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ABSTRACT: Chlorophyll fluorescence decay kinetics in photosynthesis are dependent on processes of
excitation energy transfer, charge separation, and electron transfer in photosystem Il (PSIl). The
interpretation of fluorescence decay kinetics and their accurate simulation by an appropriate kinetic model
is highly dependent upon assumptions made concerning the homogeneity and activity of PSII preparations.
While relatively simple kinetic models assuming sample heterogeneity have been used to model fluorescence
decay in oxygen-evolving PSII core complexes, more complex models have been applied to the electron
transport impaired but more highly purified BD2—cyt bssg preparations. To gain more insight into the
excited-state dynamics of PSII and to characterize the origins of multicomponent fluorescence decay, we
modeled the emission kinetics of purified highly active His-tagged PSII core complexes with structure-
based kinetic models. The fluorescence decay kinetics of PSII complexes contained a minimum of three
exponential decay componentskatand four components &y. These kinetics were not described well

with the single radical pair energy level model, and the introduction of either static disorder or a dynamic
relaxation of the radical pair energy level was required to simulate the fluorescence decay adequately. An
unreasonably low yield of charge stabilization and wide distribution of energy levels was required for the
static disorder model, and we found the assumption of dynamic relaxation of the primary radical pair to
be more suitable. Comparison modeling of the fluorescence decay kinetics from PSII core complexes and
D1—-D2—cyt bssgreaction centers indicated that the rates of charge separation and relaxation of the radical
pair are likely altered in isolated reaction centers.

Photosystem Il (PSH)is a multicomponent pigment contains approximately 40 Cll molecules per RCE). In
protein complex responsible for catalyzing the light-induced higher plants and green algae PSIl is associated with a
oxidation of water critical to oxygenic photosynthesis. PSII number of different light harvesting polypeptides (LHC II)
is responsible for supplying reductant to the rest of the which bind Chla, Chl b, and carotenoids, and each PSlII
photosynthetic electron transport chain via the reduction of can be associated with 26800 antenna Chl molecules)(
plastoquinone (PQ)1). The minimal structure required for  Light energy absorbed by any Chl associated with PSII
charge separation and limited electron transport from ap- generates an excited state that is ultimately transferred to
propriate artificial electron donors and acceptors consists ofthe primary electron donor in the RC (P680). Within the
the D1 and D2 polypeptides, cytochrornge and the Psbl lifetime of the excited state, charge separation (formation
protein and contains six chlorophyll (Chl) and two pheo- of the primary radical pair P680and Pheo) and charge
phytin (Pheo) molecule2¢4). The light harvesting capabil-  stabilization (reduction of the primary quinone electron
ity of PSII is increased by the association of antenna Chl acceptor, Q) occur with greater than 90% efficiencg)(
complexes with the reaction center chromophores. The PSII ¢ i widely accepted that charge separation in PSII occurs
core complex, capable of water oxidation and quinone ¢om 4 dynamic equilibrium between the primary radical pair
reduction, contains the DID2—Cyt bssoreaction center, o 54 chiorophyll excited states (for review see 8f The
Chl binding polypeptides (CP43 and CP47), and several Iow o6 sjple radical pair (RRP) kinetic model, first introduced
molecular mass subum_ts assomatgd with the oxygen—evolvmgby Schatz et al.10), was successfully used to simulate the
complex g). This functionally active core complex of PSIl - gi,orescence decay kinetics of PSII particles from cyano-
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Although the observed decay kinetics were not strictly kinetics and the latter from sample heterogeneity. There is
biphasic, the assumption of some degree of sample heteroimuch evidence for PSII heterogeneity in higher plants. The
geneity allowed the RRP model to provide a reasonably goodfluorescence decay kinetics of PSIl core complexes from
explanation of the experimental fluorescence decay from higher plants 21), PSll-enriched membrane particles from
samples at both the minimal fluorescence le¥) @ssoci- higher plantsZ2), and thylakoid membrane3) are always
ated with open reaction centers (oxidized,)Qand the more complex than the two-exponential decay assumed by
maximal fluorescence levelFf) associated with closed the original RRP model2, 23). Interpretation of the decay
reaction centers (reduced\]Q kinetics in these systems is also complicated by the hetero-

D1—-D2—cyt bssg reaction center complexes have fewer geneous organization of the peripheral PSII antenna and
antenna Chl per reaction center and through more extensivecontributions from PSI. It is thus extremely difficult to
purification procedures are likely to be more homogeneous distinguish between sample heterogeneity, PSII heterogene-
than PSII core particles from cyanobacteria. Interestingly, ity, and the potential multiphasic trapping of excitation by a
these reaction center complexes were found to display moresingle PSII reaction center. It is clear that multiple factors
complex multiphasic fluorescence decay kinetics than PSII could easily be contributing to the complex decay kinetics
particles from cyanobacterial2—14). Chromophore het-  observed in these systems. To simplify analysis, most earlier
erogeneity arising from loss of pigments or pigment photo- studies chose to apply the original single energy level RRP
degradation may be responsible; however, similar complex model and assume heterogeneous populations of PSIl in the
kinetics are observed in bacterial reaction cent&b 16). sample 21—-23). However, inspection of the data from these
The original RRP model cannot simulate these complex studies shows that this assumption only worked if the
kinetics without the assumption of highly heterogeneous contribution of extra decay components-&% of the total
samples. decay in both the open and closed states of reaction centers)

The original RRP model assumes one value for the free was assigned to uncoupled chlorophylls and excluded from
energy difference for radical pair formatioAGgp). More the analysis. This approach was reasonable as the heteroge-
complex versions have assumed that samples contain aneous nature of the samples at this time did not allow an
population of centers which have a static distributioh&zp unambiguous assignment of the minor components.
that have been suggested to give rise to the multiphasic what are the origins of multiphasic fluorescence decay
excited-state dynamics observed in both bacterial reactionkinetics in PSIl and how do they relate to the excited-state
centers {5, 16) and DI-D2—cyt bssy complexes 17, 18). dynamics? In the present work, we address this question by
However, extensive kinetic analysis of the fluorescence an analysis of fluorescence decay data from His-tagged PSII
decays of isolated D1D2—cyt bsse reaction centers (mea-  core preparations using a kinetic model which assumes a
sured with different combinations of excitation and emission radical pair characterized by either a single energy level, a
wavelength) confirmed that the assumption of a distribution static distribution of energy levels, or a dynamic energy level.
of AGgrp was insufficient to describe the whole kinetic \we also apply a heterogeneous model that assumes two
fluorescence data surface9. Again, a distinct kinetically  populations of reaction centers, each characterized by a
heterogeneous population of PSII had to be invoked to radical pair with a single energy level and its own charac-
simulate the decay data adequately. teristic set of rate constants. The current work has two

An alternative explanation for the observation of multi- = significant advances over previous studies. The first is the
exponential fluorescence decay kinetics is that radical pairyse of highly active and stable His-tagged PSIl core
relaxation may be affected by reorganization of the protein preparations with only 40 Chls per reaction center isolated
matrix induced by the formation of the radical pair. Reor- from cyanobacterial mutants with histidine-tagged CP4¥. (
ganization of the protein would be expected to be ac- These preparations exhibit both higher purity (SDS gels) and
companied by a decrease in the energy level of the radicalhigher oxygen evolution activity than previous preparations
pair. Changes in the energy level of the radical pair, which (25). The second is the use of a microscopic kinetic model
occur over the lifetime of the excited state, would increase for excitation energy transfer based on the coordinates of
the complexity of fluorescence decay kinetics. A simulation antenna and reaction center chromopho8) from the
of fluorescence decay that implementedgter theory for  X-ray crystal structure of PSII core complexes from cyano-
excitation transfer, and homogeneous and inhomogeneousacteria 27). This model has previously shown that the
broadening of the pigment spectra, led to the conclusion thatoverall excitation trapping rate in PSll is limited by the rate
a model with several sequential radical pair energy levels is of transfer to the trap, which is in turn sensitive to the spatial
appropriate for the description of multiple-component ex- arrangement of the chromophores in PSi6)(

perimental kinetics20). _ Our results show that the high-purity histidine-tagged PSII
Both sample heterogeneity and changes in the energy levelyq e nreparations are characterized by multicomponent decay
of the radical pair have been used to explain multiexponential \inetics. Simulations of the decay data with the structure-

fluorescence decay kinetics in BD2—Cyt bsso complexes  paseq kinetic model strongly support a model that assumes
(17—20). Surprisingly, fluorescence decay kinetics from PSlI dynamic changes in the energy level of the radical pair.
core particles, including CP43 and CP47, have rarely been

simulated with kinetic models more complex than the original pATERIALS AND METHODS

RRP model with its assumption of one static valueAGre.

Although both DX-D2—cyt bssg complexes and CP43/CP47- Sample PreparatiorHis-tagged PSII core complexes were
containing PSIl core complexes exhibit multiexponential prepared using dodecgtp-maltoside solubilization and Rii
decay kinetics, the origin of complexity in the former has metal affinity chromatography2, 28). This histidine-tagged
most often been assumed to arise from multiphasic trappingPSII preparation has greater purity than previous PSII core
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preparations as judged from the high oxygen evolution HereV is the electronic coupling amdis the reorganization
activity of 2400umol of O,+(mg of Chly *-h~, SDS-PAGE energy. For simulation of the dynamic relaxation of the
data @5), and high variable fluorescence (see Results). radical pair, we used the following model: we assumed that
For fluorescence measurements, samples were dilutedprimary radical pair RPis formed from the excited primary
using a buffer containing 50 mM MefNaOH, 20 mM donor P680* with a rate constakip,. RP, is located lower
CaCh, 5 mM MgCh, 0.3 M sucrose, and 0.03% (w/v) than P680* in energy bxG;, and it relaxes to the next lower
dodecyls-p-maltoside at pH 6.0 to a final Chl concentration energy state RPEach RP state can go back to the previous
of 4 uM. state with a rate constant that can be calculated from eq 1
Fluorescence Decay Kinetic¥he samples were excited with corresponding values &G; andkgp. The sum of the
at 407 nm (PicoQuant PDL-800B pulsed diode laser) at a rate constants for charge stabilization and other possible
repetition rate of either 2.5 or 5 MHz for states with open nonradiative pathways of the decay of the RP is represented
or closed reaction centers, respectively. The instrumentin our model bykst. At Fo kst is dominated by electron
response function of the system was 59 ps. For measurementgansfer from Pheo to Qa. At Fn there is no charge
with open reaction centers, the samples were circulatedstabilization, and in this cader is dominated by the other
throuch a 1 mmdiameter capillary with a flow rate of about  nonradiative pathways of the decay of the RP such as triplet
10 mL/s. To ensure that all reaction centers were open, theradical pair formation and/or recombination of the radical
samples contained 0.2 mM ferricyanide. The optimal con- pair to the ground state. The values/A®;, krp, andksr at
centration of ferricyanide was determined by titration. It was Fowere obtained from target fitting of the fluorescence decay
found that 60uM was enough to maintain PSII reaction Kkinetics. For simulation of thé-, data kst was set to a
centers at the open state and further addition of ferricyanide minimum value 0.02 ns in accordance with re22. Up to
up to 2 mM did not change the decay kinetics. To ensure five states of RP with decreasing energy were included in
that Q. was fully reduced in experiments with closed reaction the model in a manner similar to that previously done for
centers, the incident light intensity was increased, and 1 mM D1—D2—cyt bssg simulations 20). Data fitting was per-
hydroxylamine was added to remove donor-side limitations. formed on a LINUX PC cluster using the parallel genetic
The fluorescence decay kinetics did not change during thealgorithms library PGAPack.
20 min acquisition time. Decay kinetics were recorded at
seven detection wavelengths between 670 and 700 nm. ThRESULTS
data obtained in two time windows of 10 and 25 ns were  Fluorescence Decay Kinetic®AS obtained from global
analyzed globally to obtain lifetimes and corresponding analysis of the data are shown in Figure 1. Decay components
decay-associated spectra (DAS). of the fluorescence kinetics of His-tagged core complexes
Kinetic Analysis.For modeling the fluorescence decay with open RC, obtained in our study, are very similar to
kinetics of the His-tagged PSII core complexes, we used theprevious data obtained with core complexes from higher
structure-based kinetic model described previouzéy 29). plants (Table 1, data from refl). We found a somewhat
Structure factorsk®/R) in the Faster formula 80) were faster lifetime of the fast decay component, as compared with
calculated from the X-ray PSII coordinate file (PDB ID code PSII particles previously isolated fro8ynechococcud 0)
1ILX) (26). The overlap integrals were evaluated using the with 80 Chls/Rg,. The faster lifetime in this case may be
analytical expression of Shipman and Housngi). (Spectral explained either by a higher trapping rate or by the smaller
assignments were made as described in2@fwith the antenna size of our samples (40 ChigP We found that
exception of the RC chromophores, whose assignment wasthe decay kinetics of active His-tagged PSIl complexes at
modified according to re82. To simulate the RP formation,  F, could not be described with only two components as had
we tested different mechanisms for charge separation. Theoriginally been suggestedll). Residuals resulting from
rate constant for charge recombinatikp was calculated  three- and four-exponential fits to the data are shown in

according to the Boltzmann law: Figure 2. We assign the three decay components with
lifetimes of 0.06, 0.26, and 0.97 ns to the active PSII reaction
k; _ kp exr(— &) @ center complexes. The very small 5 ns component is assigned
c ¢ ks T to uncoupled Chls. Van Mieghem et a21j had previously

observed that the decay By was more complex than the

Here kg is the Boltzmann constanAG is the free energy  two-exponential law. Our data confirm complex fluorescence
difference between P680* and RP, afds the absolute  decay kinetics.

temperature. The static energy level disorder was simulated The decay kinetics of the His-tagged PSII core complexes
by ensemble averaging excited-state decay calculations ove®t Fm also could not be described by only two components.
1000 reaction centers. For each reaction center calculation,The fluorescence decay B, was dominated by a long 3.3
the value of the free energy difference of charge separationns decay component. In earlier studies the major component
(AG) was selected randomly from a Gaussian distribution of PSII fluorescence decay was reported to have a signifi-
with a meanAG and widthT'. To include in simulation the ~ cantly shorter lifetime of only 1:31.5 ns (Table 1), while
effect of the inhomogeneous broadening of the primary @ component with a lifetime of-34 ns was observed as a
radical states, the Marcus nonadiabatic electron transferminor contribution and was attributed to uncoupled chloro-

theory 83) was employed: phylls or (in case of higher plants) to PSlicenters 84—
36). At Fo we observed a very small contribution (1.1%) of

2, 1 —(AG + 1)? uncoupled Chl characterized by a 5.0 ns lifetime and would
Koo = WV 7 TIRT (2) thus expect the same contribution of this component to be
(472RT) present in theF, state. This decay component was not
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Ficure 1: Decay-associated spectra of PSII core particlds @ndF, as calculated from the amplitudes of the four components used in

the global lifetime analysis of the fluorescence decay kinetics.

Table 1: Fluorescence Decay Components Obtained from the Global Lifetime Analysis

71, NS @y, %) 72, NS @y, %) 73, NS @As, %) 74, NS (4, %) Fu/Fo

Fo present study 0.06 (81) 0.26 (14.5) 0.97 (3.4) 5.0 (1.1) 22

Fo data from ref21 0.06 (75) 0.25 (22) 0.68 (3) 3.1(0.2) 5.9

Fo data from refl0 0.08 (72) 0.52 (20) 1.8(8) 35

Fm present study 0.17 (27) 1.15(19) 3.3(47.7) 7.9 (6.3) 22

Fm data from reR21 0.1(32) 0.51 (36) 1.5 (26) 4.9 (6) 5.9

Fm data from reflO 0.22 (44) 1.3 (47) 4.0 (9) 35

Fm data from ref37 0.003 (0.19) 0.021 (57) 0.1(14) >0.1(10)

5 F 4 : reaction centers. The lifetime of this component is very close
o + COMponents to the lifetime of Chla in protein in the absence of any
photochemical trapping.

o Along with the 3.3 ns component, two faster components
g and one slower were required to describe our data satisfac-
05 F_ 3 components torily. The fastest component had a longer lifetime (170 ps)
° 0 P than the fast component of the fluorescence decd&y €60

% 0 ps). If the origin of this component was a small population
S of open reaction centers still present B, it would be

--g -5 expected to have a longer lifetime due to energy transfer
O 5 between monomers in the PSII dimer. However, it is doubtful
- F. 4 components that this component arose from residual open centers as its
% OW*WWMWWMW amplitude was not decreased by increases in the incident light
o intensity, and it is unlikely that such a significant (27%)
O 5 fraction of open reaction centers would be present in samples
= with such a large amount of variable fluorescenegRy =

F ., 3 components

T
25

) )
5.0 75
Time, ns

10.0

Ficure 2: Representative weighted residual plots from three- and
four-component global lifetime analysis of the fluorescence decay
kinetics of PSII core particles & and F,.

22). The relative contribution of this component was also
very reproducible from measurement to measurement. All
four components of the fluorescence decafatvere thus
assigned to PSII.

Kinetic AnalysisTo simulate radical pair formation in the
PSII reaction center, different models for charge separation
(Figure 3) were applied. We tested these models for their
ability to reproduce the experimental data measured for states
with both closed and open reaction centers. Fitting the raw
experimental data with the kinetic models would require a

resolved afF, likely due to the dominating presence of the computationally expensive convolution of the simulated
3.3 and 7.9 ns components, which together made up overdecay kinetics with the IRF at each iteration step. To reduce
50% of the decay. In the present work, the 3.3 ns componentthe CPU load, we avoided the convolution step by first
is clearly part of the excited-state decay in active intact PSIl generating kinetic data from the results of the multiexpo-
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Ficure 3: Different models of the radical pair formation in the
PSII reaction center. (A) One-step formation of the radical pair;
the free energy of charge separativGcs is the same for all RC.
(B) One-step radical pair formation with inhomogeneously broad-
ened radical pair energies. (C) Dynamic relaxation of the radical
pair energy level.

Table 2: Quality of the Data Fit with Different Charge Separation
Models

kinetic model Fo x? Fn x?

simple RRP model with fixedhGgp 3.4 105
heterogeneous RRP model with fixAtgp 2.3
static distribution of the radical pair level 1.85 2.9
sequential radical pair relaxation

two energy levels 4.0 35

four energy levels 3.63 1.16

five energy levels 1.19 1.07

a Global.
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Ficure 4: Small circles represent fluorescence decay kinetics at
Fm generated from the result of the multiexponential fit to the

experimental decay kinetics at 685 nm with an appropriate level
of noise added. Solid lines are the result of kinetic modeling using
models with a fixedAGgp (A), a static distribution oAGgp (B),

and a dynamic relaxation of the radical pair energy level (C).

Table 3: Parameters of Radical Pair Formation Obtained from the
Model Using a Distribution of Radical Pair Energy Levels

¥ Vem?d) Aem?) AG(em?Y) T(em?) kst(ns?)

Fm
Fo

2.9 25 455 —1900 2000 0.02
1.85 100 1645 —400 900 2.6

model, taking advantage of the fact that the same relative
contribution from the two different kinds of PSII should be

nential fits to the experimental decay kinetics at 685 nm and present at bothF, and F,, states. We could not fit the
adding an appropriate level of noise. These synthetic dataexperimental data with this model in a satisfactory way

were then used for fitting with different kinetic models. The
first 5 ps of the decay kinetics, containing contribution from
the exciton equilibration within pigmenrtprotein complexes,
was not included in analysis of the His-tagged PSII data.
The ability of different models to describe the experimental
data was judged from thg? values from the fits and is
summarized in Table 2.

Simple Reaction Center Model with a Single Radical Pair
and Fixed Radical Pair Energy Lel. Results of our

(Table 2,x? = 2.3). Not only was the fit quality poor, but
all solutions found by the fitting routine for thié,, decay
required the use of a very larger (>1.5 ns?t) for a
significant fraction &40%) of reaction centers.

Electron Transfer Model with a Static Distribution of the
Radical Pair Energy Leel. In a second step, we adapted
the single radical pair model with fixeAGgp to include
energetic disorder of the radical pair energy level. Such
disorder is a common feature, observed for chromophores

measurements clearly show that the fluorescence decayembedded in protein matrices. It is expected to arise from
kinetics are more complex than two exponential for samples the differences in the local protein environment of the
with both open and closed reaction centers. We tested thechromophores of the primary radical pair.

ability of a simple reaction center model with a single radical
pair and fixedAGgp to fit the data when employed along
with the microscopic excited-state transfer model. In this

The fitting parameters used with this model were the
electronic couplingV, the free energy difference between
P680* and RPAG, and the reorganization energysee eq

case, the following fitting parameters were used: the rate 2). The quality of the fit with this model was significantly

constants for charge separatidipd), charge stabilization

improved) but still not satisfactory to describg, data

(ks7), and the free energy difference between P680* and the (Figure 4). The parameters for radical pair formation obtained

radical pairAG.

from the model with a distribution of radical pair energy

When this charge separation scheme was applied with thelevels are summarized in Table 3. The quantum yield of Q
structure-based excited-state transfer model, it was not ablereduction calculated with the best fit parameters of this model
to generate a satisfactory description of the experimentalwas only 30%.

decay kinetics (very poor fit quality with this model of both
Fo andF,, data; see Table 2).
To account for possible sample heterogeneity in our His-

Electron Transfer Model with a Dynamic Relaxation of
the Radical PairModels assuming a dynamic relaxation of
the radical pair are capable of describing multiexponential

tagged core complexes, we also applied a version of thisdecays. The origin of the complex decay kinetics can be
model which considered two different PSII populations. We understood for this case as follows: the fast decay component
performed a global analysis @, and F,, data with this represents excitation loss due to initial charge separation,



Kinetic Modeling of PSII Biochemistry, Vol. 41, No. 40, 20022241

05 05 from PSII core complexes have been observed in previous
S 3 studies but were assumed to arise from sample heterogeneity.
0{ 0_4_"-._ 04 ° Even though it had been suggested that heterogeneity of the
g i RP4 g sample with respect to the primary photochemical reactions
T 3 ‘g was responsible for the complex decay kineti2g)( no
2 031 % 0.3 g attempts to analyze the nature of the multiexponential decay
3 RPTS £ of PSII core complexes with kinetic models have been made.
= 02 Lo2 .E Our present study has done this with data from highly active
o 5 His-tagged PSII core complexes and X-ray structure based
:‘_3 o1l RP2 o I kinetic models.
T . T An interesting finding of our present study was that PSII
ha RP3 SS—— ] w fluorescence decay &, was significantly slower than
0.0 . . . T 0.0 previously observed in other PSII preparations. Asi®
0 2 4 6 8 10 reduced af,, no charge stabilization is possible, and the
Time, ns slow component of fluorescence decay in closed centers
FIGURE 5: Representative time dependencies of the population of would be expected to approach the intrinsic fluorescence
the four radical pair states obtained from the best fit offhelecay lifetime of Chl in protein (about 3 ns). This fits quite well

kinetics using the sequential RP relaxation model with four RP \ith the 3.3 ns component dominating dt; data. However
energy levels (solid lines) and the excited-state decay kinetics of th . . : y
: . e Fm decay in previous work has been characterized by a
His-tagged PSII core complexes (dashed line). m L
9 P ( ) 1.0-1.5 ns decay component. These shorter lifetimes were

when the primary (unrelaxed) RP is not yet populated. When gxplained in previous kinetic models by assuming an increase

a sufficient amount of the primary RP is formed, the excited in the rate of radiationless decay of the radical pair (by a

state will become repopulated from recombination of this fﬁctor.of 2 olr 3) aLF”‘ 'aslcompared .'[(Fo.f(?"?]'. Hor\1/vever, d
unrelaxed RP. If only one radical pair level exists, the radical (€€ IS no clear physical reason to justify this change, an

pair will decay exponentially, giving rise to the slower our current data and model do not require this assumption.

excited-state decay component. However, when several W& have applied a structure-based kinetic model for
sequentially relaxing radical pair states are present, each ofeXcitation energy transfer coupled to a number of.dlfferent
the subsequent RP states will repopulate the previous statgCeémes of charge separation for the analysis of the
via back-reactions leading to a progressive deviation of the fluorescence decay kinetics at bdig and P levels. We
decay of the first unrelaxed RP and the recombinational found that a single radical paur 'T“Ode' W'Fh fixdsep falled
excited-state decay component from a single-exponential law.!© reproduce the decay kinetics of His-tagged PSII core
The excited-state decay will thus ultimately depend on the SOMPIexes with either open or closed reaction centers. This
dynamic equilibrium between all possible radical pair states, 'S I @ccord with previous observations that the original RRP
The representative time dependencies of population of theMPdel with fixed AGre fails to reproduce the antenna size

four radical pair states and the excited state are shown fordependence of the trapping of excitation by closed PSlI
Fm in Figure 5. reaction centers3().

A model with only two sequential radical pairs was not We cannot exclude that some sort of heterogeneity exists

sufficient to describe the data. The best fits for this case were'" Hl_s-_tagged_ PSll core complexes. We b_ell_eve, howeyer,
characterized by? values of 4.0 and 35.0 for tH& andFn that it is not likely that sample heterogeneity is responsible

states, respectively (Table 2). Four sequential radical pairs{ﬁ;tm duétsle)i(tgciﬂgnrfilalhgfcﬁryitklgrfggitiaturc:fwlitis?trgun:jnéolrse
were also insufficient to fit the data (Table 2). With five m | xp m ?dtp . zi Iy st diyd PSI| rgg ration
sequential radical pair energy levels, the quality of the fit complexes compared to previously studie preparations

was greatly improved compared to the model with the static (11, 22), there is no indication that the decay kinetics of His-

distribution or models with fewer sequential radical pairs. ;a;?egnidtezsItloC(f?;:eoﬁ?mdpakta;evsvit?]retvxll?)ssdi?f(()arrgalte)i. V(\g/: g}l(so
We also applied this sequential relaxation model to the P yp

analysis of fluorescence decay kinetics of-E12—cyt bssg hgteljlc;%; r:]eg;l;g'r;?; moli(\ellsl:s O;?;%Eg ﬁﬁg:naesdsﬁr;;:;f\?\;gn
complexes taken from the literatur&7j. Parameters arising bop gy '

from all decay simulations generated with this model are Efggtg?]?gl?\tjlgi?:éreg‘cphg?:rr%(ggglzsevc\i/azyaﬁeogn dzztzglf);tﬁe
compiled in Table 4. :

i . . experimental decay kinetics in a satisfactory manner.
The quantum yield of @ reductlon calculated with the Our simulations show that models with a static distribution
best parameter values for this model was 98%. Thus, as

s : .—~or a dynamic relaxation of the radical pair are both able to
opposed to the static disorder model, the dynamic relaxatlondescribe the measured fluorescence decay kineties &he
model was capable of describing multiexponential decays y

" : . : static energy disorder model, however, is not acceptable for
and predicting a high yield of Qreduction. the description of charge separation in PSIl for several
reasons:
DISCUSSION (i) The distribution of the RP energy level has to be
We found that the fluorescence decay kinetics of His- unrealistically broad with a half-width of about 2000 ch
tagged PSIl core complexes with both open and closedatF, or 900 cm™* at Fq to reproduce the experimental data.
reaction centers are multiphasic. We assigned the multiphasicThe width of the distribution is significantly broader than
decays to active PSII reaction centers and fit them with the experimentally determined width of the radical pair
different kinetic models. Multiphasic fluorescence decays P680 Pheo transient absorption spectrum (210 ng38)
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Table 4: Parameters of Radical Pair Formation Obtained from the Model Using Sequential Radical Pair Relaxation

PSII coreFq PSII core Fn, D1-D2 RC
kep (NsY)  AGi(cm™)  AG (meV) krp(ns?) AG (cm™?) AG (meV) kep(ns?) AG(cm™)  AGi(meV)
P680*—RP, 7400 —464 —58 11.7 —242 —30 80 —540 —67
RP—RP, 1200 —-91 —-11 0.97 —210 —26 0.6 —241 —30
RP,—RP; 1090 —26 —-3.2 0.77 —224 —28 1.5 —-97 —12
RP;—RP, 252 —179 —22 0.63 —272 —34 2.8 —374 —46
RP,—RPs 4.6 —585 —-73 8.2 —312 -39 3.1 —210 —26
total —-167 —157 —181

aData from ref37.

or the inhomogeneous broadening of P680 absorption bandseparation, but without Q present there is no charge
(100 cnTY) (20). stabilization reaction. In the absence of added electron
(ii) The most important reason for rejection of this model acceptors the charge-separated state will thus either recom-
is that it is unable to predict a high quantum yield fox Q bine or relax nonradiatively, similar to PSII core complexes
reduction. Even for reaction centers with radical pair energy at Fn. If primary charge separation is not affected by the
levels at the peak of the distribution, the yield of @duction isolation procedure, the same model with some insignificant
was only 65%. After averaging over the whole distribution, changes of parameters (presumably only changde©f
the yield of Q reduction was only approximately 30%. would be sufficient to describe the kinetics of both types of
These numbers are in contradiction with the experimentally PSII preparations. It is expected that the rate of charge
observable quantum yield of more than 958. ( separation would be higher in BD2—cyt bssg complexes
A similar reaction center model with two distributed due to the absence of the electrostatic repulsion betwgen Q
radical pairs was previously applied to describe antenna-and Pheo, and the radical pair relaxation rate could be
size dependence of the fluorescence yield in PSII particlesretarded as well. Results of the modeling are shown in Table
of varying antenna size37). The model was only applied 4. Our kinetic simulations revealed that is a factor of 8
to analysis of data acquired with closed reaction cenfggs ( higher in D1-D2—cyt bsse than in His-tagged PSII core
and broad distributions of the radical pair states were requiredcomplexes af,. This value of the charge separation rate,
to describe the data. Results of our simulations show that if however, is still about 2 orders of magnitude smaller than
such broad distributions of the radical pair energy levels the rate of charge separation determined for the His-tagged
existed in open reaction centers, the PSIl quantum yield PSIlI core complexes at thE, state, indicating that this
would be very low. Despite the fact that the static energy process in isolated DiD2—cyt bsso complexes is signifi-
disorder model with two distributed RP states describes cantly retarded. Recent assignment of the @sorbance
energy trapping in a variety of PSII preparations correctly, bands of intact photosystem Il chromophores revealed
its application is obviously limited to closed reaction centers. significant shifts of energy levels of the RC chromophores
Along with energetic disorder, dynamic relaxation pro- in D1—D2—cytbssocomplexes compared to intact PSII core
cesses are involved in electron transfd, 0). An unrelaxed complexes §2). The present analysis shows that not only
radical pair is thought to be formed as a product of charge are energy levels affected by the isolation procedure but the
separation. Then relaxation of this radical pair takes place rates of charge separation and relaxation of the radical pair
via a series of small downhill steps involving charge-induced as well.
movements of chromophores, side chains of amino acids, Most recent work on the D2D2—cyt bsso complexes has
and/or other changes in the protein conformation. Such measured multiphasic decays and assumed homogeneous
relaxation is important for quickly lowering the radical pair samples with multiphasic trapping kinetics as the source. In
energy level, which makes the reverse reaction much slowerthis study we have shown that a similar approach could be
than the forward and thus contributes to the high overall applied to the larger PSII core preparations, especially ones
efficiency of photochemistry. with such high purity and high activity. The one assumption,
Using this model, we were able to achieve the best that of a dynamic energy level of the radical pair, was enough
description of the decay kinetics at bdthandF, levels. A to fit both Fo andF, data and explain the different relative
total value forAG of about—157 meV at~ and about-167 contributions of multiphasic decay &b (relatively small)
meV atF, was required to fit the data. Although higher than andF, (relatively large) without invoking any heterogeneity.

the experimentally estimated value of abetit00 meV 39— The results of our study show that both static disorder and
41), it is much closer than the prediction of static disorder dynamic relaxation of the RP may be present, but dynamic
models, as shown in this work and reb. In contrast to  relaxation prevails in open reaction centers when photo-
static disorder models, the dynamic relaxation model was chemistry is active and fast stabilization of the radical pair
able to predict a high yield of Qreduction in addition to s a requirement for high quantum yield.
describing multiexponential fluorescence decay kinetics.
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