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ABSTRACT: The energy transfer process in the minor light-harvesting antenna complex CP29 of green
plants was probed in multicolor transient absorption experiments at 77 K using selective subpicosecond
excitation pulses at 640 and 650 nm. Energy flow from each of the chlorophyll (Chl) b molecules of the
complex could thus be studied separately. The analysis of our data showed that the “blue” Chl b (absorption
around 640 nm) transfers excitation to a “red” Chl a with a time constant of 350 ( 100 fs, while the ‘red’
Chl b (absorption at 650 nm) transfers on a picosecond time scale (2.2 ( 0.5 ps) toward a “blue” Chl a.
Furthermore, both fast (280 ( 50 fs) and slow (10 -13 ps) equilibration processes among the Chl a
molecules were observed, with rates and associated spectra very similar to those of the major antenna
complex, LHC-II. Based on the protein sequence homology between CP29 and LHC-II, a basic modelling
of the observed kinetics was performed using the LHC-II structure and the Förster theory of energy transfer.
Thus, an assignment for the spectral properties and orientation of the two Chl’s b, as well as for their
closest Chl a neighbors, is put forward, and a comparison is made with the previous assignments and
models for LHC-II and CP29.

Considerable effort has been expended in recent years to
investigate energy transfer occurring in plants and photosynthetic bacteria prior to its chemical conversion at the
reaction center (1). In photosystem II (PSII) of higher plants
and green algae, the reaction center is surrounded by several
chlorophyll binding integral proteins that efficiently absorb
and funnel the solar energy. Two complexes, CP43 and
CP47, bind only Chl1 a and β-carotene (no Chl b is present)
and are tightly attached to the reaction center. The lightharvesting function is performed mainly by the outer
chlorophyll a/b (LHC) binding proteins, of which LHC-II
(also known as LHCIIb) plays the major role, binding about
65% of PSII Chl. A model for the organization of LHC-II
was proposed recently, based on electron crystallography on
two-dimensional crystals (2). The quasi-atomic resolution
(3.4 Å) allowed the mapping of 2 carotenoid (Car) molecules
in central positions, assumed to be luteins, surrounded by
12 chlorophylls in each monomeric unit of the trimers.
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However, a clear distinction between Chl a and Chl b, or
between Qx and Qy directions within single pigments, could
not be made. Also, as concluded from biochemical data,
approximately two Chl’s and one Car are not resolved in
the structure. Since triplets are formed mainly on Chl a
molecules, it was argued that the nearest seven porphyrins
to the central luteins must be Chl a, to match the requirement
for efficient triplet quenching.
There are at least three other (minor) LHC proteins
associated with PSII, called CP29, CP26, and CP24 (or
Lhcb4-6, respectively), that bind all together only about
15% of PSII chlorophyll (3, 4). They contain relatively high
amounts of xantophylls, particularly violaxanthin, that is
presumably involved in regulation of the energy flow to and
from the reaction center (5). This process, known as
nonphotochemical quenching (qE), is inhibited by dicyclohexylcarbodiimide (DCCD), which was found to bind both
to CP29 and to CP26 (6, 7). The involvement of the minor
antennae in controlling the energy level is further supported
by their intermediate location between the major LHC-II
complex and the PSII core region (3, 4, 8). The largest
protein of the LHC family, CP29, has at least 262 amino
acids and an apparent molecular mass of 29 kDa. The
cofactors, as determined from chemical analysis (HPLC), are
probably 6 Chl a and 2 Chl b per protein and 2-3 Car’s,
namely, 1 lutein, 1 violaxanthin, and close to 1 neoxanthin
(7, 9-11). Although no direct structural information is
available for CP29, due to the sequence homology with LHCII it is expected to form a similar fold with three membrane-
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spanning helices plus a short amphiphatic helix at the lumenal
side. All but one of the identified Chl binding sites in LHCII are conserved (3, 7), so the Chl molecules in CP29 are
probably positioned as in Figure 1A. A reconstitution study
showed that the CP29 protein scaffold can accommodate
different chromophores, with one Chl a that can be replaced
by one Chl b depending on the initial conditions (9).
Photoinhibitory conditions induce reversible phosphorylation
of the complex at the stromal side, affecting the spectroscopic
properties (10, 11).
The object of this study is the excited state dynamics in
the CP29 complex on a (sub)picosecond time scale and its
structural implications. In light of the general resemblance
of the conformation of the Chl a/b binding proteins, the
conclusions are extended to the bulk complex. Since LHCII can be easily purified and a structural model is available,
it was extensively studied in search for a straightforward
relationship between organization and function. Steady-state
spectroscopy revealed the existence of 9-11 Chl Qy (0-0)
bands in a relatively small spectral domain (630-690 nm),
almost matching the number of pigments per monomeric unit
(12). The excited state kinetics, investigated by several
groups in transient absorption or fluorescence up-conversion
experiments, are characterized by an ultrafast Chl b-Chl a
transfer occurring in three time windows (j200 fs, ∼500
fs, and 2-6 ps) and a spectral equilibration among Chl a
molecules with time constants of j300 fs, 2-4 ps, and 1020 ps (13-18). Ascribing various spectral or kinetic features
proved to be a very difficult task given the lack of important
structural details, such as precise identity and orientation of
the chlorophylls, or the absence of a high degree of spatial
symmetry.
Conversely, CP29 and all other minor LHC proteins show
lower complexity, due to a smaller amount of bound
chromophores, and the data may thus prove more easily
interpretable. However, problems concerning isolation in
sufficient amounts hindered not only their crystallization but
also extensive spectroscopic analysis. CP29 isolated by
nondenaturating isoelectric focusing has been the subject of
a basic spectroscopic analysis (19). Our preparation was
obtained by cation exchange chromatography and exhibited
similar spectral characteristics (20, 21). The most distinctive
feature is the presence of two separate bands in the lowtemperature absorption spectra at 638 and 650 nm ascribed
to the two Chl’s b identified in the chemical analysis. Thus,
by investigating the energy transfer pattern upon selective
excitation of each of these two chlorophylls, we can in
principle discriminate between different rates and their
associated spectra. Then, in the frame of the sequence
homology and of the model for LHC-II structure, a direct
link between structure and dynamics can be performed.
MATERIALS AND METHODS
Sample Preparation. The basic protocol used for isolating
CP29 complex from PSII spinach was previously described
by Henrysson et al. (20). A new version of this procedure
was used to obtain our preparation, as described elsewhere
(21). In short, the complex was purified from Tris-washed
PSII membranes by HPLC fractionation on a cation-exchange
column equilibrated with a buffer containing 0.1% (w/v)
sulphobetaine SB12 and 0.05% (w/v) dodecyl maltoside
(DM). Two successive chromatography runs yielded suf-
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ficiently purified CP29 in milligram quantities. The homogeneity was tested by a combination of SDS/urea polyacrylamide gel electrophoresis and immunological analysis.
Pigment analysis revealed the existence of six Chl a and
two Chl b molecules and equal amounts (∼0.65) of lutein,
neoxanthin, and violaxanthin per complex (21). For experiments, the protein was solubilized in 0.06% (w/v) DM, 80%
(v/v) glycerol, and 20 mM HEPES, at pH 7.5. Cuvettes with
a path length of 2 mm were used. All measurements were
performed at 77 K in a liquid nitrogen cryostat (Oxford
Instruments, DN1704). The OD in the 674 nm peak was
approximately 0.8/mm for all the pump-probe experiments.
Laser System. The transient absorption data were recorded
with subpicosecond resolution using the same spectrophotometer as in (22). A synchronously-pumped double dyejet laser (Model Satori 774 by Coherent) produces pulses
with approximately 200 fs duration at an energy of the order
of 1 nJ. These pulses are amplified up to about 0.5 mJ in a
three-stage dye amplifier pumped at 30 Hz by a regenerative
amplifier (RGA/PTA60 from Continuum), with a good
stability (noise less than 10% rms). The low repetition rate
ensured the absence of accumulating Chl a triplet states at
77 K. Excitation pulses at 640 and 650 nm were selected
from the white light continuum using interference filters (6-7
nm FWHM) and then amplified in a single dye cell (DCM).
The probing light was generated in a sapphire plate, divided
into a probe and a reference beam, and projected onto two
separate diode arrays. Both beams were polarized under
magic angle (54°45′) relative to the vertically polarized pump
beam. Excitation pulses of ∼0.3 µJ, focused on a spot of
∼0.3 mm diameter in the sample, resulted in bleaching in
less than 20% of the CP29 complexes. We used delays
between pump and probe pulses up to 200 ps, divided in 96
steps. One dataset was the result of averaging more than
300 shots for each delay position, and 4 datasets were
recorded for both 640 and 650 nm excitation. The spectra
were detected over a wavelength window spanning from 630
to 695 nm, with 0.5 nm resolution. The instrument response
of the setup at all wavelengths was about 320 fs, as
determined from the rise of induced birefringence in CS2.
The absorption changes in the Chl b region were around 50
mOD, whereas the noise level was on the order of 1 mOD.
Absorption spectra of the CP29 sample taken before and after
the measurements proved to be identical.
Data Analysis. The time-gated spectra were analyzed
using a global fitting routine as described previously (23).
Datasets for the same excitation wavelength were fitted
together in an irreversible sequential model with four or five
lifetimes, yielding species-associated difference spectra
(SADS). The instrument response function, fitted with a
gaussian, had in all cases full width at half-maximum
(FWHM) values of 200-250 fs, slightly lower than determined from the CS2 signal. This difference was taken into
account by fixing the FWHM of the instrument response to
several values between 200 and 320 fs in the fitting program.
The main outcome was an imprecision in determining the
fastest lifetime, which is included in the error margins given
below. The wavelength dependence of the location of time
zero was fitted in the CS2 data with a polynomial function
and then applied as a fixed parameter in the analysis of CP29
data.
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FIGURE 2: Transient absorption difference spectra measured upon
excitation at 650 nm for different delays: before t ) 0 (solid), 250
fs (dotted), 500 fs (long dashed), 1.5 ps (dot-dashed), 10 ps
(dashed), and 60 ps (solid).

FIGURE 1: (A) LHC-II chlorophylls presumably present in CP29,
based on protein sequence homology. Arrangement, assignment,
and notation as in (2). Chl a, black; Chl b, grey; some uncertain
pigments, light grey. The lines are connecting the atoms NB and
ND within each molecule (see text). (B) 77 K absorption spectra
of CP29 (solid) and LHC-II (dashed) recorded with 0.5 nm
bandwidth. The arrows indicate the excitation wavelengths used
in this study.

RESULTS
The 77 K absorption spectrum of the CP29 sample used
in the pump-probe measurements is shown in Figure 1B.
For comparison, the spectrum of LHC-II is also presented.
Obvious diminution of the Chl a band at 670 nm and of the
Chl b band at 650 nm can be noticed, in line with the
reduction of pigment content in CP29 as compared to LHCII (6 Chl a Vs 8 Chl a and 2 Chl b Vs 6 Chl b, respectively).
First we will focus on the excited state dynamics upon
excitation around 650 nm. Transient absorption difference
spectra recorded at various delays after the excitation pulse
are shown in Figure 2. Already within the pulse duration
about half of the total bleaching/stimulated emission (SE) is
at wavelengths longer that 660 nm. In the first picosecond,
the amount of bleaching/SE around 650 nm remains mostly
unchanged, whereas in the Chl a region the signal around
675 nm increases at the expense of the decrease observed in
the area below 670 nm. Around 1.5 ps delay, the bleaching/
SE at the pumping wavelength starts to decrease, and after

10 ps, most of it has disappeared, while the amplitude of
the main Chl a bleaching has further increased and has
shifted to the red. At longer time intervals, the bleaching/
SE of Chl a equilibrates toward the low-energy states, whose
amplitudes do not decay on the time scale of our experiment.
These time-gated spectra were analyzed globally, and a
minimum of four lifetimes were required for a good fit: 280
fs, 2.2 ps, 10.5 ps, and 1 ns (Figure 3). The quality of the
fit was judged from a χ2 test on the residuals and from their
temporal and spectral distribution. To illustrate the spectral
evolution, we used a model with four consecutive states,
irreversibly decaying one into the next: A f B f C f D.
This means that state A, which is formed by the excitation
pulse within the instrument response time, decays with a time
constant τΑ into state B, which in turn decays into state C
with a longer time constant τB. Then state C will evolve
with an even longer time constant τC into the last state D,
which returns to the ground state with the lifetime τD. Note
that the absence of uphill energy transfer at 77 K allows us
to treat these steps as irreversible. One should keep in mind
that at least some of these lifetimes might not be true
eigenvalues of the complex and the associated spectra
(SADS) do not necessarily correspond to real states. The
first SADS (Figure 3A) grows within the response time of
the setup (330 fs), thus serving as bleaching/SE at time zero.
Maxima are found at 650.5 and 674.5 nm, and a small
shoulder is present around 660 nm. About 60% of the total
bleaching/SE resides on Chl a molecules, a fraction comparable to the Chl a contribution in the OD spectrum around
650 nm. Hence, upon direct excitation, ultrafast vibrational
and/or electronic relaxation of Chl a takes place within the
duration of the pulse. The next SADS (Figure 3B) arises
from the preceding state with a time constant of 280 fs. The
most striking change consists of the simultaneous decrease
of bleaching/SE between 655 and 673 nm and the build up
of the signal above 675 nm. No major alteration of the Chl
b bleaching can be noticed. The development of the third
SADS (Figure 3C) from the previous spectrum takes place
with a lifetime of about 2.2 ps. Here we only see the transfer
of excitation from around 650 nm to Chl a molecules
showing bleaching/SE that peaks now slightly to the red, at
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FIGURE 4: Transient difference spectra measured upon 640 nm
excitation for the following delays: before t ) 0 (solid), 200 fs
(dotted), 500 fs (long dashed), 1 ps (dot-dashed), 10 ps (dashed),
and 100 ps (solid).

FIGURE 3: Results of the global analysis of data in Figure 2, using
a sequential model with four states irreversibly decaying one into
the next (A f B f C f D). The SADS and the related lifetimes
are depicted in panels A-D (see text). In panel E, an overlay of
all the spectra is shown.

676.5 nm. The end spectrum (Figure 3D) is formed with a
time constant of 10.5 ps and consists of a bleaching/SE
maximum at 677.5 nm, excited state absorption (ESA)
features at 669 and 660 nm, and a small residual bleaching
around 650 nm. A relatively slow equilibration process (1020 ps) between blue and red chlorophylls a has been observed
before in low-temperature studies on LHC-II (13, 16, 18).
The decay time of the last SADS could not be accurately
determined, since our datasets extended to delays up to 200
ps, and it was fixed to 1 ns in the fitting program. The error
margins for the other lifetimes were estimated from various
restrictions on the analysis that did not produce significant
changes on the associated spectra, and also not on the
statistical distribution of the residuals.
Some characteristic transient spectra recorded upon exciting the Chl b that absorbs around 640 nm are shown in Figure
4. One can see the bleaching/SE growing within the pulse
duration mainly at 640 nm and throughout the Chl a
absorption region and, to a small extent, around 650 nm.
Direct excitation of Chl a either in the Qy vibrational side
band or in the Qx band leads, as for 650 nm pumping, to a
significant amount of Chl a bleaching/SE even at very early
delays. In addition, the red wing of the pump spectrum
excites a minor fraction of the Chl b absorbing at 650 nm.
This gives us the opportunity to study simultaneously the
energy transfer from the two distinct Chl b molecules of
CP29. Most of the bleaching/SE centered at 639 nm decays

in less than 1 ps, whereas the signal around 650 nm takes
picoseconds to disappear. Corresponding to these decays,
ingrowths of the bleaching/SE and small red shifts of the
maximum are detected in the Chl a domain.
The spectral evolution described above was found to be
satisfactorily characterized by 4 time constants, with the
related SADS being displayed in Figure 5. As expected from
absorption contributions around 640 nm, about 55% of the
total bleaching/SE belongs to Chl a in the instantaneous
SADS (Figure 5A). This spectrum shows peaks at 639 and
676 nm plus a small shoulder around 650 nm. This initial
state undergoes a fast (∼350 fs) evolution to a state that lives
about 2.5 ps. In the new state (Figure 5B), more bleaching/
SE on Chl a is observed (maximum at 677 nm) at the
expense of a large decrease of the signal around 640 nm.
The 2.5 ps lifetime is remarkably similar to the rate of energy
transfer from Chl b occurring upon excitation at 650 nm (Vide
infra). Restriction of the fit to a confined spectral region
around 650 nm was needed to unveil this small kinetic
component, otherwise split up between the fast and slow
processes. Indeed, we can clearly see the minor bleaching
at 650 nm disappearing when the next SADS sets in (Figure
5C), and its decay-associated spectrum resembles the one
found for 650 nm excitation (spectra not shown). Also
similar to the previous set of data, a slow spectral equilibration among different Chl a takes place with a time constant
of about 12.5 ps toward a state (Figure 5D) that shows
maximum bleaching/SE at 678 nm. Comparing the areas
of bleaching/SE of the final Vs initial state, after corrections
for ESA and different extinction coefficients for Chl b and
Chl a, we estimate that the annihilation level was at most
10% for both pump wavelengths.
DISCUSSION
In the present study, we report for the first time rates and
associated spectra of ultrafast energy transfer in a minor
antenna complex, i.e., CP 29. Table 1 shows a summary of
lifetimes that were resolved by our analysis Vs the ones that
resulted from multiple kinetic experiments on LHC-II. The
intricate singlet energy transfer in the bulk complex can be
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FIGURE 5: SADS and their lifetimes as resulted from the global
analysis of the data described in Figure 4 (A-D). Panel E shows
an overlay of all the spectra A-D.
Table 1: Summary of the Energy Transfer Processes in CP29 Vs
LHC-IIa
τ (ps)

from (nm)

to (nm)

0.35 ( 0.05 (0.3, 1)
640 (Chl b)
678 (Chl a)
2.2 ( 0.5 (j0.2, ∼0.5, 2-6) 650 (Chl b)
670-676 (Chl a)
0.28 ( 0.05 (0.3-0.4)
660-670 (Chl a) 670-680 (Chl a)
10-13 (10-20)
∼670 (Chl a)
∼678 (Chl a)
a The values for the LHC-II lifetimes, given in parentheses, are as
in (13-18).

projected onto a set of many exponential decays, with time
constants ranging from less than a few hundreds of femtoseconds to some tens of picoseconds. This distribution of
rates is in general agreement with the structural data, since
the nearest-neighbor distances and/or mutual orientations are
not uniform. The purpose of the experiments presented here
was to concentrate on some of these processes, particularly
on the multiexponential Chl b-Chl a transfer, since CP29
binds only two Chl b molecules with distinct spectroscopic
features.
We found that direct excitation followed by ultrafast
vibrational relaxation taking place in less than 200 fs localizes
an important amount of excitations (J 50%) on Chl a before
energy transfer from Chl b sets in. We did not detect “blue”
Chl a as intermediates in the transfer pathway from Chl b
to “red” Chl a, but both fast (250-300 fs) and slow (10-13
ps) spectral equilibration processes occurred among the Chl
a molecules in CP29. These values are very similar to the

time constants seen for LHC-II (see Table 1), probably
reflecting a high resemblance in pigment organization in the
two complexes. This also indicates that the observed energy
transfer occurs predominantly within monomeric LHC-II, so
the aggregation state (trimers or monomers) does not significantly influence the ultrafast dynamics, as concluded in (24).
For a well-coupled functioning complex, the long-living
spectrum should be independent of excitation wavelength.
Although the end spectra for the two pump wavelengths
exhibit very similar characteristics (position of the maximum,
amplitude, width), the small features observed for 650 nm
excitation around 650 and 670 nm may be due to some
unbound pigments (Figure 3D and 5D). In both cases, the
level of singlet-singlet annihilation was low, with some very
small effects on the 2.2 ps and 10-13 ps processes only.
By pumping around 640 nm, we mainly study the energy
flow from the “blue” Chl b (absorption maximum at 638
nm). The decay of initial bleaching/SE on this chromophore
was found to be satisfactorily fit with a single exponential,
having a lifetime of 350 ( 100 fs. The energy is transferred
from this Chl b to a relatively “red” Chl a, showing
bleaching/SE at wavelengths longer than 675 nm. A similar
rate was found in a 12 K transient absorption study on the
LHC-II complex, upon selective excitation at 640 nm (16).
The energy transfer from the other Chl b molecule present
in CP29 (absorption maximum at 650 nm) is relatively slow,
with a time constant of 2.2 ( 0.5 ps. Transfer times larger
than 1 ps have been observed before in several experiments
on LHC-II, such as one- and two-color pump-probe (2-6
ps) or anisotropy decay (∼5 ps). The contribution of this
process to the total Chl b-Chl a energy transfer was found
to be in the range of 20%, and, accordingly, one out of the
five Chls b identified in the structure would be responsible
for it (13). Note that a kinetic component exhibiting
remarkable similarity (both spectral and temporal) was
resolved upon excitation around 640 nm. Our data also show
that the “red” Chl b in CP 29 is paired with a Chl a absorbing
just above 670 nm.
Förster-type incoherent energy transfer forms the usual
theoretical frame for modelling the data obtained so far from
ultrafast spectroscopy on LHC-II. The coherence effects in
the energy transfer from Chl b to Chl a (energetically
separated by more than 500 cm-1) are expected to be small,
since the estimated excitonic dipole coupling probably does
not exceed 100 cm-1. Thus, we will consider localized
excitations that hop between a donor (D) and an acceptor
(A) separated by a distance R in a medium of refractive index
n, with a rate given by the formula:

kDA )

C 2 6
(κ /R )
n4

Here κ2 is a geometrical factor with values between 0 and
4, depending on the mutual orientation of the two molecules,
and C is a factor that contains the radiative lifetime of the
donor and the overlap-integral of donor emission and
acceptor absorption. As calculated by Visser et al. (13) for
the low-temperature transfer in LHC-II, the values for C were
18 nm6 ps-1 and 14 nm6 ps-1 for transfer from the Chl b
absorbing at 650 and 640 nm, respectively. The refractive
index n was allowed to be a free parameter in the modelling.
Moreover, the ratio τ650/τ640, where the dependence on n is
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Table 2: Values for the κ2 Factor for the Chl b-Chl a Pairs in
CP29a
#b, #a

R (nm)

AC-AC

AC-BD

BD-AC

BD-BD

b3, a3
b5, a5

0.92
0.89

0.233
1.049

0.431
0.022

1.309
0.082

0.507
1.086

In this table we compare the geometrical factors κ2 for the two
Chl b-Chl a pairs for all four possible orientations. AC indicates that
the Qy transition is along the NA-NC, and BD that the Qy dipole is
perpendicular to that, i.e., along the NB-ND axis. The left position in
the first column is associated with Chl b, the right position with Chl a.
R is the distance between the Mg atoms of the Chl’s and is given in
nanometer. Boldfaced values correspond to orientations that are in
contradiction with the present assignment from LHC-II (25, 26).
a

cancelled out, was used for comparison with experiment
rather than the individual values. In the following, we will
use the pigment assignment and notation as in Kühlbrandt
et al. (2), where each Chl molecule can have two possible
orientations for the Qy transition dipole moment: either along
NA and NC, or along NB and ND (notations NA, NB, NC,
and ND refer to the nomenclature of the nitrogen atoms in
the porphyrin rings in the crystal structure). Despite the fact
that the CP29 protein sequence for spinach has not been published, the high degree of sequence homology across species
for those organisms where it was determined (3, 7) allows
us to make certain assumptions with respect to the spinach
sequence. In addition, the spectroscopic features of CP29
from spinach are almost identical to those reported before
for the other organisms. Since the only proposed Chl b binding residues conserved in CP29 as compared to LHC-II are
the ones for b3 (His 212) and b5 (Glu 139), we assume that
the two Chl b molecules in the former complex are at these
two positions (see Figure 1A). Note that the binding residues
for b1 and b2 were not identified in the LHC-II structure.
Both b3 and b5 molecules have a neighboring Chl a
molecule that is by far the closest, a3 and a5, respectively.
The distances and the geometrical factors κ2 for these two
Chl b-Chl a pairs for all orientations of the Qy dipole
moments are listed in Table 2. If we assume that b3 is
responsible for the 650 nm absorption band and take into
account all possible mutual orientations of the Qy dipoles, it
follows that the b3 Qy transition should be oriented along
the NA-NC axis (AC for short) for the ratio τ650/τ640 to
match the observed values. However, this orientation for
b3, also needed to explain the negative sign of the linear
dichroism (LD) at 650 nm in CP29 (21), is not consistent
with the previous assignment for LHC-II (b3 along the NBND axis, or BD for short), as in (25). Therefore, we tested
the other possibility, with b3 assigned to the pigment
absorbing around 640 nm. Orientation along the BD axis
was demanded in order to account for the observed positive
LD at this wavelength (19, 21). Then, only two possible
configurations for the b5-a5 pair (b5 along AC and a5 along
BD, or b5 along BD and a5 along AC) could yield an
appropriate ratio τ650/τ640. However, only the second solution
is in agreement with the orientation proposed for a5 in LHCII (along AC axis), based on LD restrictions (25, 26). It is
not possible to unequivocally decide about the orientation
of a3, although BD gives a slightly better ratio τ650/τ640
than AC (4 Vs 11), plus a more reasonable value for the
refractive index in the Förster rates (1.5 Vs 1.9).
On the other hand, it was argued that b6 instead of b5
might be present in CP29, based on biochemical studies (11).

If this is the case, the only possible assignment that is in
accordance with the observed kinetics would be b3 (orientation BD) at 638 nm, a3 (AC) around 676 nm, b6 (AC) at
650 nm, and a6 (AC) around 672 nm, with a refractive index
n ≈ 1.6. However, for the AC orientation, b6 would not
produce a negative LD around 650 nm, as observed in the
measured spectrum (19, 21). This assignment is further
disfavored by the finding that the qE inhibitor DCCD
specifically binds to the residue Gln 166 (the presumed
binding site for b6) but leaves the spectroscopic properties
of the CP29 complex unchanged (7).
In conclusion, both ultrafast energy transfer and linear
dichroism of CP29 lead to the following spectral and spatial
assignment: b3 (BD orientation) at 638.5 nm, a3 (BD or
AC) around 676 nm, b5 (BD) at 650 nm, and a5 (AC) around
672 nm. Given the organization of the pigments in Chl
b-Chl a pairs, the possible absence of a7 (or any other Chl
a but a3 and a5) in CP29 does not affect the rates of energy
transfer from b3 or b5. Hence, the lifetimes observed in
CP29 probably correspond to similar processes observed in
LHC-II, and in that case our assignment can be extended to
the latter complex. Previous spectral assignments of the two
Chl b molecules investigated in this study endorsed the
opposite case, i.e., b3 absorbing at 650 nm and b5 at 640
nm (10, 27). However, our solution agrees well with the
outcome of modelling the transfer kinetics in LHC-II in (13)
where it was concluded that either b1 or b5 is responsible
for the picosecond component in the Chl b-Chl a transfer.
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25. Gülen, D., van Grondelle, R., and van Amerongen, H. (1995)
in Photosynthesis: from Light to Biosphere. Proceedings of
the Xth International Photosynthesis Conference (Mathis, P.,
Ed.) Vol. I, p 335, Kluwer Academic Publishers, Dordrecht.
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