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ABSTRACT In the present study the rate of triplet transfer from chlorophyll to carotenoids in solubilized LHCII was
investigated by flash spectroscopy using laser pulses of �2 ns for both pump and probe. Special attention has been paid to
calibration of the experimental setup and to avoid saturation effects. Carotenoid triplets were identified by the pronounced
positive peak at �507 nm in the triplet-singlet difference spectra. �OD (507 nm) exhibits a monoexponential relaxation
kinetics with characteristic lifetimes of 2–9 �s (depending on the oxygen content) that was found to be independent of the
pump pulse intensity. The rise of �OD (507 nm) was resolved via a pump probe technique where an optical delay of up to 20
ns was used. A thorough analysis of these experimental data leads to the conclusion that the kinetics of carotenoid triplet
formation in solubilized LHCII is almost entirely limited by the lifetime of the excited singlet state of chlorophyll but neither by
the pulse width nor by the rate constant of triplet-triplet transfer. Within the experimental error the rate constant of
triplet-triplet transfer from chlorophyll to carotenoids was estimated to be kTT � (0.5 ns)�1. This value exceeds all data
reported so far by at least one order of magnitude. The implications of this finding are briefly discussed.

INTRODUCTION

The capability of adaptation to different illumination con-
ditions is most important for both high efficiency of solar
radiation exploitation and survival of cyanobacteria and
plants under light stress. Both demands are satisfied by
operational units referred to as antenna systems. Different
types of antenna systems have been developed. They consist
of pigment-protein complexes that are either incorporated
into the membrane as integral proteins or bound as extrinsic
units (for reviews see Gantt, 1986; Thornber et al., 1991).
The most abundant light-harvesting complex (LHC) is
LHCIIb, which binds �50% of the total chlorophyll (Chl)
content of the thylakoid membrane. This complex is nor-
mally isolated in trimers that are assumed to be also the
predominant form of LHCIIb in vivo. Together with minor
pigment-protein complexes (each containing �5% Chl),
LHCIIb constitutes an oligomeric system that is incorpo-
rated into the membrane and builds up the peripheral and
proximal antenna of photosystem II (PS II) in green plants
(Kühlbrandt, 1994; Jansson, 1994; Zuchelli et al., 1994;
Paulsen, 1995; Green et al., 1996).

Regardless of the detailed structure, antenna systems
generally capture the few photons available at low light
intensities with a large overall optical cross section. The
electronically excited states formed by light absorption are
rapidly funneled almost without loss to the photochemically
active pigment of the reaction center. This process occurs

via a sequence of very fast transfer steps that comprise
almost entirely the levels of the first excited singlet states of
the pigments (for reviews see Renger, 1992; van Grondelle
et al., 1994). A complex regulatory mechanism permits via
lateral diffusion of phosphorylated LHCII an optimal dis-
tribution of excitation energy between PS I and PS II (see
Allen and Nilsson, 1997, and references therein). An op-
positive function to light harvesting is required at high light
intensities. In this case the superfluous energy has to be
dissipated to heat to minimize deleterious effects, owing to
photoinhibition. This goal is achieved by formation of chan-
nels in the antenna for radiationless decay of excited states
(for recent review see Horton et al., 1996).

Among the pigments participating in the antenna reac-
tions, carotenoids are of paramount importance (for a recent
review see Frank and Cogdell, 1996). These molecules exert
multiple functions: 1) they act as accessory pigments in the
very fast singlet-singlet energy transfer (Connelly et al.,
1997) to antenna chlorophylls and eventually the reaction
center, thereby extending the spectral range of absorption,
2) carotenoids are essential for the assembly of LHCII
(Heinze et al., 1997), 3) in the violaxanthin-zeaxanthin
cycle carotenoids play a key role in the mechanism of
nonphotochemical quenching (Demming-Adams et al.,
1995; Horton et al., 1996), and 4) the most important and
indispensable function is the protection against damage by
singlet oxygen (for a review see Siefermann-Harms, 1987).
Carotenoids are especially suited because they provide a
twofold protection. First, carotenoids can act as efficient
quenchers of chlorophyll triplets that cause the sensitized
formation of singlet oxygen (1�gO2). Second, carotenoids
rapidly degrade 1�gO2 into the ground state 3�gO2 (Foote,
1976). The carotenoid triplets formed in both quenching
reactions decay radiationless into the ground state.

Received for publication 2 February 1998 and in final form 8 September
1998.

Address reprint requests to Dr. René Schödel, Institut für Physik der
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The triplet-triplet energy transfer from 3Chl to 1Car re-
quires a Dexter-type exchange mechanism and is therefore
restricted to rather short distances between both molecules
(see Renger, 1992; van Grondelle, 1994).

The structure of LHCII has been recently resolved to 3.4
Å by electron diffraction of two-dimensional crystals (Kühl-
brandt et al., 1994). It shows that the closest distance
between the two xanthophylls (assigned to luteins) forming
an internal cross-brace and the nearest chlorophyll is �4 Å.
Therefore, the conditions for an efficient Dexter-type mech-
anism are satisfied. Indeed, the efficiency of Chl triplet
quenching by xanthophylls in LHCII was recently shown to
be close to 100% at room temperature (Peterman et al.,
1995). Based on previous measurements the rate constant
for this process was estimated to be (10 ns)�1 (Kramer and
Mathis, 1980). This value is of the same order of magnitude
as the rate of 3Chl formation by intersystem crossing. It is
therefore interesting to analyze to what extent the latter
process affects the overall reaction. To address this point,
pump-probe experiments were performed with solubilized
LHCII. As a surprising result of the data analyses, the
molecular rate constant for the excitation energy transfer
from 3Chl to 1Car was found to be at least (0.5 ns)�1. This
value exceeds the data reported so far by more than one
order of magnitude.

MATERIALS AND METHODS

Sample material

PS II membrane fragments were isolated from spinach according to the
method of Berthold et al. (1981) with some modifications as outlined in
Völker et al., 1985. The isolation of LHCII was performed in the presence
of �-dodecylmaltoside as described in detail (Irrgang et al., 1988). The
LHCII preparations were characterized by room temperature absorption
spectroscopy using a Shimadzu UV 3000 spectrophotometer. Absorption
maxima in the red were localized at 652 � 1 and 675 � 1 nm. Pigment
concentration and Chl a/b ratio were determined by using the method of
Porra et al., 1989. The latter value was found to be 1.35 � 0.05. The
polypeptide composition of the LHCII preparation has been checked by
SDS/urea-PAGE using the method described in Irrgang et al., 1988. The
relative amount of the apoproteins of the various Chl protein complexes
identified in the LHCII preparations used in the study have been estimated
from scanning of silver-stained SDS/urea/polyacrylamide gels using a
Desaga Quick scan densitometer; 87.4% of the apoproteins could be

ascribed to the lhcb1–3 gene products and 12.6% to the minor pigment
protein complexes lhcb5/lhcb6. Only traces of the lhcb4 protein were
detected.

The LHCII preparation was diluted with a buffer containing: 30 mM
MES-NaOH, pH 6.5, 10 mM CaCl2, 20% w/v sucrose, and 0.025% w/v
�-dodecylmaltoside. The total chlorophyll concentration of the sample was
0.20 mg of Chl/cm3.

The content of �-carotene and xanthophylls has been spectrophoto-
metrically determined by measuring the absorbance at 470 nm in 80% v/v
acetone. The calculations were carried out using the equation described in
Wellburn and Lichtenthaler (1984). The carotenoid composition of the
samples was analyzed by RP-HPLC using a Nucleosil 100 C-18 column
(Knauer, Berlin, Germany; (25 cm � 4.0 mm; inner diameter, 5 �m) in
combination with methanol/tetrahydrofuran (9/1 (v/v)) as solvent. The
pigments were separated at a flow rate of 1 ml/min. Elution was followed
at 450 nm. Chl a (Fluka, Deisenhofen, Germany), lutein (Sigma, Deisen-
hofen, Germany), and �-carotene (Fluka) were applied as external and
internal standards. The average pigment composition of the LHCII samples
(n 	 10) used was investigated using HPLC analysis resulting in the
following: 0.2 lutein, 0.078 violaxanthin, 0.078 neoxanthin, 0.015 �-car-
otene per Chl a (mol/mol). These values are similar to those described by
Peterman et al. (1997b) and Bassi et al. (1993) for LHCII of maize. The
highest variability in the content of carotenoids was found for neoxanthin.
Some samples did not even contain any neoxanthin. They have not been
used for this study. The lability of the binding of neoxanthin has also been
established by Kühlbrandt et al. (1994). Possibly neoxanthin is located in
the periphery of the pigment protein complex.

The LHCII preparation contains solubilized nonaggregated complexes.
Two different lines of experimental evidence strongly support the presence
of trimeric complexes and the absence of aggregates. 1) The fluorescence
emission spectra at 77 K show a narrow band at 681 nm with a free width
at half-magnitude of 9 nm, which is characteristic for the trimeric form (see
also Vasil’ev et al., 1997a; Peterman et al., 1996; Hemelrijk et al., 1992),
and 2) no additional fluorescence emission bands could be observed at
wavelengths of 712 or 738 nm, indicating that no aggregated pigment
complexes were present. Aggregates can easily be obtained after dialysis of
the complexes removing the detergent used for isolating the complex
(�-dodecylmaltoside) (see Vasil’ev et al., 1997a).

In LHCII, aerobic/anaerobic conditions were obtained by exposure of
the sample to wet air/nitrogen gas at room temperature.

Commercially available Chl b from spinach (Sigma) was dissolved in a
mixture of 80% v/v acetone (Roth GmbH and Co., Karloruhe, Germany;
HPLC grade). The concentration was �0.2 mg Chl/cm3 (�0.22 mM).

Experimental setup

A schematic description of home-built equipment used for one-color ex-
periments is shown in Fig. 1. Pulses with spectral width of 0.3 nm and a
maximal energy of �20 �J were generated by a compact N2/dye laser

FIGURE 1 Scheme of the optical arrangement
of home-built equipment. For a description see
text. BS, beam splitter; A, aperture; R, retro-
reflector; D, detector; L, lens; NF, wheels with
neutral density filters; S, automatic shutter.
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module (VSL-dye, Laser Science, Newton, MA) at a repetition rate of up
to 20 Hz. The beam divergence was 
0.5 mrad. The pulse train was
divided into a pump and probe beam. The pump beam reached the sample
with an angle of �1° with respect to the probe beam. This arrangement
permitted a complete spatial separation of the signal at detector D2 from
the pump beam. The time between pump and probe pulses was adjusted by
a variable optical delay line via a retro reflector (Spindler and Hoyer,
Göttingen, Germany). The maximal delay used in these experiments was
20 ns. Accordingly, the difference in optical path length had to be varied
up to 6 m. The size of both spots was determined as described in Schödel
et al. (1996). The diameter of the spot produced by the pump beam was
�300 �m to ensure that it was large enough to avoid a displacement of the
spot monitored by the probe pulse through the sample. The intensity of the
probe pulse chosen was approximately three orders of magnitude below
that of the pump pulse. To cope with variations in pulse intensity, the probe
beam was split to obtain a reference signal at detector 1, thereby permitting
a suitable normalization of the data.

The relative change of the optical density �OD was determined for each
delay time between pump and probe pulse in the following way. The
signals of the detectors D1 and D2 were transferred into a boxcar integrator
and the integrated values stored on a PC. For each probe pulse a home-
made measuring program was used to determine the ratio of the signals
from detector 2 by reference detector 1 before averaging. This procedure
was performed with and without pump pulse to determine the value of the
relative change of the transmittance T rel. The value of �OD was deter-
mined from the decadic logarithm: �OD 	 �lg(T rel).

The time course of excitation was measured with a fast microchannel
multiplier and a high-frequency oscilloscope (Tektronix 684A), which
allowed us to observe single pulses. It was found that the pulses can
approximately be described by a Gaussian profile with � �1.1 ns. Then the
time dependence of the pump and probe pulse is given by:

ipump/probe�t� � 
�t�I pump/probe (1)

with


�t� �
1

� � �2 � �
e� t2/2��2 (2)

I pump and I probe are integrated photon densities of the pulses (in units of
photons cm�2 pulse�1). The intensity of the pump pulse was adjusted to
the desired value by using neutral density filters as described by Schödel et
al. (1996).

For the measurements of the triplet minus singlet (T � S) difference
spectra and �s kinetics, the same beam geometry with respect to the sample
was used. The pump pulses at a wavelength of 645 nm were provided by
a Nd3�-YAG-laser pumped dye laser (LAS LDL 105), which triggered the
N2/dye laser as the source of the probe pulses. To cope with the whole
wavelength region (400–710 nm), six different laser dyes (Stilben 3,
Courmarin 2, Courmari 307, Rhodamin 6G, DCM, and Pyridin) were used.

The difference spectra were recorded at a fixed delay of 50 ns between
pump and probe pulse. For monitoring the slow (�s) decay kinetics at a
fixed wavelength of the probe pulse, the delay between pump and probe
pulse was varied via a programmable home-built electronic unit. The time
resolution of this type of experiment was limited by the jitter of ��10 ns
between pump and probe pulse. The kinetics of �OD at various probe
wavelengths was measured in a 1-mm cuvette.

RESULTS AND DISCUSSION

Triplet minus singlet difference spectrum

Fig. 2 shows the spectrum of flash-induced absorption
changes measured at 50 ns after the actinic flash in solubi-
lized LHCII. The fluorescence lifetime of this sample type
was found to be 4.3 ns (Vasil’ev et al., 1997b). Therefore,
at 50 ns the difference spectrum does not contain any
contributions from excited singlet states and represents the
T � S difference spectrum. The shape of the spectrum with
a pronounced peak at 507 nm is virtually the same as that
reported by Nechushtai et al. (1988) and recently by Peter-
man et al. (1995) for LHCII solubilized by a different
procedure. This finding indicates that the room temperature
T � S spectrum is not very sensitive to the method of
LHCII preparation. Except for a small bleaching in the Qy

region of Chl a (around 675 nm), the features of the spec-
trum are typical for the T � S spectrum of carotenoids.

Relaxation of carotenoid triplets

To check for the lifetime of 3Car, the relaxation kinetics
were measured at 507 and 530 nm. The rise kinetics cannot
be resolved at the time resolution (tens of nanoseconds) of
the equipment used for these experiments (see Materials and
Methods). Fig. 3 shows traces measured at 507 and 530 nm
in anaerobic and fully aerobic samples (air saturated). In
both cases the relaxation kinetics are virtually independent
of the monitoring wavelength. A value of � 	 9 �s for the
3Car decay in the anaerobic sample is in perfect agreement
with data reported in the literature (Peterman et al., 1995;
Siefermann-Harms and Angerhofer, 1995, 1998). Differ-
ences exist with respect to the values measured in aerobic
samples. The data of Fig. 3 are described by a monoexpo-

FIGURE 2 T � S spectra of solubilized LHCII at room
temperature. The intensity of the pump pulse at 645 nm
was �1017 photons cm�2 pulse�1. The delay between
pump and probe pulse was 50 ns. The dotted curve rep-
resents the absorption spectrum of the sample. For further
details see Materials and Methods.
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nential kinetics of �2 �s at both wavelengths. A biphasic
decay with � 	 2 �s and 4 �s was reported by Peterman et
al. (1995) with the former dominating at 505 nm and the
latter at 528 nm. Somewhat slower values of �7 �s were
found by Siefermann-Harms and Angerhofer (1995, 1998).
The kinetics become accelerated to 4 �s after sample treat-
ment with linoleic acid. Based on these findings it was
inferred that the protein matrix forms a barrier that restricts
the accessibility of 3Car to O2 (Siefermann-Harms and
Angerhofer, 1995, 1998).

Therefore, the most simple explanation for discrepancies
between the data obtained for the decay kinetics under
aerobic conditions is the existence of differences in the
accessibility to O2 due to sample heterogeneity. This idea is
in line with the observation that the low-temperature fluo-
rescence spectra of aggregated LHCII significantly depend
on the mode of preparation of solubilized LCHII (Valsil’ev
et al., 1997a,b). Therefore, additional experiments are re-
quired to analyze the specific effect of O2 on the lifetime of
carotenoid triplets.

Regardless of this O2-dependent phenomenon, the above
mentioned variations are without influence on the rise ki-
netics of the carotenoid triplet population. To check for a
possible effect of the pump pulse intensity, experiments
were performed at IP values that cover a range of four orders
of magnitude. The results obtained are depicted in Fig. 4. In
this case the decay is somewhat slower (�4 �s) probably
due to incomplete air saturation of the sample (it has to be
mentioned that the experiments of Fig. 4 where performed
with LHCII batches that were neither air saturated nor
exposed to nitrogen gas). The traces depicted in Fig. 4
clearly show that the relaxation kinetics are independent of
IP up to very high values of 1018 photons cm�2 pulse�1.

Kinetics of carotenoid triplet formation

The experiments were performed with pump and probe
pulses of the same wavelength (one-color type) using an
optical delay between pump and probe pulse as described in
Materials and Methods.

Determination of the apparatus function

To analyze the time response of the apparatus, experiments
were performed with a model system. In a solution of Chl b
in 80% acetone the flash-induced change of the optical
density was measured at 460 nm. At this wavelength a
severe ground-state bleaching can be observed with only
slight interference by chlorophyll triplet and excited state
absorption. Fig. 5 shows the experimental data for the
flash-induced �OD (460 nm) as a function of the delay time
between pump and probe pulse. A characteristic time course
of the �OD (460 nm) decrease monitored by the probe pulse
is observed that is centered around zero delay time. The fit
of the data was performed in the following way. Taking into
account the fast internal conversion of higher excited into
the first excited singlet states, the absorption coefficient � is
given by

� � 	0�N 
 n1 
 nT�Ç
ground state bleaching

� 	1n1Ç
excited singlet state absorption

� 	TnTÇ
triplet state absorption

(3)

where ni are the population densities of the first excited
singlet (i 	 1) and the triplet (i 	 T) state of Chl b,
respectively (concentration in units of cm�3), and 	0, 	1,
and 	T are the absorption cross sections of the ground, first
excited singlet, and triplet state, respectively. The pump-

FIGURE 3 Flash-induced absorption
changes at 507 nm (left) and 530 nm
(right) as a function of the delay time
between pump and probe pulses in solu-
bilized LHCII under anaerobic conditions
(top) and aerobic (air-saturated) condi-
tions (bottom). The solid curves represent
monoexponential fits with lifetimes given
in the figure. For experimental details see
Materials and Methods.
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pulse-induced change of � is given by �� 	 � � �0 where
�0 is the linear absorption coefficient. Thus, �� can be
calculated by the following equation:

�� � n1�	1 
 	0� � nT�	T 
 	0� (4)

The value of 	T at 460 nm was calculated from the T � S
spectrum of Chl b and the spectrum of the optical density
(data not shown) to be approximately a factor of 5 lower

than 	0. Information about the excited state absorption cross
section 	1 at 460 nm was obtained from measurements at
zero delay time, where the population of n1 is considerably
higher than nT. Thus, �� is dominated by the term �� 	 n1

(	1 � 	0), and therefore it is possible to calculated the ratio
	1/	0 from (N/n1)(�OD/OD0) � 1 where n1 was calculated
from Eq. 5, a and b (below). We found 	1/	0 to be in the
order of 0.1 (upper limit, 0.3). Based on this finding it is
inferred that effects owing to excited singlet state absorption
are of minor relevance. As a consequence of the rather small
contribution of 	1 and 	T compared with 	0 the decrease of
�OD at 460 nm is understood to be predominantly caused
by ground state depletion. The formation of excited singlets
and triplets of Chl b can be described by the following
equations:

d

dt
n1�t� � 	0i

pump�t��N 
 n1�t� 
 nT�t�� 
 kn1�t� (5a)

d

dt
nT�t� � kISCn1�t� 
 kTnT�t�, (5b)

where k is the reciprocal lifetime of Chl b singlets that was
found to be 3 ns in acetonic solution (Pfarrherr et al., 1991).
This value together with a triplet yield of 88% for Chl b in
vitro (Bowers and Porter, 1967) leads to an intersystem
crossing rate constant of kISC 	 (3.4 ns)�1. ipump(t) is the

FIGURE 4 Flash-induced absorption
changes at 507 nm as a function of the
delay time between pump and probe
pulses in solubilized LHCII under aero-
bic conditions. The intensity of the ac-
tinic pump pulse is given in the inset. The
solid curves represent a monoexponential
fit of the data with lifetimes that are given
in the inset. In the lower part of each trace
the fit quality is shown. For experimental
details see Materials and Methods.

FIGURE 5 Flash-induced �OD(t) at 460 nm of Chl b in solution as a
function of the optical delay time between pump and probe pulse. The
model-based fit of �OD(t) is represented by a solid curve; the dashed curve
describes the Gaussian profile of the pump pulse according to the fit.
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time course of the pump pulse intensity assuming a Gauss-
ian shape according to Eqs. 1 and 2. Actinic effects owing
to the probe pulse can be neglected (see Experimental
Setup).

For the calculation of �OD the profile of the nanosecond
flashes has to be taken into account explicitly. Accordingly,
the change of the optical density is given by (for details see
Appendix):

�OD�t� � �const � lg��
��

��

exp�����t��d�
�t 
 t��dt��
(6)

For the best fit of the data of �OD at 460 nm an arbitrary
shift 
 of the data with respect to the time axis was allowed.
The result of this procedure is the solid curve that nicely fits
the data with a value of 
 	 �0.2 ns as shown by the solid
curve in Fig. 5. To test the fit procedure, also the width � of
the Gaussian shape (see Eqs. 1 and 2) was used as a
free-running parameter. The best fit was obtained with � 	
1.1 ns. This value perfectly corresponds with the experi-
mentally determined pulse width (see Materials and Methods).

The temporal evolution of singlet and triplet states to-
gether is responsible for the bleaching in Chl b in solution.
This is illustrated by simulation curves shown in the Ap-
pendix (see Fig. 8). The most striking feature is the pro-
nounced shift of the Chl b triplet population with respect to
the bleaching at arbitrary amounts of kISC.

Measurements with solubilized LHCII

The measurements were performed as one-color experi-
ments at 507 nm where the T � S difference spectrum of
carotenoids exhibits a pronounced maximum (see Fig. 2).
Based on the calibration measurement of the delay line (see
Fig. 5) the data have to be shifted by the value of 
 	 �0.2
ns. To avoid interference with nonlinear effects, the mea-
surements were performed at a comparable low pump in-
tensity of �1015 photons cm�2 pulse�1 at 507 nm. Check
experiments at higher pump intensities revealed that under
these conditions the rise kinetics are not affected by non-
linear effects (data not shown). It was carefully checked by
comparative fluorescence measurements (as described in
Schödel et al., 1996) that saturation effects can be neglected
(data not shown).

Fig. 6 shows the measured rise of �OD(t) at 507 nm in
solubilized LHCII. For the sake of direct comparability the
apparatus function for Chl b bleaching at 460 nm is also
depicted in Fig. 6 as the inverted �OD curve of Fig. 5. An
inspection of both curves readily shows that the rise of
�OD(t) at 507 nm in solubilized LHCII is distinctly slower.
To unravel the origin of this behavior, a detailed model-
based data analysis is required. At first it has to be empha-
sized that the Chl b bleaching curve reflects the time-
dependent population of singlets plus triplets and therefore
exhibits a markedly faster kinetics than the calculated for-

mation of Chl b triplets (via intersystem crossing) in solu-
tion (see Appendix). Second, it is most important to notice
that the only significant route for population of the 3Car
state in solubilized LHCII is the triplet transfer from 3Chl
because the yield via direct intersystem crossing from sin-
glets is in general vanishingly small for carotenoids (Frank
and Cogdell, 1996; Koyama et al., 1996). Furthermore, in
LHCII the very efficient singlet-singlet excitation energy
transfer from carotenoids to chlorophylls (Connelly et al.,
1997; Peterman et al., 1997a) and the short lifetime of
carotenoid singlets (Frank and Cogdell, 1996; Koyama et
al., 1996) prevent any significant population of carotenoid
triplet states by any route that does not include the transient
formation of chlorophyll triplets.

Based on the above mentioned considerations it is evident
that the time course of 3Car formation is basically described
by the law of a sequential reaction of the type:

1Chl*O¡
kISC

3ChlO¡
kTT

3Car

2k�

1Chl

, (7)

where k 	 k� � kISC and kTT are the rate constants for the
singlet state decay and triplet triplet transfer to carotenoids,
respectively. Furthermore, the decay of 3Car occurs via
microsecond kinetics (see Figs. 3 and 4) and can be ignored
for the analysis of 3Car formation. Therefore, for the case of
an instantaneous formation of 1Chl* by a 
 pulse and triplet
transfer from 3Chl to Car with an unlimited rate (kTT3 �),
the time dependence of 3Car, nT

Car(t), would exhibit a mono-
exponential rise with � 	 k�1, where k is known to be 4.3 �
0.2 ns for solubilized LHCII (Liu et al., 1993; Vasil’ev et
al., 1997a,b). Any decrease of kTT to finite values will give
rise to a sigmoidal shape of the rise curve for nT

Car(t). These
qualitative considerations show that the formation of 3Car is
limited by a rate constant of (4.3 � 0.2 ns)�1 and that the

FIGURE 6 �OD(t) at 507 nm as a function of delay time between the
pump (1015 photons cm�2 pulse�1) and probe pulse in solubilized LHCII.
The dashed line represents the inverted curve of the Chl b bleaching at 460
nm (see Fig. 5). The points are values measured at 550 nm at the same
density of absorbed photons that are scaled by the same factor as �OD(t)
at 507 nm. For further details see Material and Methods and text.
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value of kTT can be extracted from the time course of �OD
at 507 nm.

For a quantitative evaluation it is necessary to perform a
detailed analysis that takes into account the optical proper-
ties of the sample at 507 nm and the particular formation
kinetics of 1Chl* by excitation with nanosecond pulses.

The absorption coefficient � is given by

� � 	0
Chl�N Chl 
 n1

Chl 
 nT
Chl�

Ç
Chl ground state bleaching

� 	1
Chln1

Chl

Ç
excited Chl singlet state absorption

� 	T
ChlnTÇ

Chl triplet state absorption

� 	0
Car�N Car 
 nT

Car�
Ç
Car ground state bleaching

� 	T
CarnT

Car

Ç
Car triplet absorption

, (8)

where ni are the population densities of the singlet (i 	 1)
and the triplet (i 	 T) states of chlorophylls (Chl) and
carotenoids (Car), respectively (concentration in units of
cm�3); 	0, 	1, and 	T are the absorption cross sections of
the ground, excited singlet, and triplet state, respectively.
The linear absorption coefficient �0 of LHCII is given by:

�0 � 	0
ChlNChl � 	0

CarNCar (9)

Thus, the flash-induced change of the absorption coefficient
�� 	 � � �0 can be calculated by the following equation:

�� � n1
Chl � �	1

Chl 
 	0
Chl�

Ç
A

� nT
Chl � �	T

Chl 
 	0
Chl�

Ç
B

� nT
Car � �	T

Car 
 	0
Car�

Ç
C

(10)

An inspection of Eq. 10 readily shows that the experimen-
tally detected time course of the flash-induced change of the
optical density �OD (507 nm) as a measurement of ��(t)
directly reflects the kinetics of carotenoid triplet formation
provided that the contributions of terms A and B are neg-
ligibly small compared with the term C. To analyze possible
contributions of terms A and B, comparative measurements
were performed at 550 nm where term C is close to zero
because at this wavelength the change of the absorption due
to 3Car population is negligibly small (see Fig. 2). On the
other hand, the difference spectra for Chl triplet formation
(den Blanken et al., 1983) and singlet state absorption are
very flat in the range of 505–550 nm so that the values of
terms A and B are approximately the same at 507 and 550
nm. Therefore, term C can be determined as the difference
between the time courses of �OD (507 nm) and �OD (550
nm) measured at the same density of absorbed photons. The
data obtained at 550 nm scaled with the same factor as �OD
(507 nm) are shown in Fig. 6 as points. It readily shows that
the contribution of terms A and B is rather small so that
within the limits of the experimental error the flash-induced
rise of �OD (507 nm) describes the kinetics of 3Car forma-
tion. Accordingly, the rate constant for triplet transfer from
3Chl to Car can be gathered from a numerical fit of the data

to the differential equations that describe the time dependent
populations ni.

As discussed in the Appendix, the contribution of carot-
enoid ground state absorption (at 507 nm) for the generation
of excited (chlorophyll) singlets n1 does not effect the
(normalized) evolution n1(t) as the singlet-singlet transfer
from carotenoids to chlorophylls is ultra-fast (Peterman et
al., 1997a). Accordingly, an effective optical cross section
	0 can be used and the following equation is obtained (see
Appendix):

d

dt
n1

Chl � ipump�t�	0 
 kn1
Chl, (11)

where k is the reciprocal lifetime of n1 and ipump(t) is the
pump pulse intensity profile that is given by Eq. 1.

An inspection of Eq. 11 readily shows that the time
course of n1

Chl is directly affected by two factors: 1) the
value of k and 2) the intensity and shape of the actinic
nanosecond flash. The rate constant strongly depends on the
aggregation state of the sample. Therefore, it was carefully
checked that effects owing to aggregation can be excluded
(see Materials and Methods). All experiments performed
with solubilized LHCII revealed that more than 90% of the
chlorophyll singlets are characterized by a decay time of
4.3 � 0.2 ns (Liu et al. 1993; Vasil’ev et al. 1997a,b). For
an analysis of effects originating from ipump(t), two possible
effects have to be considered, i.e., a faster rise of n1

Chl with
increasing IP of nanosecond pulses and possible effects on
the singlet state decay owing to annihilation. To obtain a
sufficient signal-to-noise ratio a pump pulse intensity of
1015 photons cm�1 pulse�1 had to be applied. Under this
condition the fluorescence yield of the pump pulse was
decreased by �50% (see Schödel et al., 1996), indicating
the onset of significant excited singlet state annihilation. As
previously shown by Nordlund and Knox (1981) the fluo-
rescence kinetics of LHCII remains virtually unaffected by
high laser pulse intensities (see also Liu et al., 1993), thus
indicating a practically instantaneous annihilation if more
than one photon is absorbed during the excitation pulse (for
discussion see Mauzerall, 1976; Gülen et al., 1986; Schödel
et al., 1996). Accordingly, effects of IP on the value of k can
be excluded, and only the rise of n1

Chl(t) has to be analyzed.
The results shown in the Appendix indicate that the data of
Fig. 6 are very close to the low-intensity limit of IP.

At the pump intensities of 1015 photons cm�1 pulse�1 the
extent of �OD at 507 nm is rather small (�3%) compared
with that measured at high pump intensities (the decay
kinetics remain invariant; see Fig. 4). Therefore, possible
saturation effects concerning the population of carotenoid
triplets can be excluded. The evolution of triplets nT

Chl/Car

can be calculated using the following differential equations:

d

dt
nT

Chl�t� � kISCn1
Chl�t� 
 kT

ChlnT
Chl�t� 
 kTTnT

Chl�t� (12a)

d

dt
nT

Car�t� � kTTnT
Chl�t� 
 kT

CarnT
Car�t�, (12b)
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where kISC is the rate constant for intersystem crossing from
chlorophyll singlets into the triplet state and kT

Chl/Car that for
the relaxation rates of corresponding triplets into the ground
state. The influence of the latter rates is negligible in the
nanosecond timescale as the relaxation via kT

Chl/Car occurs in
the micro- and millisecond time range; kTT is the rate
constant for triplet-triplet transfer from 3Chl to Car.

To model the experimental data by the solution of Eq. 12,
a and b, �OD at 507 nm was calculated from ��(t) using
Eq. 6.

As shown in Fig. 7, the use of values for kTT of (10 ns)�1

reported in the literature (Kramer and Mathis, 1980) leads to
a totally unsatisfactory result (dotted curve). This problem
cannot be resolved by variation of kISC within the range of
permitted values because there is virtually no influence on
the model curve (data not shown). As shown by the dashed
and solid curves, a perfect description of the experimental
data can be achieved when the rate constant kTT is drasti-
cally enhanced. A qualitative inspection of the data reveals
that kTT has to be larger by at least one order of magnitude
than the currently accepted value. Quantitative estimations
lead to the conclusion that the lower limit of kTT is (0.5
ns)�1.

As a consequence of this result, the interaction between
Chl and Car in LHCII is stronger than currently assumed.
An important implication of this finding is the conclusion
that the protective action of carotenoids is much faster
because the increase of kTT by a factor of at least 20 causes
a drastic decrease of the population probability of 3Chl and
thereby of the sensitized formation of harmful singlet oxygen.

CONCLUDING REMARKS

A detailed investigation of the flash-induced absorption
changes at 507 nm in LHCII and model-based data analysis
led to a lower limit of the rate constant for the transfer of
triplets from Chl to Car. The result of kTT � (0.5 ns)�1

reveals that the interaction between Chl and Car is stronger
than currently assumed. This finding not only provides a
simple explanation for the very fast singlet-singlet excita-
tion energy transfer from Car to Chl but also illustrates the
very high protective efficiency of carotenoids in LHCII.

APPENDIX

Calculation of a model curve for �OD(t)
from ��(t)

We consider a sample with a time-dependent transmittance T that was
induced by a pump pulse. A probe pulse passes this sample at the delay
time t with respect to the pump pulse. The course of the probe pulse before
passage is i0

probe(t� � t). The integral probe pulse intensity after passing the
sample (at the time t) results from the temporal convolution of the probe
pulse with the transmittance: I T

probe(t) 	 ���
��T(t�)i0

probe(t� � t)dt�. Using Eq.
1, we obtain the fraction of the probe pulse intensity transmitted through
the sample:

I T
probe�t�/I 0

probe � �
��

��

T�t��
�t� 
 t�dt�, (A1)

where the time-dependent transmittance is given by T(t�) 	 exp[��(t�)d],
with � 	 absorption coefficient and d 	 the optical pathway of the sample.
As � 	 �0 � ��(t), we obtain:

I T
probe�t�/I 0

probe

T0
� �

��

��

exp�����t��d�
�t 
 t��dt�, (A2)

where T0 	 exp[��0d] is the linear transmittance of the sample. Eq. A2
provides an expression that corresponds to the experimental data of the
relative change of the sample transmittance T rel(t) (see Experimental
Setup), Using the relation �OD 	 �lg T rel(t) Eq. A2 leads to Eq. 6.

Evolution of singlets and triplets in the case of
Chl b in solution

Fig. 8 shows the transient populations of excited singlet and triplet states
in Chl b solution calculated with the parameters used in Fig. 5. The

FIGURE 7 �OD(t) at 507 nm in solubilized LHCII as a function of
delay time between the pump and probe pulse. The calculated curve with
different kTT values is represented by dotted (kTT 	 (10 ns)�1), dashed
(kTT 	 (1 ns)�1), and solid (kTT 	 (0.01 ns)�1) curves. The latter curve
represents the case kTT 3 �. FIGURE 8 The evolution of singlet and triplet states in Chl b in solution.
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inverted experimental bleaching curve (indicated by the dashed curve in
Fig. 8) resembles the sum of n1(t) and nT(t) because the values of the
absorption cross sections 	1 and 	T estimated at 460 nm are markedly
smaller than 	0 and therefore �� � �	0(n1 � nT) (see Eq. 4). The main
differences between both curves is because of the use of a nanosecond
probe pulse that averages over a finite time interval (see Eq. 6).

To illustrate the time delay between bleaching and population of the Chl
b triplet state, the time course of nT(t) is separately shown in Fig. 8. The
triplet decay in Eq. 5b can be omitted because this process is orders of
magnitude slower than the formation. Therefore, nT(t) (at the nanosecond
timescale) also can be obtained from nT(t) 	 kISC���

t n1(t�)dt�. For the sake
of direct comparison, both curves, the experimental bleaching and nT(t),
are normalized to the same maximal value.

Effective absorption cross section in LHCII at
507 nm

The rate equation for n1
Chl at low pump intensities is given by:

d

dt
n1

Chl � ipump�t�	0
ChlNChl 
 kChln1

Chl � kSSn1
Car, (A3)

where kSS is a fast singlet-singlet transfer rate (Peterman et al., 1997a).
Accordingly, the equation for the population of Car singlets is:

d

dt
n1

Car � ipump�t�	0
CarNCar 
 kCarn1

Car 
 kSSn1
Car (A4)

The singlet transfer efficiency via kSS is nearly 100% (Peterman et al.,
1997b). Therefore, the relaxation of Car singlets via kCar can be neglected.
Likewise, the population probability of this state and its time derivative
(d/dt)n1

Car are practically zero. A simple algebraic rearrangement leads to

d

dt
n1

Chl � ipump�t��	0
ChlNChl � 	0

CarNCar

Ç
linear absorption coefficient �0

� 
 kChln1
Chl.

The term in the brackets is a sample constant that can be symbolized by 	0,
resulting in Eq. 11.

Effect of pump pulse intensity on the time course
of Chl singlet states

Quantitatively, it is possible to describe the fluorescence saturation of small
complexes by a model that involves the overall absorption cross section
	0

complex of the complex (Schödel et al., 1996). In the framework of this
description, the absorption of more than one photon by the complex is
looked upon as excited state absorption (of the complex). Consequently,
the decrease of the fluorescence yield is due to a depletion of ground states
of the complex. Thus, it is possible to investigate the influence of the pump
intensity on the course of the evolution of excited states of the complex.
Assuming that the relaxation of higher excited states happens fast, the
kinetic equation for the complex is as follows:

d

dt
n1

complex � iP�t�	0
complex�N complex 
 n1

complex� 
 n1
complexk,

(A5)

where n1
complex/Ncomplex is the fraction of complexes that were already

excited and k again is the reciprocal lifetime of singlet states of solubilized
LHCII ((4.3 ns)�1). 	0

complex � 10�15 cm2 can be set for the absorption
cross section of the complex at 507 nm (the absorbance at 507 nm is
comparable with 645 nm, where 	0

complex was obtained from the fluores-
cence yield as a function of the excitation intensity; see Schödel et al.,
1996).

Fig. 9 shows the influence of the pump pulse intensity according to Eq.
A5. Obviously, the deviation from the low-intensity limit is rather small at
intensities of 1015 photons cm�2 pulse�1. Only at 1016 photons cm�2

pulse�1 is the evolution of singlets clearly affected.
As shown below, �OD at 507 nm is in accordance with the time integral

over excited Chl singlets. It may be remarked that measurements of �OD
at 507 nm performed at the pump intensity of 1016 photons cm�2 pulse�1

are comparable with the dotted curve of Fig. 9.

Evolution of triplet states at solubilized LHCII

Fig. 10 shows the evolution of carotenoid triplet states (solid lines) as well
as chlorophyll triplet states calculated at different rates of triplet-triplet
transfer. Obviously, the curve of carotenoid triplets obtained in the limit

FIGURE 9 Calculation of excited chlorophyll singlets, n1(t), and integral
amount as a function of time at different pulse intensities IP in solubilized
LHCII according to Eq. A12. The dashed line represents the low-intensity
limit. The solid line corresponds to the intensity where �OD at 507 nm was
measured (1015 photons cm�2 pulse�1). The dotted curve shows the effect
of high intensities (1016 photons cm�2 pulse�1).

FIGURE 10 Calculation of the evolution of chlorophyll triplets (dashed
lines) and carotenoid triplet states (solid lines) in solubilized LHCII at
different rates kTT (I: (0.01 ns)�1, II: (1 ns)�1, III: (3 ns)�1, IV: (10 ns)�1).
The dotted curve corresponds to the experimental data of �OD(t) at 507
nm in solubilized LHCII. The upper curves indicate the time course of
excitation and chlorophyll singlet population.
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kTT3 � (curve I, gathered at kTT 	 (0.01 ns)�1) is in good agreement with
the data of �OD at 507 nm (the deviation with respect to the experimental
data is due to the finite duration of the probe pulse (this effect was included
for the calculation of the fits in Fig. 7 using Eq. 6). Curve I is in perfect
agreement with the integral ���

t n1(t�)dt� plotted at the upper part of Fig. 10.
This is illustrated in the following. In the case kTT 3 � the chlorophyll
triplets population, nT

Chl(t), remains very small (see Fig. 10) as once a
chlorophyll triplet is generated it is transferred immediately to carotenoids.
Therefore, also the derivative of nT

Chl(t) remains approximately zero. As the
decay of nT

Chl(t) via kT
Chl is negligible at the nanosecond timescale, we

obtain (d/dt)nT
Chl 	 kISCn1 � kTTnT

Chl � 0. Thus, nT
Chl(t) is given by the

relation nT
Chl(t) � (kISC/kTT)n1(t). Also, the relaxation of carotenoid triplets

is negligible at the nanosecond timescale. Therefore, the equation for
carotenoid triplets is (d/dt)nT

Car 	 kTTnT
Chl, resulting in:

nT
Car�t� � kISC �

��

t

n1�t��dt� (A6)

Equation A6 reveals that the rise carotenoid triplets for kTT3 � is identical
with the rise of Chl b triplets in Chl b in solution (see above).

Fig. 11 illustrates the case kTT3 � for a 
-like pump pulse. Obviously,
the rise of carotenoid triplets occurs in a comparable way as in Fig. 10.
Again, the integral ���

t n1(t�)dt� leads to a rise of the carotenoid triplet
population that reflects the decay of chlorophyll singlets. Thus, experi-
ments with shorter pulses (as those used in the current study) had to be
performed at the same timescale of up to 20 ns. Therefore, the time
resolution of these kinds of experiments is dependent mostly on the quality
of the optical delay line.
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