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ABSTRACT: The role of the peripheral reaction center chlorophylla molecule associated with His117 of
the D2 polypeptide in photosystem II was investigated inSynechocystissp. PCC 6803 using a combination
of steady state, pump-probe, and picosecond time-resolved fluorescence spectroscopy. Data were obtained
from intact cells and isolated thylakoid membranes of a control mutant and a D2-H117T mutant, both of
which lacked photosystem I. Excitation energy transfer and trapping were investigated by analyzing the
data with a kinetic model that used an exact numerical solution of the Pauli master equation, taking into
account available photosystem II spectral and structural information. The results of our kinetic analysis
revealed the observed difference in excited-state dynamics between the H117T mutant and the control to
be consistent with a retardation of the rate of excitation energy transfer from the peripheral chlorophyll
of D2 (Chl at His117) to the electron-transfer pigments and an increase of the rate constant for charge
recombination in the H117T mutant. The kinetic model was able to account for the experimentally observed
changes in absorption cross section and fluorescence decay kinetics between the control and mutant by
invoking changes in only these two rate constants. The results rule out quenching of excitation by a
chlorophyll cation radical as a mechanism responsible for the lower efficiency of excitation energy utilization
in the H117T mutant. Our work also demonstrates the importance of the chlorophyll associated with
His117 of the D2 protein for excitation energy transfer to the PSII electron-transfer pigments and for the
effective stabilization of the primary radical pair.

Photosystem II (PSII)1 is a membrane-bound multisubunit
pigment-protein complex capable of producing the very high
redox potential required for photochemical water oxidation.
Native PSII is comprised of more than 25 different protein
subunits (1). The light-induced charge separation which
initiates the sequence of electron transport reactions across
the thylakoid membrane occurs in the reaction center of PSII,
which consists of the D1, D2 polypeptides and cytochrome
b-559 (2). The chlorophyll-binding proteins CP47 and CP43
are closely associated with the D1-D2-cyt b559 complex
and are involved in both light harvesting and transfer of
excitation energy from the outer light-harvesting antenna
complexes (LHCII) to the reaction center (3). The D1 and
D2 proteins are structurally and functionally homologous to
the L and M subunits of the reaction center of purple non-
sulfur bacteria (BRC) and have been predicted to hold the
active pigments in a similar configuration (4-6). However,
the chlorophyll composition of the D1-D2-cyt b559 complex
and the BRC is different: the reaction center of PSII binds

six chlorophylls (7-10), while the BRC contains only four
bacteriochlorophylls. It has been speculated by a number of
groups that the histidines (common ligands to chlorophyll)
at positions D1-118 and D2-117 are the binding sites of
these two extra “accessory” chlorophylls in the reaction
centers of PSII(6, 9, 11-13). Later, site-directed mutations
confirmed this assignment and provided evidence that H118
of D1 and H117 of D2 are the axial ligands to accessory
chlorophylls, ChlZ and ChlD correspondingly (14). Substitu-
tion of His with noncoordinating or poorly coordinating
residues at either position decreased photosynthetic compe-
tence and impaired assembly of PSII complexes (14-16).
The mutants that retained photoautotrophic growth had
residues at the D2-117 position that could serve as
chlorophyll ligands. One of these mutants, the mutant with
threonine at the D2-117 position exhibited pronounced
phenotypic changes compared with the wild type: (i) a large
decrease in 77 K fluorescence emission at 695 nm; (ii) a
decrease of variable fluorescence at room temperature; (iii)
a decreased PSII quantum yield (16). Thus, mutation of a
single amino acid in the reaction core of PSII was found to
induce dramatic changes in excited-state dynamics and
electron transport in PSII. On the basis of these findings and
the location of His117 at the periphery of the D1-D2-cyt
b559 complex, Lince and Vermaas (16) suggested that
chlorophyll associated with His117 is important for the
efficient excitation transfer between the proximal antenna
(CP43 and CP47) and the reaction center. They also pointed
out that a decreased efficiency of energy transfer to PSII
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reaction centers in H117T mutants could be ascribed to
quenching of excitations by a chlorophyll cation, possibly
associated with the His117 residue of the D2 protein, which
accumulates in mutants with a higher efficiency than in the
control.

In this paper we present a detailed picosecond time-
resolved fluorescence study of the D2 H117T mutant of
Synechocystissp. PCC 6803 aimed at understanding the
molecular mechanism behind the previously observed changes
in excited-state dynamics in these mutants. The decay-
associated emission spectra obtained from the intact mutant
cells and isolated thylakoid membranes were analyzed with
a kinetic model that utilized an exact numerical solution of
the Pauli master equation and took into account a realistic
structural model of PSII based on the recent electron
crystallographic studies of Barber (17, 18). The results of
our kinetic analysis show that the observed difference in
excited-state dynamics between the H117T mutant and the
control can be explained by a change of the orientation of
the chlorophyll associated with the His117 D2, resulting in
the retardation of the rate of excitation energy transfer from
this chlorophyll to the reaction center core pigments and an
increase of the rate constant for charge recombination in the
PSII reaction center of the H117T mutant.

MATERIALS AND METHODS

Samples.The PSI-less strain and H117T mutant, derived
from this strain, were grown at 30°C in BG-11 medium in
the presence of 15 mM glucose at a light intensity of 5µΕ
m-2 s-1 (16). The thylakoid membranes were prepared from
cells according to the method of Diner et al. (19). Directly
after isolation the samples were frozen in liquid nitrogen and
stored at-80 °C.

Absorption Cross Sections.Pump-probe fluorometry was
used for the determination of relative PSII absorption cross
sections from flash saturation curves of fluorescence as
previously outlined (20) with some modifications. Nonactinic
probe pulses of light were supplied by a blue LED focused
onto a 1 mmdiameter flow cuvette with a circulating sample
(0.7 mL s-1 pumping rate). Actinic pump pulses (300 ps
fwhm), generated by a nitrogen-pumped dye laser (Photon
Technologies International, GL-3300) set at 440, 630, or 655
nm, were delivered 70µs before the probe LED flashes.
Fluorescence was measured at 90° to the direction of the
incident pump-and-probe flashes using a photomultiplier
protected with a 690 nm long pass filter. Each data point
consisted of an average of 30 signals collected at a flash
frequency of 2 Hz. Data were fit with the cumulative Poisson
single-hit probability distribution (21).

Time-ResolVed Fluorescence Measurements.Fluorescence
decay kinetics were measured with the single photon timing
apparatus previously described (22). Excitation was at 664
nm with a repetition rate of 10 MHz. The fwhm of the system
response function was about 80 ps. Fluorescence decays were
recorded for several emission wavelengths at a resolution
of 12 ps/channel, resulting in a total time window of 12 ns.
For F0 measurements thylakoid samples were circulated
through a 1 mmdiameter flow cuvette with a flow rate of
4.2 mL s-1. TheFm state was achieved by addition of DCMU
and illumination of the sample in a small preillumination
chamber for about 400 ms just prior to measurement. In all

experiments with thylakoids, the bulk of data collection was
completed within 15 min of removing samples from ice to
avoid sample destabilization. For the low-temperature mea-
surements the samples were mixed with 1 M sucrose to a
final concentration of about 1µM Chl and were shock frozen
by dipping in liquid nitrogen in a 1 mmcapillary tube.

Global Lifetime Analysis.Our use of global lifetime
analysis as well as its application for quantification of the
PSI, PSII-R, andâ fluorescence decay components has been
outlined previously (22, 23). In the present study we used a
similar approach to analyze the fluorescence decay kinetics
of intact Synechococcuscells and isolated thylakoids.
However, especially with the intact cyanobacteria, we
encountered the nontrivial problem of extracting the PSII
decay components from the fluorescence decay kinetics
obtained in a very congested lifetime-wavelength domain
with strong contributions from phycobilin pigments. To solve
this problem, we extended the range of detection to 640-
730 nm with 15 detection wavelengths to safely cover
emission of all phycobilins and chlorophylls in the system
and applied a simultaneous global analysis of the decay
kinetics recorded at theF0 andFm states. At theF0 state the
fast (τ ∼ 200 ps) decay component contains contributions
from PSII decay, allophycocyanin (APC) decay, and APC-
PSII energy transfer (24, 25), while at theFm state a decay
component with very similar lifetime is dominated by only
the latter two processes (atFm the PSII reaction centers decay
much more slowly). Thus measurements atFm were used to
determine the contribution of the APC decay and APC-
PSII energy transfer to the decay kinetics atF0. An additional
approach utilized decomposition of DAS measured atF0 into
phycobilin and chlorophyll spectral components. The shape
of the PSII-related component was found from the DAS of
the major decay component atFm. The phycobilin emission
spectrum was measured from supernatant obtained in the
course of thylakoid isolation.

Kinetic Modeling.To facilitate the kinetic modeling of
PSII, we first extracted the PSII-associated decay components
from the fluorescence decays at all detection wavelengths
and quenching conditions by doing a global analysis using
a sum of exponential decays. The lifetimes and corresponding
decay-associated spectra (DAS) for the PSII-associated
components were then used as parameters to describe the
fluorescence decay kinetics of PSII alone. This “isolated”
PSII decay was then reproduced with the reversible radical
pair model (RRP), which takes into account reversibility of
primary charge separation and fast establishment of exciton
equilibration in PSII (26). Finally, we introduced a detailed
kinetic model of PSII containing all of the chlorophyll
molecules located within the D1-D2-CP43-CP47 com-
plex. The details of the procedure we used to describe the
excited-state dynamics in this system of chlorophyll mol-
ecules have been described previously (26, 27) and will be
summarized here briefly.

The excited-state migration and trapping in an array of
fluorescing molecules is governed by a system of linear
differential equations. The Pauli master equation describing
a system ofN pigments is given by

dp
dt

) 〈W〉p(t) (1)

14212 Biochemistry, Vol. 39, No. 46, 2000 Vasil’ev and Bruce



wherepi(t) is the probability that moleculei is excited at
time t, vectorp(t) is defined as a set ofN probabilitiespi(t),
and 〈W〉 is anN × N transfer matrix for the system which
contains the energy and electron-transfer rates. This equation
has the solution:

which can be expressed in terms of the matrix elements:

whereλi are the eigenvalues of the rate matrix,xij are the
eigenvector elements corresponding to pigmenti and eigen-
value j, andcj are the constants determined such thatpi(0)
terms are equal to the initial distribution of excitation in the
system. To fit the model kinetics to experimental time-
resolved fluorescence data,pi(t) were obtained from the
numerical solution of eq 1. The calculated fluorescence decay
curves are given then as

wherefi is the emission spectrum of theith pigment.

RESULTS

Variable Fluorescence.In good agreement with the
previous study by Lince and Vermaas (16), H117T cells
showed a decrease of 77 K fluorescence yield at 695 nm
relative to 685 nm (Figure 1). Variable Chla fluorescence
was measured using pulse amplitude modulated (PAM)
fluorometry, and again the same decrease inFm/F0 as
reported earlier (from 2.2 to 1.3) was found (data not shown).
In an attempt to clarify whether the variable fluorescence
from H117T mutants decreased becauseF0 was elevated or
becauseFm was quenched, we performed time-resolved
fluorescence decay measurements. Typical fluorescence
decay kinetics of control and H117T cells for theF0 andFm

states measured at 685 nm are shown in Figure 2. The
fluorescence decays measured atFm were almost identical,
indicating that there was no additional quenching of excita-
tion energy in the H117T mutant. This result does not support
the previously suggested idea that a Chl cation generated in
PSII at Fm is responsible for the decreasedFm/F0 ratio in
the H117T mutant. Furthermore, the fluorescence decay at

F0 was considerably slower in the H117T mutant cells than
in the control cells, indicating that the decreasedFm/F0 ratio
in H117T cells arises from an increase in the amplitude of
F0.

Fluorescence Decay Kinetics.To clarify the origin of the
slower decay atF0 in H117T, we performed a global lifetime
analysis of fluorescence decay kinetics of both PSI and PSI/
PSII-less controls and the H117T mutant. The PSI/PSII-less
cells have previously been characterized as containing
approximately 20% of the Chl found in the PSI-less cells
(16). Fluorescence decay curves were recorded at six
detection wavelengths between 659 and 695 nm for isolated
thylakoids atF0 at room temperature. The fluorescence decay
data were analyzed globally by fitting to a sum of exponential
decays to obtain lifetimes and corresponding DAS.

Two lifetimes (τ1 ) 1.3 ns,A1 ) 62%;τ2 ) 2.1 ns,A2 )
38%) were required to describe the decay kinetics of the
PSI/PSII-less control (ø2 ) 1.08). Both decay components
had similar DAS with maxima around 685 nm, suggesting a
single pool of chlorophyll-containing complexes with a mean
lifetime τmean ) 1.8 ns (data not shown).

Five lifetimes were required to describe the decay curves
of both the PSI-less control and the H117T mutant (Figure
3, ø2 ) 1.1). The shortest lifetime component was assigned
to exciton equilibration within the antenna complexes. The
second and the third decay components (τ2 ) 90-100 ps
andτ3 ) 490-540 ps) had similar DAS peaking at 685 nm
and were assigned to PSII with open reaction centers. The
lifetimes and amplitudes of the two PSII-associated decay
components were different in the H117T mutant and the PSI-
less control, indicating differences in excitation transfer and/
or primary photochemistry in PSII. The fourth component
had a lifetime (τ4) of ∼1.8 ns and peaked at about 675 and
685 nm. This component was very similar to the decay we
observed in the PSI/PSII-less strain. We therefore assign the
fourth decay component to this “additional” chlorophyll. As
the lifetimes of this component were very close to the mean
lifetime of the fluorescence decay of the PSI/PSII-less
control, we assume this chlorophyll complex does not transfer
excitation to PSII. The fifth component (τ5 ) 4-6 ns) had
a very small relative amplitude and was assigned to emission
from excitonically disconnected pigments.

Lifetimes and amplitudes of the PSII decay components
separated from other components and assigned to open

FIGURE 1: Low-temperature fluorescence emission spectra of the
H117T mutant in PSI-less background (dashed line) and the PSI-
less control (solid line) thylakoids.

p(t) ) p(0) exp(-〈W〉t) (2)

pi(t) ) c1xil exp(λ1t) + c2xi2 exp(λ2t) + ... +
cNxiN exp(λNt) (3)

F(λem,t) ) ∑
i

fi(λem)Pi(t) (4)

FIGURE 2: Fluorescence decay kinetics of the PSI-less control and
H117T mutant in PSI-less background cells for theF0 andFm states
measured at 685 nm at room temperature. See text for details.
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reaction centers are compiled in Table 1. PSII decay
parameters of the control thylakoids were in agreement with
previous studies of PSII particles (28, 29). The major
difference between control and H117T thylakoids was an
increase in the amplitude and lifetime of the slow (τ3) PSII
component.

Fluorescence decay kinetics of the intact cells were more
complex than those from isolated thylakoid membranes, as
they also contained large multiexponential contributions from
phycobilisomes. Nevertheless, determination of PSII decay
kinetics in intact cells was important as we wanted to ensure
that (i) retardation of the rate of PSII decay in the H117T
mutants was not due to an altered interaction between PSII
and phycobilisomes and (ii) electron-transfer reactions in the
reaction centers of PSII were not modified by the thylakoid
isolation procedure. We were able to separate PSII decay
kinetics by extending the range of detection from 640 to 730
nm and applying a simultaneous global analysis of the decay
kinetics recorded at theF0 andFm states (procedure described
in Materials and Methods). The lifetimes and amplitudes of

the PSII decay components obtained from analysis of the
data for intact cells and isolated thylakoids (see Table 1)
were very similar. This result implies that the effect of the
H117T mutation on fluorescence decay kinetics did not arise
from a modified interaction between PSII and phycobilisomes
and that reaction centers in isolated thylakoids were not
altered by the isolation procedure.

The lifetimes and corresponding DAS resulting from the
global analysis were not given any further physical inter-
pretation in this work. These parameters were used rather
as an adequate mathematical description of the time course
of fluorescence decay, one which we attempted to reproduce
with kinetic modeling of PSII excited-state dynamics.

Kinetic Modeling.Two different physical models were
used to describe the PSII fluorescence decay kinetics obtained
in this study in an attempt to reveal the molecular mecha-
nisms which give rise to the difference between the PSI-
less control and the H117T mutant. In the first approach,
we tested the reversible radical pair (RRP) model for
excitation energy transfer, primary charge separation, and
charge stabilization in PSII (30). In this analysis we assumed
that exciton equilibration in PSII is fast and completed in
less than 20 ps in both the control and the mutant. The RRP
model predicts biexponential decay kinetics due to the
contribution of reversible electron-transfer steps to the
fluorescence decay. Rate constants for the primary photo-
physical and photochemical processes in PSII (excitation
trapping by reaction centers,kPC

trap; charge recombination,
kPC

- , and charge stabilization by irreversible electron trans-
fer to QA, kST) derived from the kinetic modeling of the data
obtained from isolated thylakoids are summarized in Table
1. In the framework of the RRP model, the difference
between the control and H117T was described well by a
decrease in the apparent rate constant for charge separation
(20%) and an increase in the rate constant for charge
recombination (25%). It was not possible to fit the data well
if only one of these two rate constants was allowed to vary
between the control and the H117T mutant (not shown). This
suggests that the H117T mutation induced more complex
changes in the photochemistry of PSII than were expected
to appear as a result of a simple disruption of energy transfer
between the antenna and reaction center. However, there is
room for uncertainty within the RRP model as it is not
possible to distinguish between the effect of a change in the
rate constant for charge separation and a change in the rate
of energy transfer from antenna to the reaction center as both

Table 1: Parameters of PSII Fluorescence Decay Components and Rate Constants for Primary Processes Obtained from the Global Lifetime
Analysis and Kinetic Modeling of the Experimental Dataa

sample
τ1, ns

(A1, %)
τ2, ns

(A2, %)
τ3, ns

(A3, %)
kA,

ns-1
kPC,
ns-1

kPC
trap,

ns-1
kPC

- ,
ns-1

kST,
ns-1

kChlHis117fRC,
ns-1

(A) Simple RRP ModelsThylakoids
control n/a 0.09 (79) 0.49 (21) 0.3 n/a 8.9 1.5 2.4 n/a
H117T n/a 0.1 (68) 0.54 (32) 0.3 n/a 7.1 2.0 2.4 n/a

(B) Detailed Kinetic ModelsThylakoids
control 0.01 (43) 0.09 (45) 0.49 (12) 0.3 940 n/a 5.9 2.3 118
H117T 0.01 (40) 0.1 (41) 0.54 (19) 0.3 940 n/a 7.3 2.2 42

(C) PSII Decay ComponentssIntact Cells
control 0.01 (44) 0.18 (44) 0.5 (12)
H117T 0.01 (42) 0.19 (36) 0.62 (22)
a τ2 andτ3 are the fast and slow PSII-associated decay components whose complete decay associated spectra (DAS) are shown in Figure 3 (see

text for details). The data presented are the means of three independent experiments. The uncertainty in lifetimes and amplitudes is 10%.

FIGURE 3: Decay-associated spectra obtained from a global
multiexponential decay analysis of fluorescence kinetics of the
control (A) and mutant (B) thylakoids recorded at room temperature
in the range of 659-695 nm.
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of these processes are described by one rate constant,kPC
trap.

Note that for a change in energy transfer the contribution of
thermal equilibration to the overall fluorescence decay might
be large, which would make the RRP model inappropriate
for modeling the fluorescence decay kinetics of the H117T
mutant.

To address this problem, we attempted to describe our
experimental fluorescence decay data with a more detailed
kinetic model which explicitly included energy transfer
between the antenna Chls and the reaction center core
pigments. In these simulations we assumed that the molecular
rate constant for charge separation (kPC) was not affected by
the mutation. The rate matrix of pairwise transfer and
unimolecular decay rates between all pigments in the CP43-
CP47-D1-D2 complex was constructed by consideration
of the following physical model. CP43 was assumed to bind
14 chlorophylls, and in accordance with recent structural data
these chlorophylls were randomly distributed in two layers
within a cylinder of 39 Å diameter and 40 Å height. The
two layers of pigments were separated by 8 Å (18). The same
model was used for CP47. Positions and orientations of the
electron-transfer pigments were taken from a model of the
D1-D2 reaction center (5) (PDB file 1dop). P680 was
modeled as a single dipole located at the center of mass of
the special pair with double oscillator strength. The two
peripheral accessory chlorophylls, ChlZ and ChlD, were
positioned at a distance of 2 Å (length of coordination bond)
from histidines 117-D2 and 118-D1. Orientations of these
Chls were optimized for the best rate of excitation transfer
to the reaction center core pigments. At the most favorable
orientation the rate constant of this process was still found
to be relatively slow, about 9 ps-1. The two cylinders
representing CP43 and CP47 were located at either side of
the D2-D2 heterodimer to mimic the structural data
described in ref31. Orientations of pigments in the models
of CP43/47 were randomly assigned, and then the models
were checked for the absence of uncoupled Chls. After
assembling the model for the D2-D2-CP43-CP47 super-
complex, we also ensured that transfer rates from CP43/47
to the peripheral chlorophylls (ChlZ, ChlD) of the reaction
center were fast. Absorption maxima and relative amounts
of the chlorophyll spectral forms were taken from ref32
and randomly distributed over the pigments. For our simula-
tion we calculated transfer rates between all pairs of pigments
using the analytical expression of Shipman and Housman
(33) assuming a refractive index of 1.3 and a Stokes shift of
150 cm-1. Reversible charge separation and charge stabiliza-
tion were modeled by introducing two additional, sequentially
connected, nonfluorescing sites, corresponding to the primary
radical pair and QA. Rate constants for charge recombination
and charge stabilization generated from the RRP model were
used as starting parameters to fit the model to the experi-
mental data for control samples. However, in the current
model,kPC represents the molecular rate constant for charge
separation which is related tokPC

trap from the RRP model by
the expressionkPC ) kPC

trap(PP680)-1, where PP680 is the
1P680* state normalized to the total amount of excitation in
the system. For the control thylakoids a fit of good quality
was obtained withkPC ) 0.94 ps-1, kPC

- ) 5.9 ns-1, andkST

) 2.3 ns-1. The value of the rate constant for charge
stabilization is in correspondence with results obtained with

the RRP model and with results of previous studies, while
the other two rates are faster (30, 34-36). This result is a
consequence of the slow transfer step from the peripheral
Chls and will be discussed later. We then attempted to fit
the fluorescence decay kinetics of the H117T mutant by
settingkPC, kPC

- , andkST to the same values obtained from
our analysis of the control samples and removing the
peripheral chlorophyll from D2. This perturbation slowed
the model decay kinetics to a much larger extent than we
experimentally observed in the H117T mutant. We then tried
to fit the mutant decay by changing only the orientation of
the peripheral Chl of D2 (rotating it around the axis
perpendicular to the membrane plane). As shown in the insert
to Figure 4 (solid line), the quality of these fits was extremely
poor (ø2 > 7). When kPC

- was also allowed to vary, the
correspondence between the calculated decay curves and the
experimental fluorescence kinetics was improved substan-
tially (Figure 4, insert, dashed line). From this model we
estimatedkPC

- ) 7.3 ns-1 andkChlHis117fRC ) 42 ns-1 in the
H117T mutant.

Absorbance Cross Sections.Effective absorption cross
sections, as a measure of the functional antenna size of PSII,
provide an independent way of getting information about
excitation energy transfer. Typical flash saturation curves
constructed from the pump-probe technique are shown with
the best fit to each data set using the single-hit Poisson
distribution (Figure 5). For each curve, fluorescence arising
from the probe flash increases from the minimal yield (F0s
all PSII centers open) to the maximal yield (Fsatsall centers
closed by single turnover laser pump flashes). Fluorescence
values have been normalized by setting the minimal fluo-
rescence to unity. A single-component Poisson distribution
gave excellent fits to our data obtained from H117T mutant
cells. When data from the control strain were analyzed, a
two-component Poisson distribution function was necessary

FIGURE 4: PSII decay kinetics, componentsτ1-τ3 (open circles),
obtained from a global lifetime analysis of the PSI-less control
(lower trace) and H117T mutant in PSI-less background (upper
trace) thylakoids compared to PSII decay calculated with the
detailed kinetic model (solid lines). The dashed line represents
fluorescence decay predicted by the model if the Chl at His117
was removed. The insert showsø2 values for the fits of the mutant
kinetics by changing only the angle of the ChlHis117 (solid line)
and the angle along with the rate constant for charge recombination
(dashed line). See text for details.
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for satisfactory fits to the data obtained for phycocyanin
excitation with a 665 nm pump wavelength. A small fraction
of PSII (about 24%) was characterized by a 7-fold smaller
functional antenna size than the major population of PSII,
indicating the presence of a small population of PSII lacking
phycobilisomes. There was no evidence for such a population
in the H117T mutant cells. This is consistent with the larger
amount of phycobilins relative to chlorophyll in this mutant
compared to the control as observed from their absorption
spectra (data not shown). Absorption cross sections for all
pump-probe experiments are compiled in Table 2. Absorp-
tion cross sections are expected to decrease with respect to
the control value for samples with quenched fluorescence.
A decrease of the effective absorption cross section would
be consistent with the decreased half-saturated oxygen
evolution yield observed in an earlier study of the H117T
mutant (16). Interestingly, the absorption cross section of
H117T for phycobilin excitation increased by 13% and
remained the same as the control for chlorophyll excitation.

DISCUSSION

Previous work on the H117T mutant of the D2 protein in
PSII showed the mutant to be characterized by decreased

variable fluorescence at room temperature and by decreased
fluorescence emission yield at 695 nm relative to 685 nm at
77 K. That work indicated the H117T mutant had a quenched
maximal Chla fluorescence yield (Fm) at room temperature
and a quenched emission yield at 695 nm at 77 K. The
accumulation of chlorophyll cation in H117T in the light
was suggested as a molecular mechanism for the quenching.
A number of experimental data presented in this study (time-
resolved fluorescence measurements performed at room
temperature and measurements of absorption cross sections)
clearly indicate that the maximal fluorescence yield of the
H117T mutant is not quenched. We have found that the
decreased variable fluorescence, characteristic of this mutant,
arises from an increase in the yield of fluorescence from
open reaction centers in the dark (F0).

Analysis of the picosecond decay kinetics revealed that
theF0 fluorescence yield of the mutant was elevated because
both (i) the contribution of the slow (1.8 ns) decay component
was higher and (ii) the decay of PSII with open reaction
centers was slower. On the basis of its lifetime, amplitude,
and similarity to decay in the PSI/PSII-less control, we have
assigned the 1.8 ns component to an additional chlorophyll
population which does not transfer excitation to PSII.
Alternatively, it is possible that some of this decay compo-
nent arises from a population of closed PSII centers.

The slower PSII-associated decay kinetics in the H117T
mutant strongly suggested that excitation energy transfer
between the antenna and the electron-transfer pigments was
impaired as a result of substitution of His117 in the D2
protein. However, both kinetic models used in this study
failed to explain the difference in PSII-associated fluores-
cence decay kinetics between control and H117T by impair-
ment of excitation energy transfer only. Results of our kinetic
model simulations suggested that the H117T mutation
induced more complex changes in the primary photochem-
istry of PSII and that an increase in the rate constant for
charge recombination from 5.9 to 7.3 ns-1 was required as
well as a decrease in the rate constant for excitation energy
transfer from the peripheral chlorophyll (Chl at His117-
D2) to the electron-transfer pigments. Recent studies on
primary processes in PSII and purple bacteria (37, 38)
suggest that the free energy difference for charge separation
is time dependent rather than being a static value. The
reaction of charge stabilization can be pictured as a continu-
ous process where the protein matrix reacts to the electrostatic
forces caused by the sudden creation of a pair of ions.
Replacement of the amino acid and a change of orientation
and position of its liganded chromophore in the D2 protein
could affect protein dynamics by limiting the number of
degrees of freedom and thus slowing down the relaxation
of the radical pair and increasing the probability of the back-
reaction.

To further test our kinetic model for PSII, we used it to
calculate the expected change in the effective absorbance
cross section between the control and H117T mutant and
then compared this to the measured changes in the effective
cross section. As the pigment composition of PSII is expected
to be the same for both the control and the mutant, the
relative changes of the effective absorption cross section
correspond to changes in energy transfer and/or electron-
transfer efficiency which affect the yield of the photoproduct.
Our detailed kinetic model allowed us to calculate the yield

FIGURE 5: Flash saturation curves measured with the pump-probe
technique. The excitation wavelength was 440 nm (A) or 665 nm
(B). Open circles: H117T mutant in PSI-less background cells.
Solid circles: PSI-less control cells. The lines represent the best
fit to each data set using a one- or two-component single-hit Poisson
distribution; dashed lines are for the H117T mutant in PSI-less
background cells, and solid lines are for the PSI-less control cells.
The curves in (A) are displaced vertically relative to the curves in
(B) by arbitrary amounts.

Table 2: Absorption Cross Sections of the H117T Mutant in
PSI-less Background Cells Relative to the PSI-less Control Cells
Calculated from Poisson Distribution Fits to Flash Saturation Curves
Measured at Different Wavelengths (see Materials and Methods)
and Predicted from Fluorescence Decay Data Using the Detailed
Kinetic Model for PSIIa

cross section, au

control H117T

expt (630 nm) 1.0 (76) 0.15 (24) 1.13 (100)
expt (665 nm) 1.0 (76) 0.1 (24) 1.01 (100)
expt (440 nm) 1.0 (100) 0.97 (100)
prediction 1.0 (100) 0.98 (100)
a Two-component Poisson fits were required for the PSI-less control

cells for data collected at 630 and 665 nm excitation [relative amplitudes
(in %) are shown in parentheses]. The predicted cross sections were
calculated from an appropriate numerical solution of eq 3. The standard
error for the measured cross sections was 6%.
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of the photoproduct explicitly. Intuitively, it is clear that if
excitation energy transfer between the antenna and the
reaction center is substantially slowed, but is still faster than
the rate of the photochemical losses, the yield of the
photoproduct would not significantly decrease. Model simu-
lations predicted the yield of photochemistry to be 0.95 for
the PSI-less control and 0.93 for the H117T mutant, a result
in agreement with our observation of no change in the
effective absorbance cross section for excitation of chloro-
phyll a.

An interesting finding of our kinetic simulations, based
on the available structural information for PSII, is a slow
(>8 ps) excitation transfer from antenna chlorophylls to the
electron-transfer pigments. This finding raises an important
question: is the equilibrium radical pair description ap-
propriate for the H117T mutant or even for wild-type PSII?
This question can be addressed with simulations of excitation
dynamics in our model systems. The detailed kinetic model
allows us to follow the distribution of the total excited state
over any of the pigment molecules in CP43, CP47, or the
reaction center. One way to follow excited-state dynamics
in the antenna is to look at the establishment of transfer
equilibrium (TE). By definition, TE is the state of the system
at which the fraction of the excited state on any pigment
normalized to the total excited state remaining on the model
will remain constant. Establishment of TE can be monitored
by plotting the fraction of the remaining excited state on
any given pigment in the system, as shown in Figure 6. The
data in Figure 6 clearly show a rapid depletion of excited
state on P680 similar to that observed in PSI and bacterial
RC. Our model also predicts that equilibration in PSII
(monitored by excited-state distribution on peripheral chlo-

rophylls of the RC) is not complete within the time window
of the photochemically limited lifetime. The deviation from
equilibrium becomes much more pronounced in the mutant.
These results question the application of the RRP model to
control PSII and clearly negate its application to the mutant.
Our simulations predict a deviation in excitation distribution
from the Boltzmann equilibrium distribution; however, owing
to a strong spectral overlap between the RC core and the
CP43/47 antenna pigments, it would be very difficult to
observe it experimentally. Discrepancies between the RRP
model and our detailed kinetic model become obvious when
these two models are used to extrapolate the molecular rate
of charge separation based on the measured fluorescence
decay kinetics. The intrinsic charge separation rate 3 ps-1,
calculated using the RRP model and experimental results of
our study, is in good agreement with results of the previous
estimations based on application of RRP to the analysis of
intact PSII (30) or isolated D1-D2 reaction centers (34, 39).
To date, values for the intrinsic rate of charge separation in
intact PSII have only been derived from applications of the
RRP model. In the present study our detailed kinetic model
for PSII required akPC of about 1 ps-1 in our simulations to
make them fit experimental data. Recently, an extension of
the RRP model which considered two pools of antenna
pigments with a 15 ps energy-transfer time between them
was used to describe excitation transfer in PSII membrane
particles (40). In some sense this model is similar to our
detailed kinetic model which revealed the presence of
pigment pools with an approximately 8 ps transfer time
between them. Analysis of PSII decay kinetics using the
extended RRP model as well as our detailed kinetic model
both predict a rate of charge separation faster than 3 ps-1.

FIGURE 6: Excited-state decay (dotted lines) and time-resolved excited-state distributions (solid and dash-dotted lines) calculated from the
detailed kinetic model (eq 3) with 664 nm excitation at room temperature. The excited-state distributions are presented for the P680 reaction
center and two peripheral chlorophylls and have been normalized to the total amount of excited state remaining at any given time.
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Therefore, we suggest that the intrinsic primary charge
separation in intact PSII may be faster than in isolated D1-
D2 reaction centers. However, we leave a detailed scrutiny
of our kinetic models for the D1-D2-CP43-CP47 complex
for a subsequent report.

CONCLUSIONS

In this study we have presented a physically reasonable
model which explains the difference between fluorescence
decay kinetics of the wild-type PSII and PSII with a modified
chlorophyll binding site at the His117 residue of D2. The
kinetic model used for this purpose is based on the available
PSII spectral and structural information. In the framework
of this model the difference between PSII decay kinetics of
the normal PSII and the mutant at room temperature were
described well with only two fitting parameters. The validity
of our concept was further supported by the ability of the
model to predict the effect of mutation on the effective
absorption cross section. This study has important implica-
tions for the understanding of excited-state dynamics in PSII.
The results of our study rule out quenching of excitation by
a chlorophyll cation radical as a mechanism responsible for
the lower efficiency of excitation energy utilization in the
H117T mutant and demonstrate the importance of the Chl
associated with His117 of the D2 protein for excitation
energy transfer to the PSII electron-transfer pigments and
for the effective stabilization of the primary radical pair.
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