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Carotenoid-to-Chlorophyll Energy Transfer in Recombinant Major
Light-Harvesting Complex (LHCII) of Higher Plants. I. Femtosecond
Transient Absorption Measurements
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ABSTRACT The energy transfer kinetics from carotenoids to chlorophylls and among chlorophylls has been measured by
femtosecond transient absorption kinetics in a monomeric unit of the major light-harvesting complex (LHCII) from higher
plants. The samples were reconstituted complexes with different carotenoid contents. The kinetics was measured both in the
carotenoid absorption region and in the chlorophyll Q, region using two different excitation wavelengths suitable for selective
excitation of the carotenoids. Analysis of the data shows that the overwhelming part of the energy transfer from the
carotenoids occurs directly from the initially excited S, state of the carotenoids. Only a small part (<20%) may possibly take
an S, pathway. All the S, energy transfer from carotenoids to chlorophylls occurs with time constants <100 fs. We have been
able to differentiate among the three carotenoids, two luteins and neoxanthin, which have transfer times of ~50 and 75 fs for
the two luteins, and ~90 fs for neoxanthin. About 50% of the energy absorbed by carotenoids is initially transferred directly
to chlorophyll b (Chl b), while the rest is transferred to Chl a. Neoxanthin almost exclusively transfers to Chl b. Due to various
complex effects discussed in the paper, such as a specific coupling of Chl b and Chl a excited states, the percentage of direct
Chl b transfer thus is somewhat lower than estimated by us previously for LHCII from Arabidopsis thaliana. (Connelly, J. P.,
M. G. Mdiller, R. Bassi, R. Croce, and A. R. Holzwarth. 1997. Biochemistry. 36:281). We can distinguish three different Chls
b receiving energy directly from carotenoids. We propose as a new mechanism that the carotenoid-to-Chl b transfer occurs
to a large part via the B, state of Chl b and to the Q, state, while the transfer to Chl a occurs only via the Q, state. We find
no compelling evidence in favor of a substantial S, transfer path of the carotenoids, although some transfer via the S, state
of neoxanthin can not be entirely excluded. The S, lifetimes of the two luteins were determined to be 15 ps and 3.9 ps. A
detailed quantitative analysis and kinetic model of the processes described here will be presented in a separate paper.

INTRODUCTION

The light-harvesting complex of photosystem II (LHCII) is
the outermost and most abundant antenna complex of higher
plants that binds the large majority of all chlorophyll (Chl)
on earth. LHCII from maize binds 7 Chl a and 5 Chl b
chromophores, and at least three carotenoids. Two of them
are luteins, which occupy the central positions L1 and L2,
while a third carotenoid is neoxanthin, which is located at a
peripheral site (Croce et al., 1999a, b). The LHCII structure
has been determined to near atomic resolution (3.4 A) by
electron microscopy (Kiihlbrandt, 1994; Kiihlbrandt et al.,
1994). However, the information is not detailed enough to
have a clear picture of the pigment orientation and assign-
ment, and thus many questions as to the functional organi-
zation and pigment/protein coupling of this complex remain
open. Answering these questions will be important for un-
derstanding several of the important functions of LHCII in
the antenna systems of higher plant photosynthesis, such as
adaptation to various light environments, photoinhibition,
qg-quenching, the role of carotenoids, etc. (Horton et al.,
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1996; Hankamer et al., 1997; Green and Durnford, 1996;
Paulsen, 1995; Bassi et al., 1997).

Several previous attempts have been made to understand
the structure/function relationships by time-resolved spec-
troscopy, both in fluorescence and in transient absorption,
for LHCII and related complexes. These papers include the
work from our own group (Cinque et al., 2000; Trinkunas et
al., 1997, 1998; Connelly et al., 1997a, b), the Amsterdam
group (Gradinaru et al., 1998; Kleima et al., 1997; Peterman
et al., 1997b; Visser et al., 1996; Kwa et al., 1992; Savikhin
et al., 1994), Fleming and co-workers (Du et al., 1994; Eads
et al.,, 1987; Ide et al., 1986), and Wasielewski’s group
(Bittner et al., 1994, 1995). All this work has been devoted
mostly to understanding the coupling and energy transfer
among the Chls in the complex, and to a much smaller part
to define the role of the carotenoids in the energy transfer
pathways (Walla et al., 2000; Connelly et al., 1997a; Peter-
man et al., 1997b). Also, a great deal of steady-state and
triplet spectroscopy has been performed (Barzda et al.,
1998; Giilen et al., 1997; Peterman et al., 1995, 1996,
1997a; Nussberger et al., 1994). Several papers have been
devoted primarily to elaborate modeling of the spectro-
scopic kinetic data on the basis of the known structure
details (Gradinaru et al., 1998; Giilen et al., 1997; Visser et
al., 1996; Trinkunas et al., 1997-1999; Valkunas et al.,
1998, 1999). However, despite that substantial amount of
work, no complete picture about the Chl organization, the
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pigment-pigment coupling, and the functional role of the
carotenoids has been obtained. Quite clearly, there are some
problems achieving this goal that are caused on the one
hand by the limited structure resolution available, and on the
other hand by some surprising features of the pigment
organization, which had not been anticipated. Thus it has
now become clear that certain pigment binding sites do not
differentiate strictly between Chl a and Chl b, and as a
consequence certain sites in the LHCII family of antenna
complexes, including the CP29 complex and others, feature
mixed binding sites (Bassi et al., 1999; Giuffra et al., 1997;
Remelli et al., 1999). Such a feature complicates the under-
standing of the spectroscopic data and their interpretation in
a structural picture.

There now exists a general agreement between the dif-
ferent groups working in the field about the Chl-Chl energy
transfer in the LHCII complex. At temperatures near room
temperature the fastest Chl b-to-Chl a transfer seems to
occur with a lifetime of ~150-200 fs. Further components
have lifetimes of ~500—600 fs and 5—7 ps (Connelly et al.,
1997b; Trinkunas et al., 1997; Kleima et al., 1997; Gradi-
naru et al., 1998). Energy transfer among the Chls a occur
on a time scale typically 1 ps and longer (Trinkunas et al.,
1997; Connelly et al., 1997b; Kleima et al., 1997; Visser et
al., 1996).

A different approach, applying molecular genetics and
reconstitution techniques, has been taken to gain insight into
the structural organization of higher plant light-harvesting
complexes, including LHCII (Plumley and Schmidt, 1987;
Booth and Paulsen, 1996; Paulsen et al., 1993; Paulsen and
Hobe, 1992; Giuffra et al., 1996, 1997). This has recently
led to substantial progress, allowing in particular an assign-
ment of the Chls in both the CP29 complex and the LHCII
complex (Bassi et al., 1997, 1999; Simonetto et al., 1999;
Sandona et al., 1998). This approach also allows reconsti-
tuting the pigment-protein complexes with different con-
tents of pigments, and this possibility is exploited in the
present paper as an important tool to further characterize the
carotenoid-Chl interactions and energy transfer pathways.
We present an extensive study of the femtosecond kinetics
of the carotenoid-to-Chl and the Chl-Chl energy transfer in
two reconstituted complexes of LHCII monomers contain-
ing a different carotenoid composition. Specifically, one
sample contains only two luteins, while the other has a
carotenoid content that is close to the wild type, i.e., two
luteins in the central positions and a neoxanthin in the
peripheral site (Croce et al., 1999a). By using different
excitation wavelengths we attempt to excite the carotenoids
in a different ratio in order to distinguish their kinetics and
spectral contributions. The possibility of comparing the
signals from these two samples turned out to be instrumen-
tal in arriving at a detailed kinetic model of the carotenoid-
to-Chl transfer and to propose a specific location and spec-
tral properties of the Chls in general, and of Chls b located
in the vicinity of the carotenoids in particular. This is part of
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a diversified approach in our group to better understand the
pigment organization and function in this antenna complex,
using inter alia dimer modeling (Valkunas et al., 1999),
kinetic modeling (Trinkunas et al., 1997-1999), and anni-
hilation experiments (Miiller et al., unpublished results).

In a previous paper reporting on a femtosecond study of
the carotenoid-to-Chl energy transfer we concluded that in
LHCII complexes isolated from Arabidopsis thaliana and
one of its mutants, the carotenoid-to-Chl energy transfer
occurred mainly via Chl b (in the wild type (w.t.) complex).
This led us to suggest that several Chl b molecules must be
located close to the central luteins in order to account for the
very rapid lutein-to-Chl b energy transfer with a lifetime of
~120 fs (Connelly et al., 1997a). This finding was incon-
sistent with the previous pigment assignment (Kiihlbrandt et
al., 1994). In that work we were not able to distinguish the
energy transfer contributions of the different luteins and/or
the neoxanthin or violaxanthin molecules present in these
complexes, however. A study of the Amsterdam group
came to a quite different conclusion, i.e., that energy trans-
fer from carotenoids to the Chls takes an overwhelming
direct pathway to the Chls a (Peterman et al., 1997b).
Although both papers implied preferential energy transfer
from the S, state of the carotenoids to the Chls, a more
recent study proposed that ~30% of the energy transferred
to the Chls takes a path via the carotenoid S, state (Walla et
al., 2000).

MATERIALS AND METHODS

The Lhcbl expression system was previously described (Croce et al.,
1999b). Plasmids were constructed using standard molecular cloning pro-
cedures and the bacterial host were Escherichia coli strains XL1Blue and
SG13009. The LHCII apoprotein was isolated from the SG13009 strain
transformed with the LHCII construct following a protocol described
previously (Croce et al., 1999b). The procedures for reconstituting the
LHCII-pigment complexes were performed as described (Croce et al.,
1999b). Purification of the isolated complexes was performed by ion
exchange chromatography, followed by ultracentrifugation in a glycerol
gradient (15—40% including 0.06% B-dodecyl maltoside (DM) and 10 mM
Hepes, pH 7.6; run was for 12 h at 60,000 rpm in a SW60 Beckman rotor)
in order to eliminate the pigments unspecifically bound to the complex.
The concentration of LHCII apoprotein purified from E. coli inclusion
bodies was determined by the bicinconilic acid assay as described. Chlo-
rophyll concentration was determined by the method of Porra (Porra et al.,
1989). The carotenoid composition was analyzed by HPLC and the ratio
between the pigments was checked by acetonic extract fitting (Connelly et
al., 1997a). Absorption spectra were obtained using an SLM Aminco
DW-2000 spectrophotometer at room temperature. Samples were in 10
mM Hepes, pH 7.6, 0.06% DM, 20% glycerol. The two samples bind 12
Chls each with a Chl a/b ratio of 1.6. For the LHCII-lutein sample only two
luteins are present per polypeptide, whereas in the case of LHCII-neolute
2 luteins and 1 neoxanthin are coordinated to the complex.

Femtosecond transient absorption measurements were performed using
a titanium-sapphire laser system. An oscillator (Tsunami, Spectra Physics,
Mountain View, California) pumped by an argon-ion laser (Beamlok 2060,
Spectra Physics), generated transform-limited pulses with a full-width-at-
half-maximum (FWHM) of ~40 fs. These pulses were regeneratively
amplified to 0.4—0.5 mJ, maintaining a pulse width of 70—80 fs (FWHM)
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by chirped pulse amplification using a stretcher/compressor unit (model
4822, Quantronix, East Setauket, New York) and a regenerative amplifier
(model 4810, Quantronix). The amplifier was pumped by a Q-switched
Nd:YLF laser running at the second harmonic wavelength, 527 nm (model
527 DP-H, Quantronix). The pulse repetition rate of the amplifier was 3
kHz. A minor part of the amplified pulse was split off to generate a white
light continuum for the probe pulse (~80 fs FWHM), while the major part
was used to pump a traveling wave optical parametric amplifier (OPA)
(Topas, Light Conversion, Vilnius, Lithuania). The OPA stage converted
the wavelength to ~490 nm and ~500 nm with a pulse width of ~70 fs
and a spectral width of ~4 nm. A pulse energy of ~1 nJ in a 120-130-um
diameter spot was used. A home-built camera system was applied to detect
the absorption changes on ~250 wavelength channels simultaneously. The
system is able to measure 3000 spectra/s from the diode array at full
resolution of ~0.5 nm per pixel. Thus the camera covers a wavelength
range of ~125 nm. The measurements were performed at 4°C in a
vertically and horizontally shifted quartz cuvette with a pathlength of 1 mm
with magic angle polarization between the excitation and probe pulses.
Very low intensity of excitation was used to avoid annihilation effects. This
was checked in a preliminary series of measurements by varying the
excitation energy over a large range. Note that we are measuring LHCII
monomers in this study. Thus the annihilation threshold is significantly
higher than with LHCII trimers used in most previous studies. Further-
more, we used the lowest excitation intensities of all femtosecond mea-
surements on LHCII reported so far. This can be judged from the final
bleaching in the Chl a range after a few hundred picoseconds, which is only
0.5% of the maximal absorption in our case. The samples were measured
at OD ~6-7 in the presence of 10 mM Hepes, pH 7.6, 0.06% DM, and an
oxygen scavenging system (glucoseoxidase, catalase, glucose) (McTavish
et al.,, 1989) to avoid photobleaching. The absorption and fluorescence
spectra of the samples were measured before and after the femtosecond
lifetime measurements, showing no changes due to photochemical or other
damage.

Data analysis

The chirp in the white light continuum of ~4 fs/nm was corrected for in the
data analysis. The visible and the blue/UV wavelength ranges have been
analyzed separately. For each wavelength range two hypersurfaces describ-
ing a short 5-ps time range with 13-fs resolution and a long 300-ps range
with 800-fs resolution have been measured and were analyzed simulta-
neously in the data analysis to cover both a long time range and high
temporal resolution. The spectral resolution of originally 0.5 nm in the raw
data files has been limited to 3 nm in any data analysis by binning several
camera pixels, which results in a higher signal-to-noise ratio.

In general, the data were analyzed in two ways, first by the conventional
global analysis in terms of a small number of discrete exponentials. It
turned out, however, that the data contained too large a number of kinetic
components that could not be resolved properly at most wavelengths,
which led to sometimes severe deviations between fitted data and experi-
ment. Thus these results were difficult to interpret and for this reason we
do not present any results of this analysis here. Rather, we resorted to a
lifetime distribution analysis method that was recently developed in our
laboratory. The latter, the so-called lifetime density method, determines the
pre-exponential amplitudes ¢; in a sum of a large number (typically
70—-100) of exponential functions with fixed lifetimes for each probe
wavelength independently. The lifetimes 7, in our case ranged from 13 fs
to ~4 ns and were equally spaced on a logarithmic scale differing by a
factor of 1.2.

The method is in principle similar to the ESM method introduced some
time ago for the description of lifetime distributions (Siemiarczuk et al.,
1990; James and Ware, 1986) but combines this method with a so-called
regularization procedure as previously proposed by Kaufmann and co-
workers (Landl et al., 1991). The well-known “maximum entropy method”
(Brochon, 1994; Siemiarczuk et al., 1990; Ulrych and Clayton, 1976)
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presents just a special realization of a regularization procedure. The dif-
ference to the procedures described by Landl et al. and our method is the
solution of the set of equations by a modified inverse Laplace transform,
which reduces computation time and has the further advantage of being
independent of starting values. The ESM method, without any further
measures, would in addition to describing the underlying amplitude func-
tion, also try to describe the noise present in the data by an additional
amplitude function that oscillates wildly. Thus the ESM method alone
yields a minimal x? value, i.e., an optimal solution in a purely mathemat-
ical sense. However, for practical purposes, analyzing real data with noise
such a solution is usually not suitable due to the oscillatory part of the
solution. The use of the regularization procedure ensures that the solution
does not oscillate in the preexponential amplitudes of close-lying expo-
nentials. Thus the effect of noise in the data, which causes these oscilla-
tions when no additional measures are taken, is avoided by the application
of the regularization function. As a result, the algorithm in effect searches
for a solution that still describes the data optimally, but filters out the noise
at the expense of a slightly higher x* value than the minimal one obtainable
without regularization. The optimal set of parameters for the regularization
function must be found for each problem at hand, the noise characteristics
in the signal, etc. In general, the algorithm is allowed to increase the x°
values by up to 5-10% with respect to the estimated minimal possible
value. Our method thus effectively combines the advantages of the ESM
method and of the maximum entropy method. We have previously applied
such a procedure to the analysis of photon echo data (Prokhorenko et al.,
2000) (see there for further details and a more exact description of the
method). Furthermore, the autocorrelation function P(®) required for de-
convolution and the chirp of the white light continuum (taken into account
as a wavelength-dependent shift ®) was included in the algorithm.

Hence the model function to describe the transient absorption data
AA(t, A) for a certain detection wavelength A; looks as follows:

AA(z, N) = tP(d’) : E a(T, ) - exp _@ d¢o

(1

where N is a large number of typically 70—100 in the range from ~10 fs
to 5 ns.

The procedure is applied independently to each wavelength channel of
the data surfaces, i.e., no correlation has been assumed between nearby
wavelength channels. The result is a three-dimensional density map a(T;,
A;) for the probability of the presence of lifetime 7, at wavelength A; (for
this reason we call these plots “lifetime density maps”). Thus, in general,
the lifetime components present in a signal can simply be depicted from
this three-dimensional map. The absolute amplitude of a lifetime compo-
nent is given by the integral over the node width along the direction of the
lifetime axis. Several examples of lifetime density analyses on simulated
data and their response to various levels of noise are given in the Appendix
in order to get a better understanding of the properties of this method. The
advantage of the method is that very complex kinetics with large numbers
of exponentials can be still handled, which is not the case with other
lifetime analysis methods. For discrete kinetics very close-lying exponen-
tial lifetimes can still be resolved, as is shown in the Appendix as well.
Note that the width of a band in the lifetime space does not necessarily
imply a distribution of lifetimes, but it is also controlled by the signal/noise
ratio of the data (see Appendix).

RESULTS

In order to study the energy transfer process from carote-
noids to Chls in LHCII complexes, we used reconstituted
monomeric complexes in which we can vary the carotenoid
composition. It has recently been shown that in LHCII there
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are three carotenoids tightly bound to the complex. Two of
them have been resolved in the LHCII structure and are
located in the center of the complex forming a cross-brace
between helices A and B. These two sites have a high
affinity for lutein (Croce et al., 1999b; Hobe et al., 2000). A
third carotenoid binding site has been recently located near
the C helix domain (Croce et al., 1999a). This site accom-
modates only neoxanthin. In order to be able to discriminate
between the transfer from the different carotenoids, two
samples were used in the measurements. The Lhebl gene
was expressed in E. coli and the reconstitution procedure
was performed. In one case the pigment mix contained both
lutein and neoxanthin (resulting in a sample called LHCII-
neolutein henceforth), whereas for the second sample a
pigment mix with only lutein as carotenoid was used (re-
sulting in a sample called LHCII-lutein henceforth). The
former one is very similar to w.t. LHCII containing three
carotenoids, but in a more uniform fashion than the w.t.
complex. The biochemical and steady-state spectroscopic
characteristics of these two complexes have already been
reported (Croce et al., 1999a, b). The Chl composition of the
two samples is the same, and from the biochemical point of
view the only difference is a neoxanthin molecule, which is
lacking in the lutein only sample. It has been pointed out
that this difference induces some small but significant spec-
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FIGURE 1
Solid line: excitation at 500 nm; dotted line: excitation at 490 nm.
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tral changes in a few of the Chls coordinated to the complex.
In particular the absorption at 652 nm, typical for Chl b
binding in the w.t. LHCII, is somewhat changed when
neoxanthin is not present, indicating that this feature prob-
ably derives from some Chl-neoxanthin exciton interaction
(Croce et al., 1999Db).

The detailed transient absorption kinetics has been mea-
sured over two wavelength intervals (450-570 nm and
610-730 nm) for two excitation wavelengths in the carot-
enoid absorption region. The two wavelength intervals
cover the transient absorption signals in the carotenoid S,
absorption region and the Q,/Q, absorption regions, respec-
tively. A very low excitation intensity has been used
(<0.5% of the absorption of 0.7/mm at the absorption
maximum of 675 nm of the Chls has been bleached at long
times (300 ps after excitation)). The excitation intensity has
been adjusted such that approximately similar excitation
probability was achieved independent of the excitation
wavelength. All measurements have been performed in the
same way for the LHCII-neolutein and the LHCII-lutein
samples. Fig. 1, 4 and B show some selected decay kinetic
traces for the LHCII-lutein and the LHCII-neolutein sam-
ples, respectively.

For LHCII-lutein the decay in the Soret region for 500
nm excitation is faster than for the 490 nm excitation (Fig.

0 1 3 4

2
Time (ps)

Experimental transient absorption kinetics for selected excitation/detection wavelength pairs for LHCII-lutein (4) and LHCII-neolutein (B).
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1 4). In the Chl b region very rapid bleaching rise terms are
observed with lifetimes below 100 fs, corresponding in their
kinetics closely to the decay in the lutein absorption region.
The amplitude of the rise term is more pronounced for 490
nm excitation. This points to a relatively small contribution
by direct Chl b absorption, even for 490 nm excitation. In
order to quantitatively account for the amount of Chl b
absorption from an independent method, the Soret region of
the absorption spectrum for both samples was reconstituted
using the spectra of the single pigments (Croce et al., 2000)
shifted to the red appropriately on the basis of results from
previous experiments (Croce et al., 1999b). The spectrum of
Chl b used in the fit has been obtained by analyzing two
different LHCII samples with 7 Chl a and 5 or 4 Chl b. The
difference spectrum obtained represents the absorption
spectrum of Chl b in protein and shows a similar shape with
respect to the spectrum in organic solvent, but the band is
narrowed, as expected, by the effect of the protein environ-
ment. For the carotenoids the spectra in acetone were used,
in accord with previous observations, which indicate that
the spectrum of the carotenoids in proteins is identical in
shape to their spectra in acetone (Croce et al., 2000). The
fits of the Soret region of the absorption spectra for the two
complexes are reported in Fig. 2, 4 and B. For both samples
two Chl a forms, three Chl b forms and two lutein forms are
used in order to obtain the best fit, and one additional
neoxanthin form has been used for the LHCII-neolute in
complex. The percentage of excitation in each pigment at
the two wavelengths used in the experiments (490 nm and
500 nm) was calculated on the basis of the reconstituted
absorption spectra, taking into account the width of the
femtosecond excitation pulse. The data are reported in Table
1 for both samples. The data show furthermore that direct
excitation of Chl b at 500 nm is essentially negligible. The
best fits for both samples indicate that the two central
luteins absorb at different energy, probably due to the pro-
tein environment in the L1 and L2 sites. This makes the
excitation at 500 nm more selective for the “red” lutein.

For the LHCII-neolutein sample the carotenoid decay
(almost exclusively lutein in this case) for 500 nm excitation
(Fig. 1 B) is faster than for 490 nm excitation. Again, rapid
rise terms of the bleaching in the Chl b region are observed,
corresponding closely to the rapid decays in the Soret re-
gion. The bleaching rise terms are very pronounced for both
excitation wavelengths. In comparison to the LHCII-lutein
sample, a specific bleaching rise component due to neox-
anthin can now be observed.

Fig. 3, A-D give the complete lifetime density maps in
the Chl absorption region for the two excitation wave-
lengths and both samples. In Fig. 4, A-D the transient
difference spectra at various selected delay times are given
for the same data as shown in Fig. 3, 4—D. These transient
spectra were obtained from the corresponding lifetime den-
sity maps, i.e., they have been corrected for chirp in the
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FIGURE 2 Description of the Soret region of the absorption spectra of
LHClII-neolute in (4) and LHCII-lute in (B) in terms of the absorption of
single pigments. The absorption spectra of both complexes (solid line) are
compared with the reconstituted spectra obtained as a sum of the bands of
the single pigments (dotted line). The spectra of the individual pigments are
also shown: Chls a (dashed line), Chl b (dot-dash), lutein (short dot),
neoxanthin (short dash).

laser pulses, and they have been deconvoluted with the
excitation pulse.

For the LHCII-lutein sample (Fig. 3, 4 and B) a very
pronounced bleaching rise term is observed in the 640—660
nm Chl b absorption region for 490 nm excitation. This rise
time is in the range of 60—80 fs. For S00 nm excitation the
amplitude of the bleaching rise term is weaker and the
spectrum shows two maxima at 650 and 660 nm. The
kinetics of this rise is in the ~50 fs range. At longer
wavelengths (above 690 nm) under both conditions one sees
a pronounced rise term in the excited state absorption (the

TABLE 1 Percentage of direct excitation of pigments in the
Soret bands of the complexes on the basis of the fits shown
in Fig. 2, a and b

LHCII-neolute LHCII-lutein
Ex490 nm Ex 500 nm Ex 490 nm  Ex 500 nm
Chl a 2.4 4.1 2.9 5.0
Chl b 23.0 5.7 28.5 7.0
Lutein “blue” 25.8 28.0 349 36.7
Lutein “red” 252 39.8 33.7 51.3
Neoxanthin 23.5 22.5 - -

Biophysical Journal 80(2) 901-915
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FIGURE 3 Lifetime density maps for LHCII-lutein (top) and LHCII-neolutein (bottom) for the two different excitation wavelengths of 490 nm (/eft) and
500 nm (right). Note: the red background denotes the zero level. Positive amplitudes are shown in yellow/white, and negative amplitudes are shown in
blue/black (see Eq. 1). It is important to note that in transient absorption spectra a positive amplitude in a DAS can mean either a decay of excited state
absorption or a rise in a bleaching signal. Likewise, a negative amplitude can either be a decay of the bleaching or the rise of an excited state absorption
signal. Which possibility applies must be decided upon analysis of the lifetime density map and the whole kinetics. The lifetime scale shown is a logarithmic
scale. It is important to note that these color maps represent a qualitative or at best semi-quantitative picture of the kinetics in a very condensed form. The
density of the color has been chosen proportional to the amplitude, but due to printer and reproduction quality limitations one should be careful in the
quantitative interpretation of the amplitudes based on these maps. Any quantitative information should only be deduced from the actual numerical amplitude

distribution function underlying this surface (as, e.g., done here).

negative amplitude in that range cannot be due to a bleach- mainly attributed to Chl b excited state absorption and in a
ing decay), which rises with the same kinetics as the bleach- somewhat smaller part to Chl a excited state absorption.
ing in the Chl b region. This feature therefore should be = Because neither Chl a nor Chl b alone when measured in

Biophysical Journal 80(2) 901-915
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FIGURE 4 Transient difference spectra taken from the lifetime density maps in Fig. 3 for various delay times. The arrangement for samples and excitation

wavelengths is the same as in Fig. 3.

solvents or when LHCII is excited in the Chl Q, region
directly shows such a strong excited state absorption signal
in that range (data not shown), we attribute this signal to
excited state absorption from higher states, i.e., starting
from S, (Q,) or S5 (B,) states. Although lutein also shows
excited state absorption in that range when excited into the
S, state, we can exclude that the observed excited state
absorption rise is primarily due to carotenoids. The reason is
that this excited state absorption feature decays mainly with
a lifetime of ~300 fs (see complementary positive signal at
that lifetime in Fig. 3, 4 and B) which is much slower than
the carotenoid-to-Chl transfer, which seems to occur almost
exclusively with lifetimes in the femtosecond range. The
main processes of the Chl b-to-Chl a transfer occur with
lifetimes of 170 fs, ~350 fs, ~1 ps, and ~10 ps (Fig. 3). It
thus seems that the carotenoid-to-Chl transfer and the Chl
b-to-Chl a transfers are quite well-separated in the lifetime
range, which should make the detailed analysis somewhat
simpler.

For the LHCII-neolutein sample (Fig. 3, C and D) there
appears a pronounced new rise component (positive ampli-
tude) centered near 650 nm. This must be a delayed rise of
the bleaching in Chl b, and since this pronounced feature is

not observed in the lutein-only sample it should be attrib-
uted primarily to the neoxanthin-to-Chl b transfer. This
kinetics is somewhat slower (~90 fs) than the lutein-to-Chl
b transfers (see above). In addition to that strong bleaching
rise term in the Chl b region all the other rise components in
the Chl b region are seen as well as in the lutein-only
sample. In addition to the ~1 ps and 10 ps decays in the Chl
b region and the corresponding rise term of the bleaching in
the Chl a region, which all were seen already in the lutein-
only sample, a new Chl b-to-Chl a energy transfer time with
a lifetime of ~300—400 fs shows up in the LHCII-neolutein
sample. Table 2 summarizes the characteristic ranges
of lifetimes observed in the lifetime density maps along
with a qualitative assignment for the various excitation
wavelengths.

Fig. 5 shows the transient absorption spectra for early
delay times of the LHCII-lutein sample when excited into
the Chl b absorption range at 640 nm. Only after ~50-70 fs
is a “normal” Chl b bleaching spectrum near the excitation
wavelength observed. These early features around the exci-
tation wavelength are due to four-wave-mixing effects and
will not be considered here. However, in the Chl a region
unusual features are also observed around 680 nm. These
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TABLE 2 Summary of observed lifetimes, wavelength ranges
of observation, and assignments of components

Wavelength Range of

Lifetime Observation Assignment

50 fs 490-500 nm; 640-655 nm  Lutein 2 to Chl transfer

70 fs 490-500 nm; 640-655 nm  Lutein 1 to Chl transfer

90 fs 490-500 nm; 640-655 nm  Neoxanthin to Chl transfer

170 fs 640-655 nm; 660-685 nm  Chl b to Chl a transfer

200-300 fs above 690 nm Chl b Q, state relaxation

330 fs 640-655 nm; 660-685 nm  Chl b to Chl a transfer

900 fs 525-560 nm Unassigned; possibly
vibrational relaxation in
S, state of a carotenoid

1 ps 640-655 nm; 660-685 nm  Chl b to Chl a transfer

7 ps 640-655 nm; 660-685 nm  Slow Chl b to Chl a
transfer

3.9 ps 525-560 nm Lutein S, relaxation

14.5 ps 525-560 nm Lutein S, relaxation

Several ns 670-690 nm Overall Chl a excited state

decays

are far away from the excitation wavelength and cannot be
explained primarily by four-wave-mixing effects. Rather,
the pronounced absorption increase at early times must be
attributed to Chl b/Chl a exciton coupling (Valkunas et al.,
1999). Quite similar effects were also observed with the
LHCII-neolutein sample (data not shown). The excited state
absorption decays within ~50-70 fs, i.e., within a time
when no substantial amount of Chl b-to-Chl a energy trans-
fer has occurred. Apparently some excited state dynamics in
the Chl b/a excitonically coupled pairs occurs upon Chl b
excitation, which leads to a strong excited state absorption
and thus to a distortion in the kinetics in the Chl a region.
One can also exclude these distinct spectral features located
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FIGURE 5 Transient absorption spectra for early delay times of the

LHCII-lutein sample upon excitation into the Chl b absorption region at
640 nm.
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in the Chl a absorption region to be simply due to Chl b
excited state absorption. Chl b, when measured in solution
(data not shown), shows a small but spectrally flat excited
state absorption signal in the long-wavelength region. This
effect will be crucial to take into account when analyzing
the carotenoid-Chl energy transfer data, because such ex-
cited state features appear in those data with the same
kinetics as when the carotenoid-Chl b transfer occurs; i.e.,
while the excited state absorption appears promptly when
Chl b in LHCII is excited directly, the excited state absorp-
tion feature appears with the rise time of the carotenoid-Chl
b energy transfer (see Figs. 3 and 4) when carotenoids are
excited. The most pronounced rise can be seen for the
LHCII-neolutein sample for excitation at 500 nm (Fig. 4 D),
but it is present under all the conditions measured here.

DISCUSSION

The comparison of the data obtained from two different
samples, differing in their carotenoid content and with dif-
ferent excitation wavelengths, allows drawing some very
detailed conclusions about the principal features of the
carotenoid-to-Chl transfer. In the following we will develop
a detailed qualitative model for these transfer steps on the
basis of these data, and also discuss some peculiarities in the
spectra that complicate the development of a quantitative
model. We will address and discuss in particular the fol-
lowing points:

1. All carotenoid-to-Chl transfer starting from the S, state
of carotenoids occurs with time constants below 100 fs;

2. Chl b-to-Chl a transfer is well-separated in time from the
carotenoid-to-Chl b transfer (the fastest Chl b-to-Chl a
transfer time is ~150 fs);

3. A large part (~50%) of the initial carotenoid excitation
is transferred via Chl b to Chl a, and three different Chl
b molecules receiving energy directly from carotenoids
can be distinguished;

4. The two luteins can be distinguished spectrally and in
their kinetics and energy transfer pathways;

5. Specific coupling effects between Chl b and Chl a ex-
cited states previously led to some underestimation of
the direct carotenoid-to-Chl a transfer;

6. The dominant part of the carotenoid-to-Chl transfer oc-
curs from the S, state of the carotenoids;

7. The carotenoid-to-Chl transfer, in particular to Chl b,
occurs via both the Q, and the B, states, which leads to
a further complication in the analysis;

8. We find no evidence for substantial S, carotenoid-to-Chl
transfer but cannot entirely exclude such a pathway for
the neoxanthin molecule.

Carotenoid-to-Chl b transfer

For both samples under all excitation conditions fast bleach-
ing rise times in the range of 50—90 fs occur in the Chl b
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absorption regions. The maxima of the bleaching bands
appear in two different spectral ranges at 645 nm and at
655—-660 nm (cf. the positive amplitudes in that range in
Fig. 3, A-D). The bleaching rise term around 660 nm is
always faster than the rise at 645 nm. The fastest bleaching
rise term with ~50 fs lifetime occurs for the LHCII-lutein
samples with 500 nm excitation, while the slowest one (~90
fs lifetime) is observed in the LHCII-neolutein sample for
both 490 and 500 nm excitation. In all spectra (Fig. 3) a
broad negative feature with the same lifetime as the delayed
rise in Chl b bleaching and the bleaching decay of the
carotenoids, i.e., with lifetimes shorter than 100 fs (Fig. 4)
occurs in the wavelength range above 690 nm. This broad
negative amplitude feature cannot be the decay of an ab-
sorption bleaching that occurs due to direct excitation of an
excited state by the laser pulse because there is no ground
state absorption in that wavelength range. It can thus only be
interpreted as the delayed rise of an excited state absorption.
In that case it must be due to Chl b excited state absorption,
which represents second independent evidence in favor of
an efficient direct carotenoid-to-Chl b transfer. This broad
spectral feature decays on the time scale of 200-300 fs,
depending on the sample and excitation conditions, with a
kinetics that corresponds approximately to the rise time in
Chl a bleaching. The comparison of the dominant compo-
nent in the decay of the carotenoid bleaching and the rise in
the Chl b and Chl a regions strongly suggests that the
overwhelming part of the energy transfer occurs from caro-
tenoids in their S, state to the Chls, and only a minor part
might pass the S, state of the carotenoids. The question of
a possible minor S, pathway will be discussed below.

Chl b-to-Chl a transfer

From the data shown in Figs. 3 and 4 it is possible to assign
four different transfer components from Chl b to Chl a. The
fastest one is 170 fs, the second is 330 fs, a transfer in the
1-ps range and a slow one in ~7 ps. This means that with
respect to previous measurements one additional transfer
component is observed. The 600 fs observed previously by
several groups (Connelly et al., 1997b; Trinkunas et al.,
1997; Kleima et al., 1997; Visser et al., 1996) is not found
in our present data but is replaced by two transfer compo-
nents with 330 fs and 1 ps lifetime. The same components
are also observed when the Chls b are directly excited (see,
e.g., Fig. 5), which confirms that this new transfer time is
indeed due to Chl b-to-Chl a energy transfer and is not
influenced by the carotenoid-to-Chl transfer. The ~600 fs
component resolved previously is thus likely to be a mixed
component that arose from the 330 fs and 1 ps components.
The LHCII complex analyzed here has 12 Chls with Chl a/b
of 1.6. We thus expect in principle 5 Chl b-to-Chl a transfer
components. However, not all of them will necessarily show
up in the carotenoid-to-Chl transfer measurements. In our
present data with carotenoid excitation the contribution of
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the 330 fs transfer is almost absent when the LHCII-lutein
sample is excited in the carotenoid region, whereas it is
quite pronounced for the LHCII-neolutein sample. This is
an indication that the one or two Chl b molecules that
transfer to Chl a with a 330 fs lifetime are located near the
neoxanthin molecule. It is thus possible to suggest that the
Chls in sites B5 or B6 (using the Kiihlbrandt nomenclature
(Kiihlbrandt, 1994)) are involved in this transfer involving
Chls b absorbing around 652 nm, exactly the wavelength at
which the Chls in sites B5 and B6 are expected to absorb on
the basis of the mutation analysis (Remelli et al., 1999). We
propose that the acceptor of this transfer is the Chl a in site
A5, which absorbs at 675 nm according to the mutation
analysis.

All pronounced rise time components that are observed in
the Chl a bleaching range of 670—690 nm occur on a slower
time scale than the rise of the Chl b bleachings or the decay
of the carotenoid bleachings (Figs. 3 and 4), i.e., ~150 fs
lifetimes. From the qualitative analysis performed here we
cannot exclude a contribution of Chl b-to-Chl a energy
transfer arising from a direct excitation of Chl b. In fact, the
amount of direct Chl b excitation at these wavelengths has
recently been a matter of debate (Connelly et al., 1997a;
Peterman et al., 1997b). We have recently proposed a
method for a detailed analysis of the absorption spectra of
the LHC complexes in the carotenoid region (Croce et al.,
2000). This analysis allows for an exact calculation of the
absorption contributions of Chl b and carotenoids in the
LHCII complexes and it has been applied here to both
samples. As reported in Table 1, the Chl b excitation for 500
nm pulse excitation in our experiment is negligible, whereas
for 490 nm excitation the maximum relative contribution is
~25%. For all practical purposes of this qualitative analysis
we can ignore this small percentage of direct Chl b excita-
tion at 500 nm. This means that no substantial part of the
Chl b-to-Chl a transfers seen in Fig. 3 is due to direct Chl b
excitation, but rather arises from the ultrafast carotenoid-to-
Chl b transfer, as detailed above. Thus we cannot reconcile
the fast rise in the Chl b bleaching with any other process
than carotenoid-to-Chl b transfer.

Direct carotenoid-to-Chl a transfer

In all spectra in Fig. 3 some part of the bleaching rise in the
Chl a absorption range occurs with the same lifetime as the
Chl b bleaching rise, and in particular the rise of the excited
state absorption above 690 nm. In the range of 680—690 nm
this strong excited state absorption partly compensates the
opposite amplitude bleaching signal in Chls a. These obser-
vations clearly indicate that a substantial part of the carot-
enoid excitation is also transferred directly to Chl a. The rise
in the Chl a bleaching in general seems to be slightly slower
as compared to the carotenoid bleaching decay and Chl b
bleaching rise. This slight delay probably indicates some
more complex photophysics (see below for a further dis-
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cussion). When examining the difference spectra at various
delay times (Fig. 4) the direct carotenoid-to-Chl a transfer is
not obvious at first glance because a bleaching in the Chl a
Q, absorption range occurs only at times above ~140 fs,
while at earlier times an excited state absorption is ob-
served. This rise in excited state absorption is quite pro-
nounced in some cases (see e.g., Fig. 3, 4 and B) with an
absorption at 680—685 nm that exceeds the bleaching in the
Chl b absorption range. The reason for this bleaching must
be a pronounced Chl b-Chl a coupling, presumably due to
excitonically coupled pairs. This coupling is seen also in the
transient spectra upon direct excitation of Chl b (cf. Fig. 5).
However, in that case the absorption increase in the Chl a
region appears promptly with the excitation pulse, while in
the carotenoid excitation case (Fig. 3) it rises with a rise
time of the carotenoid bleaching decay. We have previously
described this phenomenon as arising due to exciton cou-
pling, and it can be described theoretically when dropping
the Heitler-London approximation (Valkunas et al., 1999).
These findings have important consequences for the inter-
pretation of the carotenoid-to-Chl transfer in LHCII. First,
this observation provides a third independent evidence for a
major direct carotenoid-to-Chl b transfer pathway. Further-
more, the absorption increase in the Chl a region compen-
sates the initial Chl a bleaching due to direct carotenoid-to-
Chl a transfer. Only after ~100 fs the signal in the Chl a
absorption range turns into an overall bleaching signal. This
feature thus hides the effects of an early carotenoid-to-Chl a
transfer and was responsible inter alia for an underestima-
tion of the direct carotenoid-to-Chl a transfer contribution in
our earlier study on LHCII (Connelly et al., 1997a). It can
be clearly seen from Fig. 4 that only after ~150 fs, at a time
when the Chl b bleaching signal is still at its maximum, a
distinct Chl a bleaching has developed due to the decay,
probably by dephasing of the exciton states, of the Chl a
absorption increase. Any quantitative kinetic model thus
should use only the signal from ~150 fs onward to describe
the development of concentration ratios of excited Chl
b/Chl a due to the carotenoid Chl b-Chl a transfer kinetics.
Due to the very fast Chl b/Chl a transfer (main components
of 170 and 330 fs) following the carotenoid-to-Chl b trans-
fer, the Chl b bleaching maximum at any time is much
smaller than the total amount of carotenoid-to-Chl b trans-
fer. A crude kinetic model based on these transfer lifetimes
and taking into account the bleachings observed in the Chl
b and Chl a ground states at early and late times, respec-
tively, indicates that ~40% of the energy transferred from
carotenoids takes the Chl b pathway. Peterman et al.
(1997b) reported that in LHCII the carotenoids transfer only
to Chl a with a lifetime of 200 fs. This discrepancy with our
data can be due to the insufficient temporal resolution in
their measurements that did not allow proper resolution of
the ultrafast carotenoid-to-Chl transfer, which is faster than
100 fs. In this case the first part of the energy transfer
pathway from carotenoids to Chl b would be missing in
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their data, and only the second part involving the transfer
from Chl b to Chl a would have been resolved.

Two different luteins

Some distinct differences occur in the delayed rise of the
Chl b bleaching in the LHCII-lutein sample: upon excitation
at 500 nm the overall rise in Chl b bleaching occurs faster
(more close to 50—60 fs) and the bleaching maxima are
located at longer wavelengths (650 nm and 665 nm as
compared to 645 nm and 650 nm) than for excitation at 490
nm. This is a consequence of the slightly different absorp-
tion maxima of the two luteins in LHCII that has been found
in our absorption analysis. We can thus conclude that the
two luteins transfer their energy to at least two different Chl
b molecules that have bleaching maxima at 645 nm and
650—655 nm. One or two further Chls b receive energy
from the neoxanthin, which can be seen clearly by compar-
ing the lifetime density plots (Fig. 3) and the transient
spectra (Fig. 4) for the two different samples. Overall, the
transfer from neoxanthin to Chls is significantly slower, i.c.,
more close to 90 fs lifetime, as compared to the lutein
transfer.

Transfer via the S, level of carotenoids

To understand if and how much energy might be flowing
via the carotenoid S, state after excitation in the S, state the
results of pump-probe experiments on lutein in diethylether
(data not shown here) and of LHCII, which contains only
lutein as carotenoids, have been compared. The ratio be-
tween the area of the S;-S, excited state absorption of the
carotenoids (when at maximum) and the area of the bleach-
ing in the carotenoid S, band immediately after excitation in
the S,-S, transition have been compared for these two
samples considering the maximal amplitudes of the bleach-
ing and the maximal amplitude in the S,-S, carotenoid
excited state. This ratio is 11.5 in the case of lutein in
organic solvent, whereas it is reduced at 2.2 in the case of
the LHCII complex. From that we can estimate that not
>20% of the energy absorbed in the S, state can flow into
the S, state of the carotenoids when lutein is bound to
LHCIL. The analysis of the transient profiles associated with
the build-up and the decay of the spectral features in the
535-555 nm region show that there is a rise time of ~50—
100 fs for the excited state absorption and the decay can be
described with three different lifetimes: of 3.9 ps, 15 ps, and
2.27 ns. Based on its spectrum and lifetime the last one is
most probably associated with the presence in the same
region of some S;-S, transition of Chl a. Due to the very
intense S;-S, absorption of carotenoids we can detect the
carotenoid S, state and its kinetics quite easily in transient
absorption data in the 540 nm range, even when the relative
population of this state is much less than 20%. The Chl
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S,-S, ESA is at least 10 times less intense with respect to
the one of carotenoids, and its presence is most pronounced
at long times (above 50 ps) when all the carotenoid excited
states have already decayed. The most pronounced lifetime
in the S-S, ESA of carotenoids of 15 ps is very similar to
the S, lifetime of lutein in solution (14.6 ps; Frank et al.,
1997), suggesting that at least one of the luteins does not
transfer energy from the S, state (cf. Fig. 6). There does not
seem to be a Chl transfer component in that range that could
interfere with the assignment of that component. The second
lutein ESA component has a decay time of 3.9 ps. The
shorter lifetime of the second lutein could be due to energy
transfer to Chls from the S, state or could be due to a faster
radiationless relaxation, because the conformation might be
different with respect to solution. The amplitude of this
component is substantially lower than the amplitude of the
15 ps component and its spectrum peaks at 555 nm. The
ratio of the amplitudes between the two components is
higher when the sample is excited at 500 nm (data not
shown). The rise time of 50—100 fs for the ESA in that
range is in agreement with the S,—S, transition of the
lutein, which should rise with the S, decay time, which in
turn is controlled by the direct S,-to-Chl transfer rates. The
agreement of the S, excited state absorption rise time with
the rise time of the Chl b bleaching provides further support
that the major energy transfer pathway is directly from the
S, state of carotenoids. We conclude that ~70% of the
energy absorbed by luteins is directly transferred to Chls via
the S, state. Because this represents nearly the overall
efficiency of the transfer of luteins to Chls in this complex,
there is little room for a significant transfer pathway via the
S, state.
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We expect an S, lifetime of neoxanthin of ~35 ps when
unquenched (Frank et al., 2000). In the LHCII-neolutein
sample we do not find such a lifetime for decay of excited
state absorption, however, suggesting that the S, decay is
shorter than in solution, presumably due to some energy
transfer to Chls. Thus neoxanthin might be the only candi-
date that could transfer to a significant amount via the S,
state to the Chls. We do not observe a clear signal that we
could attribute to such a process. One possibility is that the
lifetime is similar to that of one of the luteins (i.e., ~15 or
3.9 ps) by accident. The small differences between the two
samples in the respective lifetime range and wavelength
region do not positively support such an interpretation.
Another possibility would be to assign a small component
of ~300 fs that is present in our data for the LHCII-
neolutein sample. It seems, however, that this component is
more likely due to Chl b-to-Chl a transfer because it is also
observed in the LHCII-lutein sample. In a recent work from
the Fleming group (Walla et al., 2000) two-photon excita-
tion has been used to excite the carotenoids directly into the
S, state and observe the energy transfer to the Chls. Sur-
prisingly, a fast subpicosecond rise time in Chl fluorescence
attributed to energy transfer from the S, state has been
found. The work of Walla et al. did not specify which
carotenoid did show the fast energy transfer to Chls upon
two-photon excitation, however. Thus, in order to get an
agreement with our data, one might attribute it to neoxan-
thin, but not to the luteins. A new problem arises, however,
if the S, lifetime of neoxanthin should be as short as
suggested by the data of Walla et al.: the subpicosecond
lifetime of the S, state would imply that energy transfer
from that state would be nearly 100%. This is difficult to
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FIGURE 6 Lifetime density maps in the carotenoid absorption region. Left: LHCII-lutein; right: LHCII-neolutein. A.,. = 490 nm. See Note, Fig. 3.
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reconcile with our finding from steady-state fluorescence
that the overall neoxanthin transfer efficiency is only ~50%
(Croce, unpublished results), which is explained almost
entirely by the S, transfer path already. Clearly, a more
detailed analysis and investigation is required to clarify
these discrepancies. We note, however, that Walla et al.
(2000) also found in addition much slower (long ps) S,
decay components (and corresponding Chl fluorescence rise
times) which are well in line with our findings for the lutein
S, decays in the picosecond range. Provided that a two-
photon excitation of the Q,-state of Chls can be excluded as
a possible cause of the ultrafast Chl fluorescence lifetime
(such a ~300 fs rise time could be due to internal conver-
sion from the Q,-state and subsequent vibrational relax-
ation) another possibility exists to explain the ultrashort rise
time in the Chl fluorescence found by Walla et al.: after
internal conversion to the carotenoid S, state the system is
in highly excited vibrational states. As will be seen from our
data on lutein in solvents (to be published) the vibrational
relaxation is a multi-component process with lifetimes rang-
ing from ~200 fs to nearly 1 ps. These high vibrational
states while relaxing might have a much higher efficiency of
energy transfer due to substantially better spectral overlap
with the B, state of Chl b than the vibrationally relaxed
state, which indeed has a several picosecond lifetime. The
rise time observed in the Chl fluorescence due to such an
energy transfer would then not reflect the actual energy
transfer time, but rather the vibrational relaxation time in the
carotenoid S, state. Such an interpretation would appear to
be in good agreement both with our present data and with
the data of Walla et al. (2000).

Which Chl states are accepting energy?

The most likely energy transfer mechanism between caro-
tenoids (in their S, state) and Chls is via the Forster mech-
anism. Even for carotenoid S, transfer paths Forster transfer
might be more efficient than a Dexter mechanism (Dam-
janovic et al., 1999). However, the overlap integral for the
S, fluorescence with the Chl Q, absorption of both Chls b
and a is quite small. This suggests that the energy-accepting
state in the Chls is actually not the Q,, but rather the Q, state
for Chl a and both the B, and the Q, states for Chl b. Results
of Forster rate calculations strongly support this interpreta-
tion (see part II of this work for detailed calculations). A
schematic presentation of the energy transfer paths taking
into account all these findings is given in Fig. 7. Such a
pathway provides a further complication for the quantitative
modeling of the kinetic data of the carotenoid-to-Chl trans-
fer. This will complicate the interpretation of both the Chl b
bleaching rise and the Chl a bleaching rise. A first rise in
Chl b and Chl a bleaching in their Q, bands will occur with
the carotenoid-to-Chl transfer time. However, if the accept-
ing state is the Q, state, a second rise component should
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FIGURE 7 Qualitative kinetic scheme for energy transfer from carote-
noids to chlorophylls in LHCII (cf. Fig. 8).

occur with the relaxation time from Q, to Qy, i.e., in the
~200-500 fs range for the stimulated emission contribution
to the formal bleaching signal. We do not observe such a
second slower component in the rise of the Chl b bleaching,
but we observe the decay of the strong excited state absorp-
tion signal of Chl b in the range above 690 nm. This decay
occurs with ~300 fs lifetime and cannot be due to Chl b S,
absorption, as indicated above. This is a strong indication
that Chl b actually gets excited into either its Q, or its By
state, or both, by energy transfer from the carotenoids. The
300 fs decay of the S, excited state absorption might then
reflect either direct energy transfer from the Chl b S, state
to Chl a or a radiationless relaxation to the Q, state. If the
former was the case (actually both pathways may occur in
parallel) it would be difficult to observe it in our data
because there is a proper Chl b-to-Chl a transfer component
in the same lifetime range, which can be observed upon
direct Chl b excitation (Fig. 5 and data not shown). In any
case, this mechanism will lead to a severe underestimation
of the carotenoid-to-Chl b transfer efficiency if only mea-
sured from the amplitude of the Chl b bleaching because up
to 50% of the signal in the Chl b bleaching region might
actually be missing if the excited state initially produced is
in fact the Q, state. However, due to the same mechanism
the rise in the Chl a bleaching due to direct energy transfer
from the carotenoids might be delayed substantially if Chl a
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FIGURE 8 Schematic kinetic diagram of principal energy transfer path-
ways in LHCIL
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FIGURE 9 (4-C) Lifetime density maps calculated from simulated transient absorption data (cf. Fig. 9 D) with different noise levels added. (4) Very
low noise level; (B) noise level typical for the transient absorption measurement presented in this work; (C) five times higher noise level than in (B). See
Note, Fig. 3, for the representation. (D) Set of DADS used for simulating a data set that is similar in complexity as expected for the LHCII kinetics problem.

accepts energy from carotenoids into its Q, state, which is
highly likely. This will lead to a further complication in the
quantitative analysis of the Chl a bleaching kinetics. Be-
sides a somewhat lower time resolution and insufficient
spectral information it was mainly these complex features
that led us to underestimate the contribution of direct ca-
rotenoid-to-Chl a transfer somewhat in our previous work
(Connelly et al., 1997a).

APPENDIX

In order to be able to better judge the capabilities of the lifetime density
analysis we simulated a couple of data sets with a complexity similar to
that expected for the LHCII system. To this end we set up a simplified
kinetic scheme and intermediate spectra for different components similar to
those expected for LHCII. Note that this should be considered strictly to
represent a simulation to learn about the limits and capabilities of this
method to separate a complex multi-exponential kinetics, and not as an
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attempt to actually quantitatively model the LHCII data, which will be
done separately. In principle we expect some 15 lifetime components from
LHCII (12 for Chl-Chl transfer and 3 for carotenoids) in the simplest
kinetic model. This is a highly complex kinetic data set that far exceeds the
capabilities for analysis by more conventional methods. Note that we are
simulating here only discrete kinetic models, which are probably the best
description for the data at hand for LHCII. The lifetime density analysis is,
however, equally suitable and very powerful for the analysis of both
discrete and inherently dispersive kinetics.

Fig. 9 D shows one of the simulated sets of decay-associated absorption
difference spectra (DADS) and lifetimes that define the simulated data
surface. The kinetics at a number of wavelengths was then calculated from
these data and random noise was added at various levels. The data in the
form of a simulated AA/A,./time surface were then subjected to the
lifetime density analysis in the same way as experimental data. The results
are shown in Fig. 9. Fig. 9 4 shows the recovered map when only a
minimal amount of noise, significantly smaller than achievable in an
experiment, is added. In this case all lifetime components are quite well
resolved. Even the ~50 fs and ~100 fs components in the 650 nm range
and around 670—680 nm can be separated quite well. When more noise is
added, as in Fig. 9 B where the noise level is characteristic of the noise
level in a typical experiment, some of the previously better-resolved
features start to blur. In that case close-lying lifetimes may not be fully
resolved anymore; however, the center of the band can still be localized
and lifetime differences can be seen relatively easily. In fact, in this case all
the major lifetime components in this complex data set can be observed
quite well. Again, the 50 fs and 100 fs components are still resolved
reasonably well, although the different bands already start to smear out.
When attempting to resolving this complex data set by the less sophisti-
cated global lifetime analysis, let alone a single decay analysis, as often
used for analyzing such data, we could not resolve more than 5 to 6
components. The resolved lifetimes generally were mixed ones that did not
allow for a clear insight into the underlying spectra and kinetics. Thus the
lifetime density maps provide a much superior picture of the kinetics to one
that can be obtained using any other of the typically used kinetics analysis
methods. Finally, the effect of an even higher noise level (5 times higher
than in Fig. 9 B) is shown in Fig. 9 C, where many of the previously
resolved features start to blur. This well demonstrates the effect of noise on
the resolution (width of the bands in lifetime space) and the importance of
a high signal/noise ratio in the data.

R.C. was supported by TMR Marie Curie Fellowship Grant ERBFM-
BICT983216.
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