fragments 168 86+ 3 252+ 6 179
wild-type Synechocysti6803 monomeric CP43 CP47 32+2 40+ 2 40
D1/D2/b559 reaction center complexes
His198AlaSynechocysti8803 monomeric CP43 CP47 32+2 40+ 2 40

D1/D2/b559 reaction center complexes

aThe effective number of chlorins has been calculated as described in Materials and Methods.

e S
RC* < RP1 < RP2 (a)
k. k.
! : 55cem’ C—) @
k, ki y Ki;
Ant*<RC* < RP1 < RP2 (b) O
k.| Koy FiGURE 4: The three-state model assumes electron transfer down
one arm of the reaction center. RP1 representgCi@hl,)~, and
(AntRC)* T: RP1 ::) RP2 © RP2 represents Giff Phegy)~. The electronic couplings calculated
1 2

assuming the same distances between chlorins as found Rpthe
Ficure 3: (a) Kinetic model describing electron transfer in the wiridis structure are also shown.

reaction center. RC* represents the reaction center excited singlet
states; RP1 and RP2 are the radical pair stktasandk,, are the
forward rate constants, ankl.; and k-, are the reverse rate
constants. (b) shows the model adapted to take account of the
presence of antenna. (c) is mathematically equivalent to (b) when
ki + ko > kig + koq.

k+
(Ant" < RC)

k-
ki
k.
AG)

Reaction Center Kinetic Model, a “Trapping Engine” for
Photosystem 1IThe multiphasic nature of the radical pair
formation in the photosystem Il reaction center can be
modeled in a number of ways. Although a fully microscopic
model is required to understand the architecture of the
photosystem |l reaction center itself, understanding the
interaction between antenna size and the reaction center
trapping engine only requires the trapping engine to be
described by a phenomenological model. FiIGURE 5: Illustration of the three-state phenomenological model

Two-state schemes, with an excited singlet state and onewith inhomogeneously broadened radical pair state energies. Ant*
radical pair state, have been discussed previoukly43). and RC* represent the excited states of the antenna and the reaction

: ; enter, respectively, and RP1 and RP2 are radical pair states as
These models fail to reproduce _the antenna size dependencéélescribed in Figure 4AG; is the free energy between the excited
A reaction scheme that consists of at least three stateSginglet states and RP1, ard5, is the free energy between RP1

[excited singlet state RC* and radical pair states RP1 and and RP2.
RP2 (see Figure 3a)] with homogeneous broadening and
which represents electron transfer down the active branchthe reaction center data. Static energy level disorder is
of the reaction center is required. RP1 represents the stateequired to recreate the multiexponential kinetics observed
Chlyy™ Chlg)~, and RP2 represents the radical pair state for primary charge separation in purple bacterial reaction
Chlyy™ Pheqy)~ (see Figure 4). The presence of chlorophyll centers 45, 46) and also in photosystem I8¢, 47). It has
anions in photosystem Il has been demonstrated in experi-been shown previously that a two-state model (excited singlet
ments on site-directed mutants fr@@ynechocystiBCC 6803 state and one radical pair state) which includes static disorder
reaction centers4f) and is believed to play a role in the of the radical pair state energy could not reproduce transient
native higher plant system. The presence of fast intermediateabsorption data from isolated photosystem Il reaction centers
states in charge separation was postulated by Groot et al(48). We find that a three-state model including inhomoge-
(21), but as the intermediates are not directly detectable in neously broadened free energies of the radical pair states
wild-type reaction centers, no supporting evidence was and representing electron transfer in the active arm of
provided. photosystem Il (Figure 5) is able to reproduce the experi-
Any three-state reaction scheme alone would not be mental results from the isolated reaction center &yad-
sufficient to account for the wide range of trapping times in echocystiPCC 6803 reaction center mutants. This model

Kk
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is not meant to suggest any literal physical meaning; rather k_/k;). The effective antenna size must be used in this
it is simply being used as one way of representing the calculation to account for the different excited-state energies
trapping dynamics in the reaction center. It effectively of chlorophylla and chlorophyllb molecules. It is of note
represents a trapping engine, which causes the free energyhat this method of extending the model to include antenna
of the system to drop over time. For example, the charge complexes is equivalent to the scheme shown in Figure 3c,
separation could actually occur in the reverse order to the where the forward raté., may be reduced to account for
labeling of Figure 3. the change in the antenna size. For example, in the mono-
Conventional nonadiabatic electron transfer theory was eric CP47 reaction center the increase of 10 chlorophylls

employed as a way of including the effect of the inhomo- .\, he introduced by reducing the forward rate condtant
geneous broadening of the radical pair states. The dependenc&z) 0.44 of the value used in the reaction center model.
of the rate of electron transfek[;, k-1, ki, k-2 (see Figure

5)] upon the free energy gap between the reactant and prOduchESULTS

(AG; or AGy) is given by eq 149)

12 G )2 We present two sets of independent results, first those
Koy = 2_”\/2( 1 ‘) ( — E)) (1) obtained from a comparative study of the singlet state decay
h 4AkT kinetics on a range of samples to investigate the effect of
whereke is the rate of electron transfet,is the reorganiza- variab!e antenna size on energy transfer and_trapping. We
also discuss a set of calculational results, which are based

tion energy, and/ is the electronic coupling between the o . ) .
two statesAG is the free energy gap between the states onan existing model that can describe the trapping dynamics

[either RC* and RP14G,) or RP1 and RP2AG))]. in the isolated reaction center. The modeled results are not

The static energy level disorder is included in the numer- fits to the experimental data}; rather they are independent of
ical simulations by ensemble averaging the electron transferthem and are based on a fixed set of parameters.
calculations over 1000 reaction centers. For each reaction Time-correlated single photon counting has been used to
center calculation the value of the free energy gdpwas  give an absolute measure of the singlet state population in
selected at random from a Gaussian distribution with a meany|| samples investigated. Rather than focusing on the singlet
[AGOand widthT" = 850 cm! (fwhm). Experimental work
by others 45, 47) has indicated similar values of.
Parameters used in the calculations W&, = 100 cn?,
DG,0= —1300 cm?, andA = 700 cn1?. It should be
emphasized that the state energies are effectively fitting

4 Ak

state lifetimes, we present data that allows a comparison of
the singlet state populations in each of the samples. All data
were therefore scaled for the number of photons absorbed
and put on an absolute scale by comparison with reaction

parameters for the reaction center data but are kept constan enter and dye standards, as discussed in Materials and
in all antenna size modeling. The electronic couplings were ethods.
calculated assuming the same distances between chlorins as Table 1 shows the composition of all of the samples
are found in the structure &hodopseudomonagidis. The studied. The samples were all studied in a closed state. Thus
coupling between Ch} and Chj (v1) = 30 cntt and electron transfer from the primary radical pair ta Gould
between Ch}) and Pheg) (v2) = 55 cn1* (see Figure 4).  not take place. Samples may be closed by prereducing Q
The fit to the experimental data and the results for such to Q,~ with the use of either light50) or chemicals27). In
modeled calculations for the isolated reaction center are the experiments presented here light has been used to close
overlaid in Figure 2. The merits, or otherwise, of this model {he samples. (In the D1/D2/cyE59 isolated reaction centers
and the values of the parameters used are not the subject 0f the monomeric CP47 reaction centers the quinone is lost
this paper but will be discussed in a future publication in the isolation procedure.) To be certain that all of the

;:sot?gi;lasrmrglmhimg amnlncggzmgtc d@s?gr?t:élgielsrsufrgﬁsrfers amples were completely closed, power-dependent studies
L ; gy were performed; an example of one such study is shown in
and trapping in the reaction center may be extended to

explain the antenna size dependence without a change mFlgure 6. The_fluorescence yield reaches a plateau where
parameters. the sample is in a fully closed state. All experiments were

Coupling the Trapping Engine to the Antenna Size carried out in this plateau region (which is antenna size
DependenceThe trapping engine requires coupling to the dependent), ensuring that each of the samples was closed.

antenna to establish if it can reproduce the trapping kinetics We show examples of the experimental data along with
observed in the larger particles. To do this, we assume thatthe multiexponential fits after deconvolution of the instrument
energy transfer between the antenna excited states (Ant)response from three of the samples in Figure 7. This enables
and the reaction center excited singlet states (RC*) is the comparison of data obtained from the isolated reaction

sufficiently fast, such that the antenna pigments are in quasi-center samples, dimeric CP47 RC complexes, and BBY
static equilibrium with the reaction center singlet excited ,embrane fragments.

states. Thu&: + k- > ki1 + k-1 [k+ andk- are the forward ) ) ) _

and reverse rate constants, respectively, between Ant* and Differences in the trapping behavior of the samples are
RC*; ki, andk_; are the forward and reverse rate constants, illustrated by plotting the singlet state population at a given
respectively, between RC* and RP1 (see Figures 3b and 5).Jtime. Panels a and b of Figure 8 show the singlet state
The model is then easily adapted to account for the increasepopulation at 150 and 250 ps, respectively, and compare them
in antenna size by altering the equilibrium constant between to predictions using the reaction center trapping engine model
the antenna and reaction center singlet states (i.e., the ratichown in Figure 5. These values are obtained from fits to
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Ficure 6: Power dependence study for BBY PS Il membrane
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0 : — content for each sample. Populations obtained from the fits to the

00 0. 03 04 of5 016 07 08 09 10 data from higher plant samplee) @re compared with the model
results (- - -). Data fronSynechocysti6803 wild type [J0) and D1-
His198Ala () dimeric CP43 CP47 core complexes are also shown
FIGURE 7: Time-resolved fluorescence daignd multiexponetial for comparison.

fits (—) from isolated D1/D2/cyb559 reaction centers, dimer CP47

D1/D2/cytb559 cores, and BBY PS Il membrane fragments. (The e remainder of this paper addresses the question of
fit to the reaction center data has been obtained with the combined hether the ti d dent lati f sinalet stat .
use of transient absorption data, fluorescence up conversion, andVNetNer the ime-dependent population or singlet states (ie.,

single photon counting. The fits to the other data shown are from energy transfer and trapping) can be predicted from our
single photon counting data alone.) knowledge of the reaction center kinetics.

We have modeled the singlet state decay using a macro-
copic model that consists of three states with inhomoge-
heously broadened energies of the two radical pair states (see
Materials and Methods and Figure 5). This model can
simulate the trapping kinetics observed experimentally from
the isolated photosystem Il reaction center. Without changing
the parameters used in the reaction center model, we have
Oadapted the model to establish if it could reproduce the

antenna size dependence by simply accounting for the effect
tion center has a shifted primary radical paigP Pheo) of the increased number of antenna molecules on the reaction

free energy, relative to the free energy found in reaction center kinetics (see Materials and Methods).

centers isolated fronPisum satium. Mutating the D1- By making this extension to the reaction center model, it
His198 site to D1-His198Ala in these isolated reaction center is possible to calculate the time-dependent concentration of
samples brought th8ynechocystigadical pair free energy  the singlet states in all of the particles studied here. The
closer to that observed in reaction centers fil@nsatbum. results of the modeling can also be compared with the
The experiments that are presented here make the samexperimental data by plotting the [P*] singlet state population
comparison between wild-type and the D1-His198Ala mutant at a time (for example, 150 or 250 ps) against the relative
but in a photosystem Il core preparation with antenna present.antenna size of each of the samples. This comparison is made
Singlet state populations at 150 and 250 ps from thesein Figure 8. It is apparent that such model calculations are
samples are also shown in Figure 8. in excellent agreement with the experimental results.

Time (ns)

the data and have been plotted against the relative antenng
size of each sample as described in the Material and Methods
Populations at early times have not been used in order to
avoid errors due to the finite length of the instrument
response.

Wild-type and D1-His198Ala monomeric CP43 CP47 core
complexes isolated from the cyanobacteBignechocystis
6803 have also been studied. It has been establishe
previously @8) that the wild-typeSynechocysti6803 reac-
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DISCUSSION ki1
(Ant RC)* — RP,
Many previous studies have reported results from a range 1
of different sized photosystem Il particlé®7, 51—66). All , i
of this previous work has focused on a kinetic analysis of Mathematmally the effect of antenna size can be modeled
the decay lifetimes from different preparations rather than 2Y Simply altering the forward rate of electron transker
investigating the absolute singlet state concentrations. It isif @ quasi-static equilibrium between the antenna (Ant*) and
therefore difficult to make a comparison between these the reaction center singlet states (RC*) is assumed (as
studies and the data presented here. The antenna siz&XPlained in Materials and Methods and Figure 3). Assuming
dependence on the trapping kinetics has also been investi-that there is no nonradlf'itlve decax of the singlet states, the
gated in photosystem | particles by comparing the measuredsinglet state concentration at equilibrium [(Ant RC)*] may
lifetimes with the antenna size in a number of sampbsy.(  Pe calculated to be

A three-state model which allows inhomogeneously broad-
ened energies for the two radical pair states has been used [(Ant RC)*] = 1
to describe the multiexponential singlet state decay kinetics (kifk) +1
observed in photosystem Il reaction centers isolated from
P. satvum It is of note that the application of this Thus ask; decreases due to the increase in particle size,
macroscopic model does in no way discount the future usethe +1 term becomes dominant, which results in the
of microscopic models that allows for multiple chlorophyll  curvature observed in both the modeled and experimental
anion and/or cation states, but this level of detail is not data shown in Figure 8.
relevant to the results presented here. It may be, for example,
that charge separation occurs in the reverse order to thatra1
shown here, but this will be discussed in a future publication.
The key features of the reaction center trapping engine that
are of importance for this work are the shallowness of the

traphand the_heterogeneouz ellectron t(rjansfzr klnetlhcs. h from SynechocystiPCC 6830 have raised radical pair free
The reaction center model was adapted to show t eenergies with respect to those foundRn satyum (28). It

antenna size dependence by assuming that there is a AUaS{y5s also found that, when the wild-type reaction center was

static equilibrium between the antenna and the reaction centel iated to His198Ala, the radical pair free energy was

excited states. The antenna size was then simply 'nC|Uded|owered, such that its energy was closer to that foung,in

by accpbl:ntlng Ifotr tthf effectthof lthet mc;easefd r;(gml;er Of. satipumreaction centers. Figure 8 shows that a similar effect
accessible singiet states on the electron ranster KINEUCS, Vig, 5 peen observed in tBynechocystisore data. The singlet

a change in Fhe quasi-static equmpnum constant . state populations at 150 and 250 ps from 8ymechocystis
Some previous workSg, 69) has raised concerns regarding - iq1 9gaja mutant are compared with tSgnechocystisild-

how far the photochemical properties of the remaining :

) T type and higher plant data. These results would suggest that
p:tgmedn.ts n |sola_ted ?1./[?[2/ ?dff? cor?pleﬁe\s/vhavr(]e beﬁn the equilibrium between the excited singlet states and the
aitered in comparnison fo Intact photosystem . We Show here, primary radical pair states is shifted toward the radical pair
however, that the trapping action of the primary radical pair in the His198Ala mutant. This implies that the free energy

e ot e e e g, O (e racical pa s overed wi tespect 0 the wid bpe
9€T 45 observed in the equivalent reaction center mutant experi-

photosystem Il particles, even up to membrane fragmentsmentS
(BBY's). o . o
It has been suggested that energy transfer from the antenna_ !t i notimmediately obvious why a shallow radical pair/
to the reaction center may be rate limiting0( 71). Our singlet state equilibrium and slow charge separation should
results, however, suggest that energy transfer is not the ratePe found in photosystem Il when they are not observed in,
limiting step in the trapping process. As there is no energy for example, purple bacteria. A shallow equilibrium between

()

We have also studied core samples that have had their
dical pair free energies modulated using site-directed
mutagenesis. This has enabled us to establish that changing
the radical pair free energy does indeed have an effect in
larger particles. It is known that wild-type reaction centers

transfer bottleneck in the isolated reaction cented, (L1, the antenna and reaction center in photosystem I will
16), the consistency with larger particles indicates that there facilitate regulation via nonphotochemical quenching. One
is no bottleneck in these samples either. possible interpretation of these findings is that photosystem

There appears to be no major discrepancy between thosdl is optimized for regulation rather than for efficiency.
particles that lack @and those in which Qwas prereduced
by light. It would be surprising, though not impossible, for
Thess observations terefore contrbute some minor evdence, (1) AT inhomogeneaus three:state model can adequatel
that either Q~ becomes protonated under the conditions used describe the trapping dynamics in the isolated photosystem

: Il reaction center and reaction center mutants.
here or that the presence ofyQdoes not affect primary ) . )
charge separation. (2) This representation of the photosystem Il reaction

Both the experimental and the modeled results shown in center succgssfully describes the antenna size erendence
panels a and b of Figure 8 show a distinct curvature in the Of the trapping in a range of photosystem Il particles.
relationship between the singlet state population and particle (3) Slow trapping of excitation energy via the formation
size. The reason for this is most clearly illustrated for the of a shallow primary radical pair statgde Pheo seems to
simple case of a two-state model. Consider the process: be a genuine feature of the bioenergetics of photosystem 1.

CONCLUSIONS
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