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Excitation-Energy Transfer Dynamics of Higher Plant Photosystem I
Light-Harvesting Complexes
Emilie Wientjes,† Ivo H. M. van Stokkum,‡ Herbert van Amerongen,§{ and Roberta Croce†*
†Department of Biophysical Chemistry, Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Groningen,
The Netherlands; ‡Department of Physics and Astronomy, Faculty of Sciences, VU University, Amsterdam, The Netherlands; §Laboratory of
Biophysics, Wageningen University, Wageningen, The Netherlands; and {MicroSpectroscopy Centre, Wageningen, The Netherlands
ABSTRACT Photosystem I (PSI) plays a major role in the light reactions of photosynthesis. In higher plants, PSI is composed
of a core complex and four outer antennas that are assembled as two dimers, Lhca1/4 and Lhca2/3. Time-resolved fluorescence
measurements on the isolated dimers show very similar kinetics. The intermonomer transfer processes are resolved using target
analysis. They occur at rates similar to those observed in transfer to the PSI core, suggesting competition between the two trans-
fer pathways. It appears that each dimer is adopting various conformations that correspond to different lifetimes and emission
spectra. A special feature of the Lhca complexes is the presence of an absorption band at low energy, originating from an exci-
tonic state of a chlorophyll dimer, mixed with a charge-transfer state. These low-energy bands have high oscillator strengths and
they are superradiant in both Lhca1/4 and Lhca2/3. This challenges the view that the low-energy charge-transfer state always
functions as a quencher in plant Lhc’s and it also challenges previous interpretations of PSI kinetics. The very similar properties
of the low-energy states of both dimers indicate that the organization of the involved chlorophylls should also be similar, in
disagreement with the available structural data.
INTRODUCTION
The driving force of photosynthesis is light, which is har-
vested by membrane-embedded photosystems (PSs). In
oxygen-evolving photosynthesis, two photosystems, PSII
and PSI, work in series to drive electrons from water to
NADPþ. The PSs are pigment-protein supercomplexes, con-
sisting of a core complex and a peripheral light-harvesting
system. The core complex of PSI harbors the reaction
center, the electron-transport chain, ~100 chlorophylls
a (Chls a) and ~20 b-carotene pigments (1,2). In higher
plants, another ~70 Chls a and b and ~15 carotenoids are
coordinated by the peripheral light-harvesting complex of
PSI (LHCI) (1,3). Their function is to absorb light and trans-
fer the excitation energy to the core complex where it can be
used for photochemistry by the reaction center.

LHCI is composed of four Lhca complexes, located at one
side of the core and assembled as two heterodimers, Lhca1/4
and Lhca2/3 (1,4,5). Lhca proteins are encoded by nuclear
genes belonging to the Lhc multigene family, which also
encodes the Lhcb proteins of Photosystem II (PSII) (6). A
special feature of the Lhca complexes is the presence of
red forms, Chls with extremely red-shifted and broad
absorption and fluorescence spectra. It has been found that
the red forms of LHCI have absorption bands around 705–
712 nm (7,8). This is ~30 nm red-shifted, and thus ~3 kT
lower in energy, compared to bulk Lhc Chls a.

Red forms are conserved in plants, algae, and bacteria.
Still, their function is not fully understood. It has been
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suggested that they 1), focus the energy to the primary elec-
tron donor; 2), have a role in protection against light stress;
or 3), absorb light efficiently in a dense vegetation system
where light is enriched in wavelengths >690 nm (9).

In higher plants, the red forms are only responsible for
a small part of the absorption of PSI, but due to their low
energy they have a strong effect on excitation-energy trans-
fer and trapping of the whole PSI complex (10–15). It has
been shown that at room temperature (RT), excitations
reside 80% of the time on the red forms (11). Thus, to be
used for photochemistry (12), these excitations must be
transferred energetically uphill, from the red forms to P700.

It has been believed for a long time that LHCI is
composed of two fractions: LHCI-680 and LHCI-730,
named after their 77 K fluorescence emission maxima,
and that the first fraction consisted mainly of monomeric
Lhca2 and Lhca3, whereas the second was highly enriched
in the Lhca1/4 heterodimer (16–18). Therefore, it was
assumed that only the Lhca1/4 dimer possessed red forms,
but we have shown recently that Lhca2 and Lhca3 also
form a red-emitting heterodimer, and that LHCI-680 is not
a native state of LHCI (4).

Due to the dimeric nature and the similar biochemical
properties of the native Lhca complexes it has so far been
impossible to purify the individual Lhcas. Therefore, it
was difficult to acquire information about their properties.
This problem was partially solved by the use of in vitro re-
constituted Lhca complexes (17,19–21). It was found that
the low-temperature (LT) fluorescence emission maxima
were located at: 690 nm (Lhca1), 702 nm (Lhca2),
725 nm (Lhca3), and 733 nm (Lhca4) (17,19–21). Further-
more, using in vitro reconstitution, it has been shown that
doi: 10.1016/j.bpj.2011.01.030
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the red forms in the Lhca complexes originate from
a strongly excitonically coupled Chl dimer involving
Chl603 and Chl609 (nomenclature as in Liu et al. (22))
(23–27). To account for the extremely broad and red-shifted
spectra, it was proposed that the lowest exciton state of the
dimer mixes with a charge-transfer (CT) state (28); this was
recently proven to be indeed the case for the Lhca4 mono-
mer (29). It was suggested by Ihalainen et al. (30) that
this CT state is responsible for the low fluorescence
quantum yield and emitting dipole strength of Lhca3 and
Lhca4, but a recent study has shown that the fluorescence
quenching of Lhca4 is not related to the presence of the
red forms and, thus, the CT state (31).

Although several studies have analyzed the energy trans-
fer and trapping kinetics in PSI in higher plants, no general
agreement has been reached about their kinetics (15,32,33).
This is mainly due to the fact that PSI is a large and complex
system. To be able to disentangle the contribution of the
individual complexes from the analysis of the whole system,
information is needed about the excitation energy transfer in
and the spectroscopic properties of the PSI building blocks
(Lhca1/4, Lhca2/3, and the PSI core).

The steady-state spectroscopic properties of the Lhca1/4
complex have been thoroughly investigated by studying
both the reconstituted complex (17,19–21) and the LHCI-
730 fraction (16–18). Time-resolved fluorescence studies
were also performed. The reconstituted Lhca1/4 complex
showed two main decay components of 0.7 and 2.9 ns at
RT (30) and of 3.2 and 7 ns at 77 K (34). Time-resolved
studies have also been reported for the LHCI-730 fraction
(35,36), but the measured fluorescence decay lifetimes
were very short, on the subnanosecond timescale. This can
be explained by the absence of detergent in the sample,
which is known to induce aggregation and a shortening of
the lifetimes (37).

The Lhca2/3 dimer could not be obtained either by recon-
stitution or purification from wild-type PSI. Therefore, only
a mixture of Lhca1/4 and Lhca2/3 (henceforth called LHCI)
could be studied, giving information averaged over the two
dimers (8,13,38). Time-resolved fluorescence studies on this
preparation have revealed that the fluorescence decay is
multiexponential, with a 2.7- to 3.0-ns lifetime being the
major decay component (13,38).

So far, accurate information about the excitation-energy
decay pathways of the native Lhca1/4 and Lhca2/3 dimers
is lacking. Recently, the use of Lhca-lacking mutant
Arabidopsis thaliana plants allowed us to purify both
native dimers (4). In this work, we study the dimers by
time-resolved fluorescence. We elucidate the intermonomer
energy-transfer rates and show that the fluorescence
decays multiexponentially for both dimers. The emitting
dipole strengths of the dimers are determined, to answer
the question whether the CT state is indeed respon-
sible for the low fluorescence quantum yield, as proposed
earlier (30).
MATERIALS AND METHODS

Lhca1/4 and Lhca2/3 isolation

Samples were isolated and characterized, as in Wientjes and Croce (4). In

short, PSI from Lhca2- and Lhca1-lacking A. thaliana plants that only con-

tained the Lhca1/4 or Lhca2/3 dimer, respectively (39), were solubilized

and fractionated by sucrose density ultracentrifugation. Using this method,

Lhca1/4 was obtained without any Lhca2/3 contamination, and the Lhca2/3

dimer was contaminated with only ~5% Lhca1/4 (4).
Steady-state spectroscopy

Absorption spectra were recorded on a Cary 4000 UV-Vis spectrophotom-

eter (Varian, Palo Alto, CA). For 77 K measurements a homebuilt liquid-

N2-cooled low-temperature device was used. Fluorescence spectra were re-

corded at 77 K and 283 K on a Fluorolog 3.22 spectrofluorimeter (HORIBA

Jobin Yvon, Longjumeau, France). Samples were diluted to an OD of

0.04 cm�1 at the Qy maximum. All measurements were performed in

10 mM tricine, pH 7.8, 0.03% a-DM and 0.5 M sucrose (room temperature

(RT) and 283 K) or 67% (w/v) glycerol for 77 K measurements.
Streak camera measurements and data analysis

Streak-camera fluorescence measurements were performed with a set of

lasers and a synchroscan streak-camera detection system, as described in

van Oort et al. (40). In short, vertically polarized excitation pulses (wave-

length, 475 nm; duration, 200 fs; power, 0.2 mW) with a repetition rate

of 253 kHz were focused to a spot 150 mm in diameter in a static cuvette

of 4 � 10 mm at RT. The sample (absorption of 0.2 cm�1 at Qy maximum)

was pumped through the cuvette with a flow rate of 4 ml/min. Fluorescence

light was collected at 90� with respect to the excitation direction through

a 630-nm long-pass filter and a polarizer set at magic-angle orientation,

and dispersed as a function of wavelength and time using a spectrograph

and a synchroscan streak camera, respectively. Streak images were recorded

on a CCD camera. The detection wavelength ranged from 560 to 810 nm.

Time windows of 160 ps and 2.1 ns were used. Images were corrected for

background signal and sensitivity nonlinearities of the detection system.

The experimental data were globally analyzed using the R package TIMP

(41), from 650 to 780 nm, with a spectral resolution of 5 nm, and the

decay-associated spectra (DAS) were estimated. The instrument response

function was modeled as a Gaussian, the location in the time window and

the full width at half maximum (FWHM) were free fit parameters.

FWHM values of ~3 and 13 ps were found for the 160-ps and 2.1-ns

time windows, respectively.

Target analysis yielded the species associated spectra (SAS) of the indi-

vidual Lhcas and the excitation energy transfer rates between the Lhcas. To

solve the model, it was necessary to constrain the spectra of the Lhca1 and

Lhca2 compartments to zero for l> 760, where they are known to have little

emission (19,21). The ratio of forward and backward energy transfer between

the monomers was estimated by requiring reasonable relative amplitudes of

the SAS. For details on target analysis, see van Stokkum et al. (42).

For theLhca1/4data, the160-ps and2.1-ns timewindowswere linked in the

analysis. For the Lhca2/3 data there was some difference in the kinetics ob-

tainedwith the two timewindows; therefore, the data setswere analyzed sepa-

rately. The results obtained on the 2.1-ns data set are shown (Figs. 3 and 4). It

should benoted that the transfer component,which is important for solving the

intermonomer energy transfer, is nearly the same for the two time windows.

The difference is found in the spectrum of the nanosecond component.
TCSPC

Time-correlated single-photon counting (TCSPC) of fluorescence was per-

formed with a homebuilt setup, as described previously (43). The samples
Biophysical Journal 100(5) 1372–1380
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were diluted to an OD of 0.1 cm�1 at the Qy maximum, stirred in a 3.5-ml

cuvette with a path length of 1 cm, and kept at 283 K. Excitation was

performedwith a light pulse at 475 nmand a repetition rate of 3.8MHz. Pulse

energies of subpicojoules were usedwith a pulse duration of 0.2 ps and a spot

diameter of ~1 mm. The instrument response function (~54 ps FWHM) was

obtained with pinacyanol iodide in methanol, with a 6-ps fluorescence life-

time (33). Fluorescence was collected at 90� with respect to the excitation

direction through a long-pass (530 nm) and interference filter with FWHM

of 10–15 nm and transmission maxima (see Fig. 4, C andD) (Schott, Mainz,

Germany, or Balzer B-40, Rolyn Optics, Covina, CA). Individual photons

were detected with magic-angle polarization by a microchannel plate photo-

multiplier, and arrival times were stored in 4096 channels of a multichannel

analyzer,with channel time spacing of 5 ps, resulting in a 20-ns timewindow.

Excitation intensitywas reduced to obtain count rates of 30,000 s�1, and care

was taken to minimize data distortion.

The experimental data were globally analyzed using homebuilt software

(44). The fit quality was evaluated from the c2, and from plots of the

weighted residuals and the autocorrelation thereof. The steady-state fluores-

cence emission spectra were used to calculate the DAS.
C

FIGURE 1 Steady-state absorption and fluorescence of Lhca1/4 and

Lhca2/3. (A) RT absorption. (B) RT absorption and 283 K fluorescence.

(C) Difference between absorption spectra of Lhca1/4 and Lhca2/3

(normalized to the same area in the Qy region) at RT and 77 K.

A B

FIGURE 2 The Qy region of the LT absorption spectra (red) of Lhca1/4

(A) and Lhca2/3 (B) described by Gaussian bands (black), see online

version for color. Note that the fitting is meant to extract the characteristics

of the red bands, using the restrictions as explained in the text.
RESULTS

Steady-state absorption and fluorescence

The RT absorption properties of Lhca1/4 and Lhca2/3
are similar (Fig. 1 A), in agreement with the presence of
red forms in both dimers and their similar pigment compo-
sition (4). The red forms have a large effect on the fluores-
cence spectra, as apparent from the strong emission at
wavelengths >700 nm for both dimers (Fig. 1 B).

Zooming in on the Qy region of the absorption spectra,
clear differences can also be appreciated (Fig. 1 B).
Lhca1/4 shows stronger absorption at wavelengths
<680 nm, whereas Lhca2/3 absorbs more strongly at longer
wavelengths (Fig. 1, B and C). However, at wavelengths
>705 nm where the red forms are mainly responsible for
absorption, the difference is small, especially at 77 K
(Fig. 1 C). To get more detailed information about the
absorption of the Qy region, which in principle also defines
the fluorescence emission, the spectra were described in
terms of Gaussians. At 77 K, the redmost bands show
maxima at 706–707 nm and a FWHM of 25 nm, and they
represent 8.5% and 8.9% of the total oscillator strength in
the Qy region (630–750 nm) for Lhca1/4 and Lhca2/3,
respectively (Fig. 2). A second red band with maxima at
689 nm for Lhca2/3 and 684 nm for Lhca1/4 is needed to
describe the spectra. Although the uncertainty is large due
to the lack of structure in this spectral region, it is clear
that the oscillator strength around 690 nm is far stronger
for Lhca2/3 than for Lhca1/4. This additional absorption
can be assigned to Lhca2, which was shown to have
a band around 690 nm (23), whereas Lhca1 has almost no
absorption at this wavelength (25). The stronger absorption
around 690 nm is reflected in an increased fluorescence
emission at this wavelength for the Lhca2/3 dimer, as
compared to the Lhca1/4 dimer (Fig. 1 B), and this can
thus be assigned to a relatively stronger excitation popula-
tion of Lhca2 compared to Lhca1.
Biophysical Journal 100(5) 1372–1380
Time-resolved fluorescence

To get a better insight into the excitation energy transfer
dynamics of the two dimers, their fluorescence dynamics
was studied by streak-camera and TCSPC measurements.
Due to its narrow instrument response function (FWHM
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3 ps), the streak camera has a high time resolution, whereas
one measurement provides information over a broad spec-
tral range of 570–830 nm. However, due to the short time
window (2.1 ns for the longest time range), the method is
not very accurate for discriminating between fluorescence
lifetimes on the nanosecond timescale. To better cover the
entire decay process, we also performed TCSPC measure-
ments with a 20-ns time window.
Lhca1/4 and Lhca2/3 show similar fluorescence
kinetics

Fig. 3 A shows examples of the spectral evolution from the
Lhca1/4 andLhca2/3 dimersmeasuredwith the streak camera
at RT.On the 160-ps timescale (Fig. 3A, left), a rapid decrease
of fluorescence can be observed at ~690 nm, whereas there is
a concomitant increase of fluorescence at longerwavelengths,
thus reflecting energy transfer. On the 2.1-ns timescale (Fig. 3
A, right), the overall fluorescence decay can be observed. To
solve in detail the fluorescence kinetics on the picosecond-to-
nanosecond scale, global analysis was performed (see Mate-
rials and Methods), providing the DAS. The DAS (Fig. 4, A
FIGURE 3 (A) Example of streak images for the 160-ps and 2.1-ns time

windows of Lhca1/4 and Lhca2/3, respectively, recorded at RT. (B) Excita-

tion energy transfer and decay model, with rates (left) and SAS (right) ob-

tained by target analysis. Fluorescence spectra of reconstituted Lhcas are

also reported. Spectra of Lhca1–Lhca3 were recorded at RT, and spectra

of Lhca4 were recorded at 283 K, which can slightly enhance the red emis-

sion due to a higher population of the red forms at lower temperature. Initial

excitations at 475 nm were estimated, for the Lhca1/4 dimer Lhca1 (56%)

and Lhca4 (44%), and in Lhca2/3 Lhca2 (60%) and Lhca3 (40%). These

values are in good agreement with the expected initial excitations based

on the absorption and excitation spectra of the reconstituted Lhcas.
and B) of both dimers are very similar. The spectra associated
with a lifetime of 13–15 ps have a positive amplitude peaking
around 685 nm and a negative amplitude in the red, thus rep-
resenting energy equilibration between bulk and low-energy
Chls. It has been shown that in monomeric (m)Lhca4, bulk-
red equilibration occurs in <5 ps (45). This indicates that
the 13–15 ps component observed in the dimersmainly repre-
sents excited-state energy equilibration between Lhca1 and
Lhca2, which do not have low-energy Chls, and Lhca4 and
Lhca3, respectively. The fluorescence decay is largely
described with a 2-ns lifetime, but a second subnanosecond
component is also resolved.
Resolving the intermonomer energy transfer

The DAS are a mathematical description of the fluorescence
decay, and they do not necessarily represent a physical part
(for instance a pigment pool) of the sample. To extract more
information about the physical origin of the observed fluo-
rescence kinetics, target analysis was performed. Using
this analysis, the data is fitted to a compartmental model
where the compartments represent the different physical
parts of the system (see van Stokkum et al. (42) for a detailed
description). Our model (Fig. 3 B, left) aims to resolve the
excitation energy transfer rates between the individual
Lhca complexes of each dimer. Solving such a model also
gives the emission spectra of the different compartments
(the SAS). It should be noted that the aim of the model is
to solve the intermonomer transfer rates. For details on the
constraints used to solve the model, see Materials and
Methods.

Fig. 3 B shows the result of the fit. In this case, the SAS
are the emission spectra of Lhca1–4, which should thus be
similar to the steady-state spectra of the reconstituted Lhcas.
A:

C:

B:

D:

FIGURE 4 DAS of Lhca1/4 (A and C) and Lhca2/3 (B and D) estimated

from streak- (A and B) and TCSPC measurements (C and D). Streak

measurements were performed at RT, TCSPC at 283 K, and excitation

was at 475 nm.

Biophysical Journal 100(5) 1372–1380



TABLE 1 Relative area of the DAS obtained by TCSPC

Lhca2/3 Lhca1/4

0.5 ns 8% 0.3 ns 6%

1.6 ns 16% 1.6 ns 20%

2.6 ns 70% 2.7 ns 65%

4.9 ns 7% 3.9 ns 10%

<t> 2.45 ns 2.45 ns

Relative areas (A) of DAS (Fig. 4, C and D) are presented, as well as the

averaged lifetimes, given by <t> ¼ SAiti.

1376 Wientjes et al.
This is indeed the case for Lhca1, Lhca2, and Lhca4 (Fig. 3
B, right), only for Lhca3, the spectrum of the reconstituted
complex shows less ~720 nm emission than the SAS. This is
probably related to the lower stability of reconstituted Lhca3
as compared to the other Lhcas, as is apparent, for instance,
from its lower denaturation temperature (24).

In the Lhca1/4 dimer, energy transfer from Lhca1 to
Lhca4 occurs at a rate of 50 ns�1, whereas the backward
transfer is four times slower (Fig. 3 B). In the Lhca2/3 dimer,
the rate of transfer from Lhca2 to Lhca3 is 40 ns�1, whereas
the backward rate is three times slower (Fig. 3 B). Thus,
after equilibration, only 25% of the emission arises from
Lhca1 in Lhca1/4, whereas this is 33% for Lhca2 in the
Lhca2/3 dimer. This is in agreement with the analysis of
the steady-state spectra, which show stronger Lhca2 fluores-
cence emission compared to Lhca1 emission (Fig. 1). The
high excitation probability of Lhca3 and Lhca4 clearly
shows the large effect of the low-energy Chls present in
these complexes on the energy-transfer kinetics.
Multiexponential decay

The fluorescence kinetics of Lhca1/4 and Lhca2/3 measured
with the streak camera shows a biexponential decay with
time constants of ~0.5 and 2 ns. This is puzzling, because
from an equilibrated system, the fluorescence decay is ex-
pected in principle to be monoexponential. To study this
in more detail, TCSPC measurements were performed,
which allow more accurate estimation of longer lifetimes.
Fluorescence decay traces were recorded at nine emission
TABLE 2 Fluorescence quantum yield, average lifetime, and calcu

Sample FF <t> (ns) <n3>*(cm�3) Radia

Chl a 0.30x 5.9x 3.19e12

Lhca1/4 0.14{ 2.5k 2.73e12

Lhca2/3 0.15{ 2.5k 2.76e12

LHCII 0.21{ 3.9k 3.05e12

*The average value <n3> is obtained as described in Palacios and de Weerd (4
yThe radiative rate is calculated according to krad ¼ FF/tfl.
zThe emitting dipole moment is calculated according to krad ¼ (16np3n3/330hc

different value of the refractive index (1.36 vs. 1.33) according to the empirica
xValues taken from Weber and Teale (65).
{Fluorescence quantum yields were obtained by the method reported in Wientj
kFluorescence lifetimes were obtained by TCSPC. For further details, see Palac

Biophysical Journal 100(5) 1372–1380
wavelengths and were globally analyzed. The calculated
DAS are presented in Fig. 4, C and D. The streak and
TCSCP measurements gave qualitatively similar results,
but the TCSPC allowed resolution of five components—
one transfer component and four decay components—in
the (sub)nanosecond range, thus confirming the multiexpo-
nential fluorescence decay. The main component has a life-
time of 2.6–2.7 ns for both dimers, in agreement with
previous studies on LHCI (13,38). The DAS obtained by
TCSPC allow for an accurate calculation of the average
fluorescence lifetimes (Table 1), which are 2.45 ns for
both dimers. This value is far lower than those of Chl in
solution (5.9 ns) and LHCII (3.9 ns) (Table 2), supporting
the idea of partially quenched states of the dimers.
Are the red forms superradiant?

Analysis of the LT absorption spectrum of the dimeric Lhca
complexes indicates that the red-most bands account for
8.5% and 8.9% of the LT absorption in Lhca1/4 and
Lhca2/3, respectively. Assuming a number of 24 Chls per
dimer (4), the absorption of the red forms corresponds to
a dipole strength of ~2 Chls per dimer. It has been shown
that the red forms represent the lowest-energy state of a dimer
of two excitonically coupled Chls a (603–609) in both Lhca3
and Lhca4 (24,27). Taken together, this indicates that most of
the oscillator strength of the exciton state of the coupled Chl
dimer corresponds to the low-energy band. Because the low-
energy state is heavily populated, it can be expected that the
Lhca dimers have relatively large emitting dipole strengths
and are thus superradiant. In agreement with this, we found
that the area under the SAS (on a wavenumber scale), which
correlates with the emitting dipole strength, is 1.7 times
higher for Lhca4 than for Lhca1. However, it has also been
proposed that the CT state quenches the fluorescence in
LHCII aggregates (46) and Lhcas (30). To investigate this
further, the emitting dipole strengths were calculated accord-
ing to Eqs. 1 and 2 (Table 2):

krad ¼ FF

htFi (1)
lated average emitting dipole strength

tive rate(ns�1)y Refractive index

Emitting dipole strength

(relative to Chl az)

0.051 1.36 1.00

0.057 1.33 1.37

0.061 1.33 1.46

0.054 1.33 1.16

7).

3)jmj2, the emitting dipole moment of Chl a is corrected for the somewhat

l relation D ¼ 20.2 þ 23.6(n � 1)(D2) (64).

es and Croce (4).

ios et al. (47).
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j~mj2 ¼ krad
330hc

3

n16p3n3
(2)
where krad is the radiative rate (in s�1), FF is the fluores-
cence quantum yield (taken from Wientjes and Croce (4)),
<tF> is the average fluorescence lifetime, jmj2 is the emit-
ting dipole strength (C2 m2), 30 is the vacuum dielectric
constant (C2/Jm), h is Planck’s constant (J), c is the speed
of light in vacuum (m/s), n is the emission frequency
(s�1), and n is the refractive index. Equation 2 was taken
from Palacios et al. (47).

The emitting dipole strengths of both dimers are higher
than that of LHCII and 1.4–1.5 times that of Chl a in solu-
tion, meaning that both dimers are indeed superradiant. One
should realize that this value of 1.5 is (even) a lower limit for
the red band because of the contribution of nondimeric Chl
bands to the fluorescence. It was suggested that in Lhca3
and Lhca4, mixing of the excitonic state with a dark
charge-transfer state reduces the emitting dipole moment
to a value of <1.0 (30). It is clear that the data presented
here are in disagreement with that finding.
DISCUSSION

The domain harboring the Chl responsible for the
red forms is conserved in the two dimers

A remarkable feature of the antenna complexes of PSI is the
presence of Chls that absorb above 700 nm and are associ-
ated with Lhca3 and Lhca4 (7). The red forms represent the
lowest-energy state of a dimer of two excitonically coupled
Chls a (24,27). In an excitonically coupled dimer, the sum of
the electronic oscillator strengths is identical to the sum of
the oscillator strengths of the isolated molecules, but the
oscillator strengths can be redistributed over the two transi-
tions. The redistribution depends on the energy levels of the
involved Chls, the distance between them, and the geometric
arrangement of their transition dipoles (48).

Analysis of the absorption spectra of Lhca1/4 and Lhca2/3
shows that the oscillator strength of the lowest-energy band
corresponds to ~2 Chls, indicating that most of the oscillator
strength belongs to this low-energy band of the excitonically
coupled Chl a dimer. This means that the transition dipole
moments of the two interacting Chls must be more or less
parallel and in line (48). At the moment there are no Lhca
structures available where the orientation of the transition
dipole moments are assigned; thus, a comparison is not
possible. However, the relative geometric organization of
the transition dipole moments is expected to be similar to
those in LH1 and the special pair of purple bacteria (thus
parallel and in line) (49,50), where indeed almost all the
oscillator strength is on the low-energy bands of excitonically
coupled bacteriochlorophyll dimers (51,52).

The red forms have nearly identical spectroscopic proper-
ties in both dimers (Fig. 1 C) (4), suggesting that their
environment and organization must be very similar. This
is at variance with the current structural data of PSI-LHCI
(1,53), which show a very different pigment organization
(both orientation and distance) of the domains responsible
for the red forms in the two complexes, thus indicating
that there is room for improvement in the LHCI structure.
Multiexponential fluorescence decay
of the Lhca dimers

The fluorescence decay of a homogeneous preparation of
a light-harvesting antenna, where the excitation equilibra-
tion has been reached, is expected to be monoexponential.
However, in the case of the dimeric Lhca complexes, four
rates are needed to get a satisfactory description of the
TCSPC decay traces. Heterogeneity in the fluorescence
decay of Lhca dimers has been observed previously
(13,30,35,38,54), and several explanations have been
provided: 1), the presence of three different dimeric Lhca
complexes in the sample (38); 2), the presence of four
Lhca complexes in the native LHCI preparation (13); 3),
slow excitation equilibration between the bulk and low-
energy pigments (55); and 4), a structural rearrangement
in the excited state (30). The first two explanations can be
discarded, because we analyzed one dimer at a time and still
observed mutiexponential decay kinetics. The third option
would require slow downhill and uphill energy transfer,
i.e., from the bulk pigments to the low-energy red forms
and vice versa. The authors suggest (55) that the uphill
energy transfer is slow due to the large energy difference.
However, according to the detailed balance relationship,
the downhill energy transfer should still be very fast, which
would mean that the equilibration rate is even faster. There-
fore, slow uphill energy transfer cannot explain the multiple
slow decay components. Ihalainen et al. (30) propose a struc-
tural rearrangement in the excited state of the Lhca
complexes, to account for the 45- to 190-ps DAS, which
deviates from a typical Chl a emission spectrum in the sense
that it lacks the vibronic wing. However, in our TCSPC
experiments, such a deformed spectrum could not be
observed. Thus, none of the proposed explanations can
account for our observations.
Lhca dimers adopt different conformations

The occurrence of a multiexponential fluorescence decay
also has been found for the antenna of PSII, especially for
the minor Lhcb complexes (56) and for monomeric LHCII
(57), and it has been proposed that such a decay arises
from the presence of various distinct conformations of the
pigment-protein complex (56). The fluorescence lifetime
can be affected by pigment-pigment and pigment-protein
interactions (58,59). Because these interactions are strongly
dependent on the distances between the chromophores and
molecular groups in their direct environment, small
Biophysical Journal 100(5) 1372–1380
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FIGURE 5 Spectra estimated from TCSPC data of Lhca1/4 (A) and

Lhca2/3 (B) associated with lifetimes of 1.6 ns and 2.6–2.7 ns, respectively.

Spectra are normalized to each other in their maxima.
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conformational variations can have a substantial effect on
the fluorescence decay (see, e.g., van Oort et al. (60)). In
addition, in Lhca complexes, small conformational differ-
ences can have a strong effect on the emission spectra,
because the red forms, which are the low-energy states of
the system, originate from interactions (excitonic and
charge-transfer) that are strongly distance- and orienta-
tion-dependent. The spectra associated with the two main
decay components of both dimers differ substantially
(Fig. 5), with the 2.6–2.7 ns component emitting more to
the red than the 1.6-ns (and the 0.34–0.51 ns) component.
Similar observations were made for reconstituted Lhca4
(31). This can be explained by different conformations
having different emission spectra and lifetimes. It should
be noted that a protein is not a static scaffold, but a rather
dynamic system. For example, spontaneous switching
between conformations with different emission spectra has
been observed for the homologous major light-harvesting
antenna of PSII in a single-molecule study (61). It can be
concluded that the possibility of assuming different confor-
mations and existing in different quenching states is a prop-
erty of all Lhc family members. It is interesting to note that
in the case of the Lhcas, the different quenching states have
different emission spectra. The redder spectra observed for
the longer lifetimes indicate that the quenched conformation
and the red conformation are mutually exclusive, as is also
the case for reconstituted Lhca4 (31).

The presence of various emitting states can also explain
why the RT fluorescence emission spectra of LHCI are
different upon excitation of the bulk pigments compared
to excitation of the red band (720 nm) (62). In the first
case, both red and nonred conformations are excited,
whereas at 720 nm, only the red conformations are excited,
thus resulting in a relatively stronger red emission.
Energy transfer in PSI

The study of excitation energy transfer and trapping in PSI is
extremely complex, because the system is composed of ~170
Chl molecules, making the modeling of the fluorescence
kinetics very challenging. The system is usually described
using compartmental models in which the major building
blocks (Lhca complexes, core complex, and reaction center)
are considered. Knowledge about the spectroscopic proper-
ties of the compartments is required for evaluation of these
models (32). Until now, this information has not been avail-
able for the native Lhca dimers. Modeling of time-resolved
fluorescence data of PSI complexes led to the assignment
of two spectra with very different fluorescence quantum
yields and emission maxima to the red states of Lhca3 and
Lhca4 (32). However, our experimental work shows that
the fluorescence quantum yield of both dimers (4) and the
emission maxima of Lhca3 and Lhca4 are very similar,
thus suggesting that the model of Slavov et al. (32) can be
improved by taking these new constraints into account.
Biophysical Journal 100(5) 1372–1380
The complete excitation energy transfer of PSI can be
described by transfer between Lhcas, transfer between
Lhcas and the core, and trapping of excitation energy by
the reaction center. In this study, we were able to resolve
the intermonomer energy transfer rates for both dimers.
Transfer from Lhca1 and Lhca2 to Lhca4 and Lhca3,
respectively, occurs at a rate of 40–50/ns. The backward
transfer is three to four times slower, resulting in an equil-
ibration time of 16–18 ps. From time-resolved fluorescence
measurements on PSI-LHCI, it was concluded that the
average excited-state lifetime is 10 5 5 ps longer when
LHCI is excited than when the PSI core is excited (33).
This difference was mainly ascribed to the extra time
needed to reach the reaction center when LHCI instead
of the core is excited. This implies that the time of transfer
from LHCI to core is in the same order of magnitude as the
equilibration time within the Lhca1/4 and Lhca2/3 dimer,
meaning that Lhca1 and Lhca2 transfer a considerable
part of their absorbed energy directly to the core and not
to their dimeric partners.

Based on the highly similar absorption spectra and
fluorescence kinetics, it can be concluded that the basic
light-harvesting properties are practically identical for
both dimers, and thus the difference in energy transfer to
the PSI core, if any, would be mainly determined by
the connections between the Lhca dimers and the core
complex.

The information of the isolated dimers will thus be help-
ful to finally understand the energy-transfer pathways in the
complete PSI complex, which with a quantum yield of
~100% is to our knowledge the most efficiently operating
photoelectric nanomachine known to date (63).
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