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Kinetic Modeling of Charge-Transfer Quenching in the CP29 Minor Complex
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We performed transient absorption (TA) measurements on CP29 minor light-harvesting complexes that were
reconstituted in vitro with either violaxanthin (Vio) or zeaxanthin (Zea) and demonstrate that the Zea-bound
CP29 complexes exhibit charge-transfer (CT) quenching that has been correlated with the energy-dependent
quenching (qE) in higher plants. Simulations of the difference TA kinetics reveal two-phase kinetics for
intracomplex energy transfer to the CT quenching site in CP29 complexes, with a fast <500 fs component
and a ~6 ps component. Specific chlorophyll sites within CP29 are identified as likely locations for CT
quenching. We also construct a kinetic model for CT quenching during qE in an intact system that incorporates
CP29 as a CT trap and show that the model is consistent with previous in vivo measurements on spinach
thylakoid membranes. Finally, we compare simulations of CT quenching in thylakoids with those of the
individual CP29 complexes and propose that CP29 rather than LHCII is a site of CT quenching.

1. Introduction

Higher plant photosynthesis initiates with absorption of light
energy in the antenna of photosystems (PS) I and IL! both of
which contain multiple light-harvesting complexes (LHCs).> The
periphery of the PSII antenna is comprised of trimeric LHCII
complexes which are considered the major LHCs.? In between
the reaction center and the peripheral LHCII are three minor
complexes referred to as CP24, CP26, and CP29.*~7 These
trimeric LHCII and minor complexes bind chlorophylls and
carotenoids that absorb sunlight and transfer the energy to the
reaction center for photosynthesis. Under conditions in which
light energy is absorbed in excess of photosynthetic capacity,
pigments within these LHCs are exchanged, resulting in
harmless thermal dissipation of the excessively absorbed energy.
This phenomenon is generally referred to as nonphotochemical
quenching (NPQ). In higher plants, the predominant component
of NPQ is rapidly reversible and is termed energy-dependent
quenching (gE).%°

qE is a complex physiological response®~19 that depends upon
(1) the buildup of a pH gradient across the thylakoid membranes
(ApH),'"! (2) the formation of a xanthophyll species called
zeaxanthin (Zea),'>!3 and (3) PsbS, a PSII antenna-associated
polypeptide that has been suggested to sense changes in the
pH of the thylakoid lumen and possibly cause conformational
changes throughout the antenna to control qE.'*!> All these
components conspire in vivo to bring about the maximum yield
of qE quenching.'® Although the phenomenology of qE has been
documented for years, a fundamental understanding of its
physical mechanism remains unclear.317
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Based initially on theoretical quantum chemical calculations,
we proposed a mechanism for quenching of chlorophyll excited
states during qE involving charge transfer (CT) within a
chlorophyll—zeaxanthin (Chl—Zea) heterodimer.'$!° This mech-
anism predicts that dissipation of chlorophyll excited states will
be accompanied by transient zeaxanthin radical cation (Zea'")
formation. We performed ultrafast transient absorption (TA)
experiments on isolated thylakoids by exciting the chlorophyll
Q, transition and probing for transient species in the near-
infrared region (NIR). The NIR TA kinetic for light-adapted
thylakoids indicated transient Zea'" formation in a qE-dependent
manner.?? These results clearly demonstrate that CT quenching
is a physical mechanism specific for qE and that zeaxanthin
(Zea) is directly involved in CT quenching during qE.*
However, they do not provide information regarding the location
of Chl—Zea CT quenching sites in LHCs.

To reveal which of the LHCs in the PSII antenna mediate
CT quenching and achieve a molecular-level understanding of
NPQ, we have investigated isolated LHCs separately. We
observed evidence for transient Zea'" formation in a composite
mixture of isolated monomeric LHCs (i.e., monomeric LHCII,
CP24, CP26, and CP29) and also showed that the transient Zea""
signal could not be detected in LHCII monomers reconstituted
in vitro with either violaxanthin (Vio) or Zea.?! Therefore, the
Zea'" signal observed in the mixture of monomers arose solely
within one or more minor complexes that bind Zea. These results
suggest that minor complexes contain the site(s) of CT quench-
ing. To locate specific sites of CT quenching, we carried out
NIR TA measurements on isolated minor complexes and a series
of CP29 mutants.?? Through a combination of molecular genetics
and femtosecond spectroscopy, we demonstrate CT quenching
in all three of the individual minor complexes and that CT
quenching in CP29 involves a specific pair of excitonically
coupled chlorophylls acting as the electron acceptor.’> We
proposed that an equilibrium exists between nonquenching (N)
and quenching (Q) forms: LHC(N) <> LHC(Q). The equilibrium
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is most likely modulated in vivo by contributions from Zea,
PsbS, and the transthylakoid ApH to regulate qE. In addition,
although maximum qE, and therefore maximum CT quenching,
is dependent upon an intact system, the minor complexes can
attain the quenching conformation in vitro when Zea is bound
to it. We estimated that less than 1% of the isolated minor
complexes were engaged in CT quenching in vitro, whereas
between 40 and 80% of the minor complexes were estimated
to be active in CT quenching in thylakoids engaged in steady-
state qE in vivo. At this fraction, CT quenching can account
for the magnitude of gE observed in vivo.?! Therefore, results
of our previous in vivo®® and in vitro?"?> measurements are
consistent and suggest that CT quenching in minor complexes
is a critical mechanism for gE.

In this work, we aim to provide a basic kinetic model for
excitation quenching in the PSII antenna and assess whether
the Zea"" signature of CT quenching in an individual minor
complex can be modeled consistently. We studied CP29 minor
complexes that were reconstituted in vitro with chlorophylls (a
and b) and either Vio or Zea and probe for evidence of Zea™"
formation in the Zea-bound CP29 complexes. We also construct
a kinetic model for CT quenching in an intact system (in which
LHCII participates in energy transfer dynamics) that incorporates
a minor complex as a CT trap and perform simulations of the
difference NIR TA kinetics based on this model. The simulations
provide insight into energy transfer dynamics within trapping
CP29 complexes and provide support for a model based on
minor complexes as the sites of CT quenching in PSII at high
light levels.

2. Materials and Methods

2.1. CP29 Sample Preparation. The gene for CP29 was
expressed in E. coli, and the apoprotein was isolated, followed
by in vitro reconstitution with chlorophylls (a and b), lutein,
and either Vio or Zea.?® For NIR TA kinetic analyses, the CP29
complexes were resuspended in buffer solution (5 mM HEPES
and 0.06% a-DM at pH 7.6) to an optical density of ~0.3/mm.

2.2. NIR TA Measurements. The NIR TA laser system has
been described previously.? The repetition rate was 250 kHz,
and the pump pulses were tuned to ~650 nm (i.e., the
chlorophyll b Q, transition). The maximum pump energy and
fwhm of the pulse autocorrelation trace were 48 nJ/pulse and
~40 fs, respectively. White light continuum probe pulses were
generated in a 1 mm quartz plate. The observation of the cross-
correlation function of the pump and probe overlap was ca. 85
fs. The mutual polarizations of the pump and probe beams were
set to the magic angle (54.7°). The time resolution of our TA
measurements was 5 ps/point (—60 to —10 ps), 0.5 ps/point
(—10 to 60 ps), and 5 ps/point (65 to 600 ps). A monochromator
(Spectra Pro 300i, Acton Research Corp., Acton, MA) with a
spectral resolution of 2.7 nm and a InGaAs photodiode
(DET410, Thorlabs, Newton, NJ) was used to monitor transmis-
sion. A sample cell with a path length of 1 mm was chilled by
a circulating water bath (VWR Scientific 1160, PolyScientific,
Niles, IL) which was set at 7 °C during the data acquisition to
prevent sample degradation.

2.3. Kinetics Modeling. In this study, the mechanism of
CT quenching in PSII is described by the four-state model
presented in Figure 1, which is an extension of the three-
state model used by Holt et al.?° This model includes energy
transfer from bulk chlorophylls to an intermediate chlorophyll
in minor complexes, assuming the minor complexes are the
sites of CT quenching during qE as has been suggested.?!?2
The differential equations that describe the time evolution
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Figure 1. Model for the charge-transfer quenching mechanism of qE
in the photosystem II supercomplex. Assuming the minor complexes
are the site of CT quenching, four species are required for the
description of CT quenching after selective excitation of the Chl Q,
excited states: the Q, excited state on a chlorophyll molecule in bulk
LHCs (Chljyx, predominantly on LHCII), the Q, excited state on a
chlorophyll molecule in the minor complexes (Chl¢p), the excited
Chl—Zea heterodimer [(Chl—Zea)*], and the charge-separated state
(Chl'"—Zea'"). They are described by normalized populations P, P»,
Ps, and Py, respectively.

of populations after selective excitation of the chlorophyll
Q, band are
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the bulk chlorophyll excited state (Chlfy), the excited state
on a chlorophyll in a minor complex (Chl¢p), the excited
Chl—Zea heterodimer [(Chl—Zea)*], and the charge-separated
state (Chl"~"—Zea""), respectively. To obtain a description that
is not explicitly dependent on the intensity of the laser pulses,
we scale all populations by the initial excited-state population
on all chlorophylls so that P + P, + P; = 1 at time zero.2*?
This model describes the intercomplex energy transfer from
excited bulk Chl to the minor complex (k;), the intracomplex
energy transfer within the minor complexes to the quencher
heterodimer (k»), the generation of charge-separated state (k3),
and the recombination of the charges to recover the het-
erodimer ground state (k4). Moreover, additional de-excitation
contribution (kq) and excited chlorophyll singlet—singlet
annihilation (yo) are also considered.

A simple kinetic model described by a second-order rate
constant Y is included to describe singlet—singlet annihilation
of chlorophyll excited states. With the normalized population
description, y is defined as the true second-order singlet—singlet
annihilation rate times the initial excited-state population on all
chlorophylls. In principle, such a kinetic approach is only
applicable to large aggregates,”*? and y, should depend on the
size of the antenna. We neglect these details of the singlet—singlet
annihilation dynamics in the present study because in our
modeling of the experimental difference kinetic data, the
chlorophyll excited-state population is not directly fitted to the
measurements, and the simple kinetic model for annihilation
seems to give a reasonable description for the experimental
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results. Therefore, the interpretation of the values of y( extracted
from fitting to the difference kinetics here should be taken with
care. To accurately model the annihilation dynamics, the initial
distribution of chlorophyll excitations in the ensemble of
complexes has to be considered,” and the ESA contribution
has to be treated explicitly by modeling the absolute NIR TA
kinetics (instead of the difference kinetics modeled here), which
is beyond the scope of this work.

Furthermore, the additional ultrafast (<500 fs) energy transfer
dynamics within the minor complexes is not included explicitly.
Instead, it is considered using nonzero population on the
heterodimer site as if the heterodimers are directly excited,
effectively coarse graining all the neighboring sites that transfer
energy rapidly to the heterodimer sites as precursors to the
Chl'~—Zea'" charge-separated state. In our modeling, we found
that the population dynamics of the Chl'"—Zea"" species is
rather insensitive to the value of kq when ki, k» > ky. Therefore,
kq is set to 1 ns in all our simulations. In addition, we neglected
the energy transfer from the minor complex back to the bulk
chlorophyll excited states in this work. In our fits to the
measurement using thylakoid membranes,?® we found that k», k3
> k. As a result, simulations including the back transfer do
not provide noticeable improvement to the fit to the experimental
difference TA kinetic. The back transfer can be easily added to
the simulation when it is necessary.

Our data analysis is based on the NIR TA difference profile
obtained by subtracting the TA kinetics of the Vio-bound CP29
complex from those of the Zea-bound CP29 sample. We assume
that the chlorophyll ESA dynamics (predominantly singlet—singlet
annihilation) contribute equally to the NIR TA signals of Vio-
bound and Zea-bound complexes at the same sample OD and
laser intensity and attribute the observed difference kinetics
directly to the population of the charge-separated states
(Chl'™—Zea"").20=22 Equations 1—4 were solved numerically
using a fourth-order Runge—Kutta method?® to obtain the
normalized cation population P4 at varied rate constants. In
addition, a least-squares routine is used to fit the simulation
results to the experimental difference kinetics and obtain the
optimal rate constants that describe the measurements.

3. Results and Discussion

To study the dynamics of CT quenching in isolated CP29,
we performed TA measurements on CP29 apoproteins recon-
stituted with either Vio (CP29-Vio) or Zea (CP29-Zea) upon
excitation at 650 nm followed by the probing of transient species
within the NIR. Figure 2 shows the NIR TA profiles for the
respective complexes probed at 980 nm. The TA profile for the
CP29—Vio complexes (blue trace) is characterized solely by
decay features that are attributable to the dynamics of chloro-
phyll excited-state absorption (ESA).?° In contrast, the TA
profile for the CP29—Zea complexes (red trace) exhibits an
additional ultrafast rise component followed by multiexponential
decay. These results show transient carotenoid radical cation
(Car"™) formation solely within the quenching CP29—Zea
complexes. To determine more specifically whether this transient
species is a Zea'", we reconstructed a transient spectrum (Figure
3) using TA difference profiles (Figure 4). The spectrum shows
a single peak centered at ~980 nm, in excellent agreement with
the spectrum of the Zea"" species in a protein environment
established by our group recently.?%?! Evidently, the TA profile
for the CP29—Zea complexes shows the transient formation of
a Zea"" species upon selective excitation of the complexes at
the chlorophyll Q, transition. Note that the small fraction of
quenching CP29—Zea complexes in our reconstituted sample
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Figure 2. NIR TA kinetics for the isolated CP29 minor complexes.
The TA kinetics were obtained using CP29 apoproteins reconstituted
in vitro with chlorophylls (a and b) and either Vio (blue) or Zea (red).
Experiments were carried out by excitation of the complexes at 650
nm and probing at 980 nm. Each trace is an average of more than 10
kinetic sweeps. The traces were not normalized in any way. Equal
sample OD and excitation laser intensity were used to allow for direct
comparison of the TA kinetics.
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Figure 3. Reconstructed NIR spectrum for the Zea'" species. A series
of NIR TA kinetic profiles were reconstructed in CP29 complexes that
bind either Vio or Zea by exciting at 650 nm and probing from 880 to
1080 nm. NIR TA difference kinetics were obtained by subtracting
the TA profiles obtained using CP29 that binds Vio from those of the
CP29 complexes that bind Zea. The spectrum (blue) was reconstructed
by estimating the maximum amplitude of the difference profiles (i.e.,
average of time points 13—17 ps) at ~15 ps. Error bars represent the
standard error of the mean of 5 time points. Shown for comparison is
the solution spectrum of the S-carotene radical cation (red) from ref
27.

(~1%) can still give rise to a significant NIR TA signal without
being overwhelmed by the chlorophyll ESA, because (1) the
singlet—singlet annihilation process removes chlorophyll excited-
state population rapidly and (2) the absorption cross section of
carotenoid cation is more than an order of magnitude higher
than that of the chlorophyll excited state in the NIR regime.?-?7-28
Finally, NIR TA measurements on two other minor complexes
(CP24 and CP26) were also performed, and similar results were
obtained (data not shown). These data are consistent with our
previous study showing that minor complexes are likely to be
responsible for CT quenching in PSII during engagement of
qE.21’22

Analysis based on the absorption cross section of chlorophyll
and our pump laser intensity?' suggests that a chlorophyll has
~30% probability to be excited in the CP29 experiment. Given



CT Quenching in the CP29 Minor Complex

12

AAOD (a.u.)

0 I I I I
0 100 200 300 400 500

time (ps)

Figure 4. NIR difference TA kinetics for the isolated CP29 minor
complex. The measurements (circles) and theoretical fit based on the
charge-transfer quenching model (blue line) are shown. The parameters
for the theoretical fit are 7, ~ 6 ps, 73 = 0.1—0.3 ps, 74 = 260 ps, and
1/y9 ~ 0.1 ps.

that ~4 Chls in each CP29 complex absorb at the excitation
wavelength (650 nm), a significant portion of the excited CP29
complexes in the experiment is doubly excited. Therefore, a
strong singlet—singlet annihilation contribution is expected in
the experiment. Power-dependent measurements on the same
sample also indicate a significant annihilation contribution to
the Chl ESA dynamics at this laser intensity (data not shown).
Detailed analysis of power-dependent data based on a more
sophisticated model for annihilation is currently in progress and
will be published elsewhere.

The difference between the TA traces for the CP29—Vio and
CP29—Zea complexes approaches zero at long times, implying
that the ESA dynamics (predominantly singlet—singlet annihila-
tion) contribute equally in both complexes.?*~?? Assuming the
ESA dynamics of the CP29—Zea (quenched) and CP29—Vio
(unquenched) complexes contribute equally to the NIR TA
signals, the difference TA kinetic represents the dynamics of
Zea't formation. Therefore, we focus on the difference TA
kinetic profile obtained by subtracting the TA kinetics of the
CP29—Vio complex from those of the CP29—Zea. The differ-
ence TA kinetic shown in Figure 4 indeed demonstrates the
formation and decay of Zea'", consistent with the transfer of
energy from singlet excited chlorophyll to a Chl—Zea het-
erodimer that undergoes rapid charge separation followed by
charge recombination (Figure 1). In addition, the rise of the
signal clearly exhibits biphasic behavior: a fast <500 fs
component gives rise to the nonzero difference transient
absorption (Zea"" population) at # ~ 0 and a slower component
that results in the later increase of the difference signal. The
ultrafast component can be attributed to either direct excitation
of the Chl—Zea heterodimer or rapid energy transfer from
excited chlorophylls to the heterodimer site, neither of which
are distinguishable because the time resolution of the current
data set is not sufficient to show subpicosecond energy transfer
steps. Note that the excitation wavelength in the current
experiment is 650 nm, which is on the blue side of the CP29
Q, absorption band. Since the heterodimer quenching species
should absorb at the red side of the band, it is unlikely that a
significant portion of the heterodimers are directly excited during
the experiment. Therefore, the <500 fs formation of the Zea"t
species is more likely due to ultrafast energy transfer to the
heterodimer. Nevertheless, because of the limited time resolution
in the experimental data, we did not explicitly include the
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ultrafast (<500 fs) energy transfer dynamics within the minor
complexes in our kinetic modeling. Instead, nonzero initial
population on the heterodimer excited state was considered,
effectively coarse-graining all the neighboring sites that transfer
energy rapidly to the heterodimer site as precursors to the
Chl'"—Zea"" charge-separated state.

To describe the CP29 data, we used the kinetics model
described in Figure 1 (without the Chliyy block, Py = 0) to fit
the population of the Zea"t species (P4) with nonzero initial
population on the heterodimer excited state (P3) and found that
an initial population P3 > 0.2 is required to fit the difference
kinetics at short times. The modeling also shows that the TA
data are best described by 7, = 1/k ~ 6 ps, 73 = 1/kz = 0.1—0.3
ps, T4 = 1/ks = 260 ps, and 1/yo = 0.13 ps (Figure 4). Energy
relaxation into the CT quenching site at longer time scales may
exist but cannot be resolved in the rise component of our
experiment. The modeling indicates that a significant portion
of the Chl—Zea heterodimers that underwent CT quenching are
either directly excited or rapidly accept excitation from neigh-
boring chromophores on a <500 fs time scale. Additional
quenching happens on a time scale of 6 ps, which we attribute
to slower intracomplex energy transfer within a CP29 complex.
In fact, such biphasic energy transfer dynamics are in excellent
agreement with previous studies of excitation energy transfer
in LHCIT and CP29 complexes.?*~37 In particular, Holzwarth
and co-workers studied excitation energy transfer in isolated
CP29 complexes using ultrafast pump—probe spectroscopy and
theoretical calculations based on the Forster theory, and they
also observed general multiexponential dynamics in this system
upon excitation at 650 nm.?-31-30 Moreover, they were able to
produce a map of energy transfer pathways in the CP29 complex
and assign the ultrafast component to energy transfer within
blocks of strongly coupled chlorophylls and the slower com-
ponent to energy transfer between chlorophyll blocks.?® Ac-
cording to their block diagram of CP29 energy transfer
pathways, only the block containing chlorophyll Al and A2
and the block containing chlorophyll A4, AS, and B5 (labeled
using the convention in refs29, 38, and 39) exhibit an intrablock
energy transfer time scale of <500 fs and an interblock transfer
time scale of ~6 ps.** Therefore, our observations, together with
the block diagram of energy transfer pathways in CP29
suggested by Holzwarth and co-workers, indicate that the
Chl—Zea heterodimer site might be comprised of any of the
chlorophylls A1, A2, A4, AS, and B5, assuming that the energy
transfer dynamics are not significantly affected by the activation
of CT quenching in Zea-bound CP29 complexes. Chlorophylls
Al and A2, however, are not close to the Zea binding site in
CP29; instead, they are both close to a lutein molecule.’ In
contrast, chlorophylls A4, AS, and B5 are close to the Zea
binding site in CP29*! and are more likely to be in position to
form a Chl—Zea CT quenching heterodimer upon exchange of
xanthophylls. Note that there are already several pieces of
evidence indicating that the AS and BS5 pair is a critical site of
regulation in LHC proteins,?>*>* which is consistent with the
data and kinetic modeling presented in this work. In particular,
we have applied the NIR TA technique in an independent study
to a series of mutant CP29 complexes that each lacked a specific
Chl, and the results also strongly support the idea that both A5
and B5 Chls are essential for CT quenching; i.e., the architecture
of the CT quenching site in CP29 consists of a pair of coupled
Chls (A5 and B5) and a Zea molecule.?? All together, we suggest
that chlorophylls A5 and B5 are the best candidates for the CT
quenching site.
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Figure 5. NIR difference TA kinetics for the thylakoid sample in vivo
measured in our previous work.”’ The measurements (circles) and
theoretical fit based on the charge-transfer quenching model with (blue
line) and without (green line) a minor complex intermediate state are
shown. The parameters for the theoretical fit with a minor complex
intermediate state are 7, ~ 20 ps, 7o ~ 6 ps, 73 = 0.1—0.3 ps, 74 = 145
ps, and 1/yo = 0.1 ps. The three-state and four-state models are
indistinguishable.

Finally, in order to examine whether the minor complex
quenching model (Figure 1) is consistent with observations of
gE in vivo, we also modeled the dynamics of Zea"" formation
in spinach thylakoid membranes?® using the four-state model
described in Figure 1, i.e., with an additional minor complex
intermediate state. We found that the data are well described
by the four-state model using 7, = 1/k; ~ 20 ps, 72 ~ 6 ps, 73
= 0.1-0.3 ps, 74 = 145 ps, and 1/y¢ = 0.1 ps (Figure 5). Our
experimental data cannot distinguish the four-state model from
the three-state model used in ref 20. However, both models
indicate that the averaged energy transfer time scale from bulk
chlorophylls to the CT quenching site is ~20 ps, which is
significantly longer than the intracomplex transfer time of ~6
ps observed in the CP29 CT quenching. We assign the longer
time scale for Zea'" formation in the thylakoid membranes to
intercomplex energy transfer, most likely from LHCII to a CT
quenching site in the minor complexes. The time scale agrees
well with the time scale of energy equilibration in aggregates
of LHCII complexes.? Notably, the lack of <5 ps rapid rise
component in the Zea®" signal in spinach thylakoid membranes
implies that the CT quenching the Chl—Zea heterodimer is not
located inside the LHCII complex; otherwise, CT quenching
within LHCII (which should account for the bulk of chlorophyll
excited states according to chlorophyll ratios in comparison to
minor complexes) would be expected to give rise to rapid
formation of the Zea'" species due to fast <5 ps energy
equilibration within LHCII complexes.3*333%37 Therefore, on
the basis of kinetic modeling, we suggest that the thylakoid
Zea't formation kinetics correspond primarily to energy transfer
from LHCII to trap sites within the minor complexes.

4. Conclusions

We proposed in a previous work that the minor complexes
are sites of CT quenching during qE.2! The present study on
isolated Zea-bound CP29 complexes enables dissection of the
components that are responsible for qE and provides strong
support for the minor complex CT quenching model. We have
shown that the dynamics of Zea'" formation in isolated CP29
complexes could be well described by intracomplex energy
transfer to a Chl—Zea heterodimer within the minor complex,
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which then undergoes rapid charge separation to form Zea'"
(Figure 1). In addition, our kinetic modeling demonstrates that
energy transfer to the heterodimer quenching site is biphasic,
with a fast <500 fs component that corresponds to energy
transfer within blocks of strongly coupled chlorophylls to the
quenching heterodimer and a slower ~6 ps component that
corresponds to interblock energy transfer within the CP29
complex. These time scales are in excellent agreement with
previous ultrafast studies and, when combined with the block
diagram of energy transfer pathways in CP29,2%3! indicate that
the CT quenching heterodimer is likely to involve at least one
of the Al, A2, A4, A5, and B5 sites in CP29. Further
consideration based on the proximity to the Zea binding site***3
for these chlorophylls suggests that sites A4, AS, and BS5 are
more likely to be involved in CT quenching. This result is in
excellent agreement with our recent experiments in which the
individual chlorophyll molecules are successively removed from
the CP29 complex.?> Combining these experimental observa-
tions, we suggest that the architecture of the CT quanching site
in CP29 consists of a pair of coupled Chls (A5 and BS) and a
Zea molecule, which form the molecular basis of CT quenching
during qE.

We also modeled the dynamics of Zeat formation in spinach
thylakoid membranes using the minor complex CT quenching
model (Figure 1) and showed that the model is consistent with
the measurements in vivo. A fit to the thylakoid data showed
that the time scale of energy transfer to the heterodimer
quenching site is ~20 ps, in contrast to the ~6 ps intracomplex
transfer rate observed in isolated CP29 complex. The finding
that no <6 ps rise component is observed in the dynamics of
Zea'" formation in spinach thylakoid membranes supports the
notion that the CT quenching site is not within the LHCII trimer
complex. We therefore conclude that the model presented in
Figure 1, in which the minor complexes are identified as the
sites of CT quenching, provides a basic molecular framework
for CT quenching during qE.
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