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ABSTRACT In this work, we have investigated the role of the individual antenna complexes and of the low-energy forms in
excitation energy transfer and trapping in Photosystem | of higher plants. To this aim, a series of Photosystem | (sub)complexes
with different antenna size/composition/absorption have been studied by picosecond fluorescence spectroscopy. The data show
that Lhca3 and Lhca4, which harbor the most red forms, have similar emission spectra (Amax = 715-720 nm) and transfer
excitation energy to the core with a relative slow rate of ~25/ns. Differently, the energy transfer from Lhcal and Lhca2, the
“pblue” antenna complexes, occurs about four times faster. In contrast to what is often assumed, it is shown that energy transfer
from the Lhca1/4 and the Lhca2/3 dimer to the core occurs on a faster timescale than energy equilibration within these dimers.
Furthermore, it is shown that all four monomers contribute almost equally to the transfer to the core and that the red forms slow
down the overall trapping rate by about two times. Combining all the data allows the construction of a comprehensive picture of
the excitation-energy transfer routes and rates in Photosystem I.

INTRODUCTION

Photosystem I (PSI) is a plastocyanin: ferredoxin oxidore-
ductase that plays a major role in the photosynthetic light
reactions in cyanobacteria, algae, and higher plants.
Although cyanobacteria and plants diverged in evolution
one billion years ago, they have a highly conserved PSI
core complex (1,2). This pigment-protein complex coordi-
nates ~100 chlorophylls a (Chls a), §-carotene molecules,
the reaction center (RC), and all the electron transport cofac-
tors (2). Light is harvested by the pigments and the excitation
energy is transferred to the RC where it is used for charge
separation. In algae and higher plants additional light-har-
vesting complexes (Lhcs) are present to increase the absorp-
tion cross section of PSI. In higher plants these Lhcs are
composed of two heterodimers: Lhcal/4 and Lhca2/3, which
are organized as a crescent shape around the core (1,3-5).
A fifth complex, Lhca5 is present in substoichiometric
amounts (6,7). Gap pigments are located in between the
core and the Lhcas and presumably facilitate excitation-
energy transfer (EET) between the different parts of the
system (1). The supercomplex composed of PSI core and
all four Lhecs (PSI-LHCI) coordinates ~170 Chls a and b
and carotenoids: 3-carotene, violaxanthin, and lutein (8—10).

A special feature of almost all PST complexes is the pres-
ence of the red forms: Chls that absorb at longer wave-
lengths than the RC (11,12). Thus, EET from these Chls
to the RC is energetically uphill and needs to be thermally
activated (13). Even though uphill EET slows down the trap-
ping rate, the quantum efficiency of PSI is still extremely
high (11,14). In higher plant PSI some red forms are located
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in the core, and are responsible for the 720 nm low-temper-
ature (LT) fluorescence emission, but most red forms are
coordinated by LHCI (15,16). In vitro reconstitution studies
have shown that Lhca3 and Lhca4 coordinate Chls that
absorb at 705-710 nm and emit at 725-735 nm
(10,17,18). Furthermore, Lhca2 shows a red-shifted LT
emission maximum (compared to 680 nm observed for
PSII antenna) at 701 nm (17), which arises from an absorp-
tion band at 690 nm (19). Lhcal has its emission maximum
at 690 nm and a shoulder at 701 nm (20). It has been shown
that the red-shifted absorption of Lhca complexes arises
from the lowest exciton state of two strongly coupled Chls
a (603 and 609 (nomenclature as in (21)) (19,20,22-24))
mixed with a charge-transfer state (25).

The presence of red forms in the native Lhcal/4 dimer has
been known for a long time (10), in contrast to the presence
of red forms in Lhca2/3, which was more controversial and
could only recently be confirmed (5). It was shown that the
red form content in Lhcal/4 and Lhca2/3 is practically iden-
tical, and that they show 77 K emission maxima at 731.5 and
728.5 nm, respectively (5,26). Due to their low excited-state
energy, red forms have an important effect on EET and
trapping in PSI. Indeed, at room temperature (RT) they
give rise to 80% of the fluorescence emission of higher plant
PSI (27).

The function of the red forms is not fully understood, it has
been proposed that they play a role in photoprotection, con-
centration of the excitation energy and/or strongly contribute
to the PSI absorption under specific light conditions (28-31).

The EET and trapping processes in PSI have been studied
extensively by time-resolved techniques: transient absorp-
tion, fluorescence upconversion, synchroscan streak camera,
and time-correlated single photon counting (TCSPC).

doi: 10.1016/1.bpj.2011.06.045


mailto:r.croce@vu.nl
http://dx.doi.org/10.1016/j.bpj.2011.06.045
http://dx.doi.org/10.1016/j.bpj.2011.06.045
http://dx.doi.org/10.1016/j.bpj.2011.06.045
http://dx.doi.org/10.1016/j.bpj.2011.06.045
http://dx.doi.org/10.1016/j.bpj.2011.06.045

746

Gobets et al. (32) studied a range of PSI complexes from
cyanobacteria with different red form content and found
that the excitation energy trapping of all complexes could
be described with a lifetime of 18 ps and an additional
slower component. The lifetime and amplitude of the slower
component correlate with the amount and energy of the red
forms. The main fluorescence decay time of the higher plant
PSI cores is ~18 ps (33,34), while it is still unknown whether
a second slower lifetime is needed to describe the red form
decay kinetics.

Time-resolved fluorescence studies on PSI-LHCI from
higher plants have shown that, compared to the purified
core, additionally red-shifted decay-associated spectra
(DAS) are needed to describe the data (13,33-37). The exact
lifetimes and DAS differ from study to study, probably re-
flecting a high sensitivity of PSI to handling and measuring
conditions, but most studies show a similar trend: a fast ~5—
10 ps bulk/red energy equilibration component, a ~20- ps
trapping component with a PSI core-like spectrum, and at
least one red-shifted DAS with lifetimes > 55 ps. In
some studies a smaller number of components is used to
describe the data (33,35), but most likely these DAS repre-
sent an average of components that are resolved in the other
reports.

In the past decade it has become clear that the slow phase
in the PSI-LHCI fluorescence decay is related to the low
energy Chls in LHCI (13,33,35,36,38,39), in particular of
Lhca3 and Lhca4 (34). So far, however, there is no agree-
ment about the spectra and decay kinetics of the individual
Lhcas when associated with the core (34,36,37,39,40). This
is mainly because PSI is a very large and complex system,
making it difficult to extract the details from the decay
kinetics. To tackle this problem and to improve the under-
standing of EET in PSI-LHCI we have chosen a systematic
approach. First, to reduce the complexity, we purified the
major PSI building blocks: Lhcal/4, Lhca2/3, and core
and studied their time-resolved fluorescence dynamics.
Next, we gradually increased the complexity, by
“rebuilding” the system, making use of PSI from a mutant
plant that consists of a PSI core, only coordinating the
Lhcal/4 dimer (41-43), and finally studying the wild-type
(WT) complex. In addition, to specifically investigate the
role of the red forms we studied a complex in which
Lhca4 (with red forms) is substituted by Lhca5 (without
red forms) (43).

MATERIALS AND METHODS
Isolation of PSI complexes

All complexes were obtained from Arabidopsis thaliana plants. Lhcal/4
and Lhca2/3 were isolated as described in (5) and the PSI core was obtained
as in (15). PSI complexes were obtained from WT, Lhca2 antisense, and
Lhca4 knockout plants (44,45) as described previously (43). All complexes
were separated by sucrose density ultracentrifugation, on a 0.1-1 M sucrose
gradient with 0.03% n-dodecyl-a-D-maltoside and 10 mM tricine, pH 7.8.
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PSI complexes were further purified by one (PSI-WT, PSI Lhca?2 antisense)
or two (PSI Lhca4 knockout) subsequent sucrose gradients. After harvest-
ing, the complexes were snap frozen in N,(I) and stored at 193 K.

All spectroscopic measurements were performed in 0.5 M sucrose,
0.03% n-dodecyl-a-D-maltoside, and 10 mM tricine pH 7.8.

Steady-state spectroscopy

Absorption spectra were recorded on a Cary 4000 UV-Vis spectrophotom-
eter (Varian, Palo Alto, CA). Fluorescence spectra were recorded on a Flu-
orolog 3.22 spectrofluorimeter (HORIBA Jobin Yvon, Longjumeau,
France). Intactness of the sample was checked by recording the steady-state
emission spectra before and after time-resolved fluorescence measure-
ments. No significant changes were observed.

TCSPC

TCSPC was performed at 283 K with a homebuilt setup, as described previ-
ously (46). Excitation was performed with a light pulse at 440 or 475 nm
and a repetition rate of 3.8 MHz. Pulse energies of (sub)-picojoules were
used with pulse duration of 0.2 ps and a spot diameter of 2 mm. The instru-
ment response function (~80 ps at full width half maximum) was obtained
with pinacyanol iodide in methanol, with a 6-ps fluorescence lifetime (37).
A channel time spacing of 2 ps was used, resulting in an 8-ns time window.
Further experimental settings were as in (26). The steady-state fluorescence
emission spectra were used to calculate the DAS.

Calculation of LHCI to core migration time

Based on the fractions of PSI core and LHCI excitation at two different
excitation wavelengths (see Section SI. 2 in the Supporting Material) and
the respective average fluorescence lifetimes, the fluorescence lifetime
upon selective excitation of only LHCI (7.) or only PSI core (7c) can be
calculated (37). The average fluorescence lifetime is the sum of the trapping
time, which is independent of the location of the initial excitation, and the
migration time. Thus, the difference between 7, and 7¢, given by Eq. 1, can
be attributed to the extra migration time from LHCI to the core (37).

. <T>475 — <T>440
"~ ExLHCly;5s — EXLHCl 4

M

TL-C

with 7 _c being the difference in average lifetime after excitation of LHCI
or core. < T >u44 is the average fluorescence lifetime after excitation at ###
nm. And ExLHCl; is the fraction of excitation that is created on LHCI
upon ### nm excitation.

Synchroscan streak camera measurement
and modeling

Streak-camera fluorescence measurements were performed (at 295 K) with
a set of lasers and a synchroscan streak-camera detection system, as
described in (47). Excitation was at 475 nm and a time window of 160 ps
was used. Further experimental settings and data analysis were as in (26).
Target analysis yielded the species associated spectra of the transfer rates
between the red Lhca, blue Lhca, core bulk, and core red compartment;
for details on target analysis see (48). To reduce the number of free fit
parameters the spectrum of blue antenna is taken to be the same as the
bulk core spectrum, the red antenna emission is O for A < 680 nm, the
red core emission is 0 for A < 695 nm. For PSI-WT the initial excitation
fraction of the core was fixed at 35% as obtained from the absorption
spectra (Table 1). LHCI excitation was 65%, the fractions of red versus
blue antenna excitation were estimated at 0.22 and 0.78, indicating that
the red Lhca compartment represents the red forms and the Chls nearby.
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TABLE 1 TCSPC fluorescence decay parameters of PSI complexes

PSI core PSI-Lhcal/4 PSI-WT PSI-Lhca5

T Aya0 Ayrs T Ass0 Ays T Asq0 A 475 T Aya0 Ayrs
18 ps 88% 84% 23 ps 69% 59% 20 ps 54% 45% 26 ps 67% 65%
44 ps 11% 16% 89 ps 25% 35% 83 ps 43% 51% 78 ps 29% 32%
0.28 ns 0.3% 0.4% 0.29 ns 2.3% 3.0% 0.23 ns 2.7% 2.9% 0.47 ns 2.2% 1.3%
2.4 ns 0.1% 0.2% 2.3 ns 1.6% 2.4% 1.7 ns 0.2% 0.2% 3.1 ns 1.7% 1.9%
5.2 ns 0.4% 0.1% 5.5 ns 1.8% 0.8% 53 ns 0.3% 0.1% 8.9 ns 0.4% 0.3%
<7T>% (ps) 21.3 22.9 46.6 55.5 52.9 58.4 41.4 42.7
T475-440 (pS) 1.6 8.9 5.5 1.3

Ex core 100% 100% 76% 47% 62% 35% 61% 38%
7c (ps) 39.0 45.5 39.2
7L (ps) 70.3 65.1 44.9
TL—c (ps) 31 20 6

Au40 475 1s the relative contribution to fluorescence decay based on area under DAS after excitation at 440 or 475 nm. The underlined lifetimes are used to

calculate the average lifetimes:

Fraction of core excitation is indicated, see Section SI. 2 in the Supporting Material for details. 7¢ is the calculated lifetime for hypothetical selective exci-
tation of the core, and 7, for selective excitation of LHCI, 7 _c is the migration time from LHCI to the core.

The dissipative rate of purified Lhcal/4 was 0.47/ns: this loss rate was used
for all compartments.

RESULTS

Red forms of PSI complexes studied with LT
fluorescence

Fig. 1 shows the LT emission of Lhcal/4, PSI core, PSI-Lhcal/
4, and PSI-Lhcal/4-Lhca2/3 (further called PSI-WT) (the
absorption spectra are reported in Section SI. 1 of the Support-
ing Material). The emission maximum of PSI-Lhcal/4 is a few
nm blue-shifted as compared to PSI-WT indicating that in the
case of PSI-Lhcal/4 relatively more emission is coming from
the core (41). Because contamination of the PSI-Lhcal/4
preparation with PSI-core can be excluded (43), the data
indicates that the EET between the core and Lhcal/4 in
PSI-Lhcal/4 is not as good as in the WT complex.

The low fluorescence intensity in the 680-nm region
observed for all complexes, shows that most pigments trans-
fer their excitation energy to the red forms, meaning that the
samples are virtually free of PSII contaminations and/or un-
coupled Chls.

Fluorescence decay dynamics: streak camera
measurements

The fluorescence dynamics of the complexes (Fig. 2 A) were
studied at room temperature with the synchroscan streak
camera, after excitation at 475 nm. It is immediately clear
from the streak images that the fluorescence of the Lhcal/4
dimer shows hardly any decay on the 140-ps timescale, only
energy equilibration between the bulk pigments and the red
forms can be observed (Fig. 2 B). The PSI core on the other
hand decays extremely fast (Fig. 2 B). When the Lhcal/4

dimer is associated with the core (PSI-Lhcal/4) the fluores-
cence decay is still fast, although slightly slower than for the
PSI core and it shows stronger emission at the longer wave-
lengths (~720 nm) (Fig. 2 B). Furthermore, if the Lhca2/3
dimer is associated with the core (PSI-WT) an additional
increase in the longer wavelengths emission is observed
(Fig. 2 B). The fast decay of PSI-Lhcal/4 and PSI-WT as
compared to Lhcal/4 indicates that in these complexes the
excitation energy is efficiently transferred from Lhcas to the
core and subsequently trapped by the RC.

To investigate the effect of the LHCI antenna on the fluo-
rescence decay in a quantitative way the DAS were esti-
mated (Fig. 2 C). The DAS associated with the shortest
lifetimes (3—13 ps) have spectra with a positive contribution
around ~680 nm and a negative one around ~720 nm for all
complexes. This is typical for PSI complexes and represents
energy equilibration between the bulk pigments and the

-==-PSlcore
—— PSl-Lhca1/4

77K Fluorescence

A 721 732
max 728 733

Fluorescence

0 = 1 1 1
650 675 700 725 750 775 800
Wavelength (nm)

FIGURE 1 77 K fluorescence emission of PSI (sub)complexes upon
475 nm excitation.
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FIGURE 2 Streak-camera time-resolved fluo-
rescence measurements. (A) Cartoons of the inves-

tigated complexes were prepared with PyMOL
(DeLano, W. L. The PyYMOL Molecular Graphics
System (2002) on http://www.pymol.org) from
the structural data of PSI-LHCI (57) (and LHCII
(21) for Lhcal/4) (Protein Data Bank codes:
2001 and IRWT). (B) Streak images showing
140 ps along the y axis and 650-780 nm along
the x axis. Color represents fluorescence intensity
with black no fluorescence, red highest intensity.

Excitation was at 475 nm. (C) DAS estimated
from the streak data, shown in B. (D) Average life-
time calculated according to 7,, = ZA;/*7;, with A
the relative area under the DAS and 7 the corre-

sponding lifetime, the transfer component was
not taken into account.

Lhca1/4 PSI core PSl-Lhca1/4
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low-energy forms. In Lhcal/4 the main fluorescence decay
occurs with a 2-ns lifetime and the DAS shows a maximum
around 720 nm due to emission from the low-energy Chls. A
fraction of Lhcal/4 decays faster (0.58 ns), which presum-
ably arises from complexes in a quenched conformation
(26). The PSI core decays mainly with an 18-ps lifetime,
as observed previously (33,34). In addition, a small contri-
bution of a 63-ps component with red emission is observed
due to the presence of red forms in the core (see LT emission
(Fig. 1) and (11,15)). For PSI-Lhcal/4 a 24-ps component
with a similar spectrum as the 18-ps core DAS is present
together with an 83-ps DAS resembling the 2 ns DAS of
Lhcal/4. In PSI-WT similar DAS as in PSI-Lhcal/4 were
observed, but the amplitude of the Lhcal/4-like DAS
increased, although its lifetime was somewhat shorter
(68 ps). It can thus be concluded that both Lhca2/3 and
Lhcal/4 contribute to the amplitude of the red-shifted
DAS. The average lifetime of the complexes (Fig. 2 D)
increases from 20 ps for PSI core, to 48 ps for PSI-WT.
PSI-Lhcal/4 also has an average lifetime of 48 ps, which
is surprising considering the smaller number of Chls and
red forms in PSI-Lhcal/4.

TCSPC after preferential core and antenna
excitation

The fluorescence decay of the complexes was also investi-
gated by TCSPC (at 283 K). This technique is more sensitive
than the streak camera allowing for a more accurate estima-
tion of the fluorescence lifetimes. A disadvantage is the
broader instrument response function that results in a lower
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time resolution, hampering the resolution of the blue to red
EET component (3-8 ps in the PSI complexes, Fig. 2).

TCSPC measurements were performed after excitation at
440 nm (exciting mainly Chl a and Cars) and 475 nm
(exciting Chl b and Cars). Because Chl b is only present
in LHCI, 475 nm excitation is more selective for the
antenna, while 440 nm is preferentially exciting the core
complex, see Section SI. 2 in the Supporting Material.

Fig. 3 shows the DAS estimated from the TCSPC
measurements of: PSI-core, PSI-Lhcal/4, and PSI-WT
complexes. Due to the rather broad global fit minimum
(33) various combinations of amplitude and lifetimes can
describe the data; to be able to compare the relative ampli-
tudes, the two sets of measurements (440- and 475-nm exci-
tation) were fitted simultaneously. For all complexes five
lifetimes were needed to describe the data; the fastest three
(ps to sub-ns) were attributed to PSI, whereas two long life-
time components (ns) with very small amplitudes were
ascribed to PSII contaminations/free Chls.

The decay of the core is mainly described with an 18-ps
lifetime (Fig. 3 A, Table 1). In addition two red DAS, with
lifetimes 44 ps (amplitude 11% for 440-nm excitation)
and 0.28 ns (amplitude 0.3%) are needed to describe the
data (Table 1). The longer components are ascribed to red
forms in the core (Fig. 1), because the sample is not notably
contaminated with PSI-LHCI, as can be judged from LT
emission (Fig. 1) and protein analysis (see Fig. 4 in (43)).
Interestingly, upon excitation at 475 nm the contribution
of the red component increased as compared to excitation
at 440 nm (Table 1). This suggests that some (-carotenes
(the only pigments excited in the core complex at 475 nm)
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FIGURE 3 TCSPC DAS of PSI core (A), PSI-Lhcal/4 (B), and PSI-WT
(C), excitation was at 440 (solid) and 475 nm (dashed). DAS are normalized
to each other based on the area under the red-shifted DAS.

are located close to the red forms to which they transfer
energy. Because the red Chls have a higher probability to
be excited and thus, to generate potentially harmful triplets,
a carotenoid in van der Waals contact would be effective in
protecting the complex by quenching Chl triplets. By
analogy, in LHCI the red forms (Chls603 and 609) are pro-
tected by a carotenoid located in the nearby 621 site (28,49).

Analysis of PSI-Lhcal/4 and PSI-WT data reveals two
main components: a ~20 ps one with a core-like spectrum,
and an 80-90-ps component with an Lhca-like spectrum
(720-730 nm). A small additional component associated
with a longer lifetime (0.23-0.29 ns) and a red-shifted
maximum at ~740 nm is also present. Similar observations
were reported for PSI-WT (34,37). The average lifetimes after
475-nm excitation are 55.5 ps for PSI-Lhcal/4 and 58.4 ps for
PSI-WT (Table 1), somewhat longer than the 48 ps found with
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FIGURE 4 RT absorption (A), 77 K emission (B), and TCSPC DAS (C)
of PSI-Lhca5. For comparison the absorption spectrum of PSI-WT is also
shown (A). Spectra are normalized to the number of Chls in the Qy region
(A), or the red maximum (B and C).

the streak. If the 0.23-0.29-ns lifetime, which was not
resolved in the streak experiment, is not taken into account,
more similar values of 48 and 53 ps are obtained for PSI-
Lhcal/4 and PSI-WT, respectively. Upon more selective exci-
tation of the core (440 nm) the contribution of the ~20 ps
decay component increases (Fig. 3 B and C, Table 1). This
results in a decrease of the average lifetime to 46.6 ps for
PSI-Lhcal/4 and 52.9 ps for PSI-WT (Table 1). Using the
average lifetimes obtained after 440- and 475-nm excitation
and the relative fraction of core excitation (Table 1 and
Section SI. 2 in the Supporting Material), the lifetimes upon
excitation of the core complex (7¢) or LHCI only (7.) can
be calculated (see Materials and Methods and (37), Table
1). For PSI-Lhcal/4 7¢ is shorter than for PSI-WT, in agree-
ment with the lower content of (red) Chls. However, upon
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hypothetical excitation of the antenna system the average life-
time (7) of PSI-Lhcal/4 becomes somewhat longer than for
PSI-WT, indicating that the average EET from LHCI to core
(TL—c) takes longer for PSI-Lhcal/4 (31 ps) than for PSI-WT
(20 ps). Further analysis (Section SI. 3 in the Supporting
Material) shows that EET from Lhcal/4 to the core is slower
in PSI-Lhcal/4 than in intact PSI complexes.

The 20 ps 7._c for PSI-WT are longer than the 9.4 +
4.9 ps reported previously for dissolved PSI crystals (37).
This difference can be explained by three factors. 1), The
lower contribution of red emission for the PSI crystals
(37) as compared to PSI-WT described here (Fig. 3), 2),
the different values used for the carotenoid to Chl transfer
efficiency (see Section SI. 2B in the Supporting Material),
and, 3), the different method used to calculate the average
lifetimes; in (37) this was based on the average of the life-
times obtained independently for each detection wave-
length, whereas in this study the average lifetimes were
based on the relative area under the DAS. The latter method
takes into account that some wavelengths contribute
stronger to the fluorescence decay than others.

The PSI-Lhca1/5-Lhca2/3 supercomplex

To investigate the effect of the presence/absence of red
forms in the intact system, we analyzed a PSI complex in
which Lhca4 is substituted by Lhca5. The PSI-Lhcal/5-
Lhca2/3 complex has the same supramolecular organization
as PSI-WT (43), but a reduced amount of red forms, because
Lhca5 does not coordinate them (50).

The absorption spectrum of PSI-Lhca$5 is similar to that
of PSI-WT (Fig. 4 A), but the absorption above 700 nm is
less intense. The LT fluorescence emission spectrum of
PSI-Lhca5 shows a maximum at 730 nm (Fig. 4 B). Because
Lhca4 is not present in this sample the 730-nm emission can
be entirely attributed to Lhca3, which now contains the
lowest energy excited state of the system.

The fluorescence decay was studied with TCSPC after
excitation at 440 and 475 nm. The DAS are presented in
Fig. 4 C: The core-like DAS is associated with a lifetime of
26 ps, somewhat longer than the 20 ps found for PSI-WT.
The 78-ps spectrum shows red-shifted emission like the 83-
ps component in PSI-WT, but with smaller amplitude (Table
1). This indicates that most of the excitation energy from the
Lhcal/5 dimer is rapidly transferred to the core, and thus
hardly contributes to the 78-ps spectrum. This results in an
average lifetime of only 42.7 ps for PSI-Lhca$, as compared
to 58.4 ps in PSI-WT. Upon excitation at 440 nm the average
lifetime decreases only with 1.3 ps, giving a 7 _¢ of 6 ps.

DISCUSSION

In this study we have investigated the effect of individual
Lhcas on the EET dynamics of higher plant PSI by
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analyzing a series of complexes with different antenna
size/composition/absorption.

Lhcal/4 and Lhca2/3 have similar effect
on PSI decay kinetics

The effect of individual Lhcas on the PSI decay kinetics is
discussed in a contradictory way in the literature. On the
basis of a comparison of the decay kinetics of intact
PSI-LHCI and of PSI largely missing Lhcal/4, it was sug-
gested that EET from Lhcal/4 and Lhca2/3 to the core
occurs in a parallel way with similar spectra and kinetics
(36). Conversely, in a study on PSI lacking 20-30% of
Lhca2/3 it was suggested that this dimer mainly contrib-
utes to a red 50-ps DAS, whereas the Lhcal/4 dimer
contributes to a stronger red-shifted 120-ps DAS (39).
Similarly, based on target analysis of PSI-LHCI fluores-
cence decay kinetics two red Chl compartments with RT
emission maxima at ~720 and ~740 nm (decay lifetimes
of 33 and 95 ps) were assigned to Lhca3 and Lhca4,
respectively (34). In both studies the amplitude of the
“Lhca4”-related DAS was far lower than that of the
“Lhca3”-related DAS, which was explained by Slavov
et al. (34) by low emitting dipole strength for Lhca4 as
is apparent from the small area of the Lhca4 species asso-
ciated spectrum.

Our collection of PSI particles with different antenna
composition is well suited to investigate the effect of the
individual Lhcas on the PSI decay kinetics. If the spectra
and kinetics of Lhca3 and Lhca4 would indeed differ
strongly as proposed (34), then in PSI-Lhca5, where
only Lhca3 contributes to the red emission, the lifetime
and emission maximum of the red DAS should be consid-
erably shorter than in PSI-Lhcal/4. However, this is not
the case: all investigated PSI-Lhca complexes show two
main decay components of 20-26 ps (blue spectrum)
and 78-89 ps (red spectrum, see Section SI. 4 in the Sup-
porting Material). The relative amplitude of the red DAS
correlates with the presence of the red antennae: PSI-
WT > PSI-Lhcal/4 > PSI-Lhca5. This relation qualita-
tively shows that Lhca3 and Lhca4 contribute about
equally to the ~80-ps DAS, consistent with the similar
absorption and emission properties of Lhca3 and
Lhca4 (5,26). The data disprove the assignments in
(34,39) in which spectra with very different amplitude,
emission maxima, and lifetimes were assigned to Lhca3
and Lhca4.

Nevertheless, as observed previously (34,35,37,39),
a small second red DAS was resolved for PSI-WT and PSI-
Lhcal/4 (Section SI. 4 in the Supporting Material, Fig. 3,
Table 1). As our data show that this heterogeneity of the fluo-
rescence decay cannot be explained by a very different
coupling of Lhca3 and Lhca4 to the core, we propose that it
might be attributed to the large inhomogeneous broadening
of the red forms (16,18,51).
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Fast energy transfer from the blue antenna
to the core

To study in more detail the effect of the red forms, we have
used PSI-Lhca5, with the same antenna size and organiza-
tion as WT, but with reduced red forms content. EET
from the antenna to the core occurs substantially faster
than in PSI-WT. Because the only difference is the replace-
ment of red-Lhca4 by blue-Lhca$, it can be concluded that
the blue antennae, namely Lhcal, Lhca2, and Lhca5, are
responsible for fast EET to the core. Thus, the main barrier
for EET between LHCI and core are the low-energy Chls, as
was suggested based on a temperature dependence (13) and
modeling (34) of PSI excitation energy trapping kinetics. At
variance with a previous suggestion (36) the data show that
EET from Lhca5 to the core is very efficient.

Impact of the red forms on the effective
trapping rate

To investigate the effect of LHCI on the average fluorescence
lifetime, we compare <7> = ~22 ps of PSI-core to 7, = ~65 ps
of PSI-WT upon selective LHCI excitation. This shows that
LHCI slows down the effective trapping rate by a factor of
three, in agreement with previous results (33,34). Because
PSI-WT coordinates ~1.5 times more Chls a than the core
(40,50), for well coupled isoenergetic Chls a it can be assumed
that 7, increases with the same factor (from 22 to 33 ps). The
additional 2x increase to 65 ps can be ascribed to the slow
energetically uphill EET from the red forms to the trap. Treat-
ing the data of Engelman et al. (33) in the same way also gives
a 2x increase of the trapping time due to the red forms, and
a similar increase of 2.3x was reported by Slavov et al (34)
based on their kinetic modeling results.

Comparing the effect of the red forms on 7, of PSI-Lhca$,
which only contains the red forms of Lhca3 (17,43), and
PSI-WT, allows to disentangle the effect of Lhca3 and
Lhca4. The effective trapping time of PSI-Lhca$ is in-
creased by a factor of 1.4 (from 33 to 45 ps) compared to
the case of isoenergetic pigments. This suggests that ~40%
of the increase in trapping time in PSI-WT can be ascribed
to the red form of Lhca3, and 60% to that of Lhca4.

If a dissipative rate of 0.4/ns (as found for LHCI (26)) is
assumed for PSI in the absence of charge separation, it
follows that the trapping efficiencies of core, PSI-WT, and
PSI-Lhca5 are 99.1%, 97.4%, and 98.2%, respectively.
Thus, even though Lhca3 and Lhca4 severely slow down
the trapping rate, the effect on trapping efficiency is limited.
It can be speculated that Nature has searched for an optimal
PSI light harvesting, using as much of the solar spectrum
as possible while remaining to work at an extremely high effi-
ciency. It should be noted that, although the red forms are
only responsible for a small fraction (4-5%) of light absorp-
tion under a normal daylight environment, they may be
responsible for up to 40% of the light absorption under
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deep shade-light conditions (30). Thus, especially under
shade conditions the small drop in PSI efficiency is negligible
compared to the advantage of the increased absorption.

All Lhcas contribute equally to EET to the core

The association of LHCI to the core gives rise to a long
trapping lifetime (Figs. 2 and 3), which is reflecting slow
EET between (part of) LHCI and the core. This has been ex-
plained by i), difficulties in EET between the complexes
and/or ii), by the red forms of LHCI (13,33-36,39,40). If in-
termonomer EET within Lhcal/4 and Lhca2/3 takes place
on a faster timescale than transfer to the core, which can
occur if (i) is dominating, than the EET occurs from an
equilibrated system and can be described by a single rate
constant for each dimer, as assumed in (36,37,39). However,
if (ii) has the most important contribution, then EET from
LHCI to the core is slower for the complexes with more
red-shifted emission (34), thus kzjcas < kincas << kincaz <
kipear (10,17). The experimental evidence for fast EET from
the blue Lhcas to the core (discussed above) indicates that
(i) does not play a significant role and that (ii) mainly
contributes to the slow trapping in PSI-LHCI.

This means that the rates of transfer from the individual
Lhcas to the core can be estimated based on energetic
considerations. If it is assumed that 1), energy equilibration
within Lhca is faster than EET between Lhca and core, and
2), EET from the core to all Lhcas occurs with the same rate,
then the ratio of the EET rates from individual Lhca’s to the
core (formula 2) can be derived from the detailed balance
equation (see Section SI. 5A in the Supporting Material).
The validity of assumption (1) will be discussed below.
The second assumption is justified because the Forster over-
lap integral between the emission of a bulk Chl and the
absorption of a red-shifted Chl (with an oscillator strength
of 2 Chls (26), see Section SI. 5B in the Supporting
Material) is similar to the overlap with a bulk Chl; further-
more, in absorption the red forms do not play such an impor-
tant role (as compared to fluorescence).

ka4C ka4a 1 ka3C ka3a2
= and =

’
kal C ka la4 kaZC ka2a3

(@)

where k,c is the rate of transfer from Lhca# to the core, and
k. 18 the rate of transfer from Lhca# to Lhca*, and ks« 4 iS
the backward rate.

The intermonomer EET rates of Lhcal/4 and Lhca2/3 in
solution have been resolved in (26). Similar ratios of trans-
fer rates are expected when the dimers are coordinated to the
core complex; it thus follows that k¢ is four times k4 and
ko is three times k3¢ (26). For PSI-WT we obtained an
antenna-core migration rate of 50/ns from the analysis of
the TCSPC experiments. Assuming equal average rates for
both dimers and equal initial excitation of the Lhcas (which
is reasonable based on the similar absorption properties of
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the dimers (5)) we obtain k,;c and k - 80 and 75/ns, and
kusc and kyac 25 and 20/ns, respectively (see Fig. 6). The
faster transfer from Lhca3 compared to Lhca4 might explain
the slightly shorter lifetime (78 ps) of the red DAS found for
PSI-Lhca$5, and slightly longer lifetime for PSI-Lhcal/4
(89 ps), compared to PSI-WT (83 ps). The fastest transfer
occurs with a rate of 80/ns, a factor of ~2.5 slower than
the slowest equilibration process in Lhca4 and Lhcbs
(52,53), indicating that assumption 1) is reasonable.
Howeyver, it cannot be excluded that a fraction of the excita-
tion energy is transferred to the core before energy equili-
bration within the Lhcas is completed. In this case the
effective average transfer time from the high-energy forms
would be somewhat faster and that of the red forms some-
what slower than found with our current model. This might
explain the faster transfer obtained for PSI-Lhca5 as
compared to the transfer from blue Lhca in PSI-WT.

The EET from the blue Lhca to the core and to the red
Lhca in the dimer is fast, while both transfer rates are
slow for the red Lhcas (see above and (26)). Therefore,
upon equal excitation, both blue and red Lhcas transfer
the same fraction of their absorbed energy (>60%) directly
to the core, while the rest (<40%) is transferred to the other
Lhca in the dimer (see Fig. 6).

Target analysis: PSI model

To obtain a complete picture of the transfer and trapping
kinetics of PSI-LHCI, target analysis was performed on
the streak camera data. The data were fitted to a compart-
mental model where the compartments represent a simplified
picture of the different parts of the system. This provides the
spectra of, and the transfer rates between the different
compartments (see (48) for details).

First, the decay of the PSI core was modeled. Its detailed
trapping kinetics is discussed controversially in the literature
(see for example (54) vs. (55)), and is beyond the scope of this
work. We describe the kinetics with a simple two compart-
ment model: one for bulk Chls from which trapping occurs
and one for red Chls (Fig. 5 A). An apparent trapping rate
of 53/ns was obtained, in good agreement with 56/ns, which
was proposed as a general trapping rate for bulk Chls in PSI
core particles (32). In the second step PSI-WT is modeled,
assuming that the core kinetics remain the same. Because
the emission spectra at RT of Lhcal and Lhca2 and of
Lhca3 and Lhca4 (10,17,26) are similar, we introduce only
one blue (Lhcal,2) and one red (Lhca3,4) compartment in
the model. The ratio of EET from the blue antenna to the
core is forced to be four times faster than that of the red
antenna, similar to the ratios used for the analysis of the
TCSPC data. The transfer rates between blue and red antenna
were obtained from the analysis of the Lhcal/4 dimer (26).
Although the modeling is coarse-grained, it provides a satis-
factory description of the data (Fig. 5, Section SI. 6 in the
Supporting Material). The emission maximum of the red
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FIGURE 5 Target analysis of PSI-LHCI kinetics. (A) Compartmental
model of PSI-LHCI, with EET rates in /ns. (B) Species associated spectra
of the compartments.

Lhcas is found at 720 nm, in good agreement with our
previous work on isolated LHCI dimers (see Lhca3 and
Lhca4 spectra (26)). The evolution of the excitation concen-
trations on the different compartments are shown in Section
SI. 7 in the Supporting Material. The rates of transfer from
antenna to core (blue 107/ns, red 27/ns) are similar but some-
what faster than the ones based on the analysis of TCSPC data
(blue 75 80/ns, red 20-25/ns).

Target analysis was also performed for PSI-Lhcal/4
(Section SI. 8 in the Supporting Material). The rate of trans-
fer from antenna to core was estimated to be 75% of that in
PSI-WT, in agreement with the larger 7 _c obtained from
the TCSPC data. The ratio between forward and backward
transfer between core and Lhcas is half in PSI-Lhcal/4 as
compared to PSI-WT, which is expected when the Lhca
antenna size is reduced by a factor of two.

Two previous studies have addressed the rates of transfer
from Lhca3 and Lhca4 to the core. In Thalainen et al. (40)
a 7/ns red Lhca to core rate was reported, thus ~4 times
slower than the 27/ns obtained from our analysis. However,
an unusually large LHCI loss channel of 7/ns was also
needed to describe the data, while the isolated dimers decay
with a lifetime of 0.4/ns (26,56), thus suggesting that the
model does not give a realistic description of the kinetics.
In the study of Slavov et al. (34) the reported values of
14 and 36/ns for red Lhca to core are comparable to the
27/ns obtained here but the decay of Lhca3 and Lhca4
was described with very different spectra and kinetics, while
our data indicate that this cannot be the case.
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FIGURE 6 Schematic presentations of energy transfer and trapping in
PSI-LHCI. Thickness of the arrows indicates the rates. The transfer rate
between Lhca2 and Lhca4 could not be estimated from our target analysis,
but, based on structural data, it has been suggested to be similar to the
intradimer transfer rates (1,58).

SUMMARIZING CONCLUSION

Combining streak camera and TCSPC measurements we
investigated excitation energy transfer and trapping kinetics
of higher plant PSI-LHCI, taking into account the transfer
rates from, to, and between individual Lhcas. Fig. 6 summa-
rizes the results:

Transfer from Lhcal and Lhca2 to the core occurs very
fast (~100/ns) and faster than energy equilibration
between the Lhcas.

Excitation energy can only “slowly” (~25/ns) escape
from Lhca3 and Lhca4 to the core.

Each Lhca contributes about equally to the transfer to the
core.

The spectra of Lhca3 and Lhca4 are similar, with
a red-emission maximum at 715-720 nm.

The red forms of Lhca3 and Lhca4 slow down the effec-
tive PSI trapping rate in a comparable manner, and
together by ~2 times.
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