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The  energy  migration  dynamics  of the  major  light-harvesting  antenna  (LHCII)  of  plants  was  experi-
mentally  studied  in  the  chlorophyll  Qy region  (630–700  nm).  Using  polarized  transient  absorption  (TA)
spectroscopy  at 77  K  we  obtain  information  unaccessible  to  conventional  isotropic  TA  on  the  energy
eywords:
ump-probe
hlorophyll
hotosynthesis
ntenna
emtosecond
nisotropy

transfer  dynamics  between  isoenergetic  Chlorophylls  (Chls).  The  data  are  simultaneously  analyzed  with
a  target  analysis  and interpreted  in  the  context  of  the exciton  model  for LHCII.  The  transients  at  652  and
662 nm  excitation  show  that  the  memory  of  polarization  is  completely  lost  with  a (3.3–5.0  ps)−1 rate
over  the  whole  Qy range,  which  is  attributed  to  equilibration  within  monomers  and  between  the  three
subunits  of  the LHCII  trimer.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Photosynthesis is the complex chemical process carried out by
hotoautotrophic organisms that converts carbon dioxide into sug-
rs. Light-harvesting is the initial step in photosynthesis, when
olar photons are absorbed and transferred to the reaction centers
unning chemical reactions. In most organisms there exist protein
ystems dedicated to harvest light: the so-called antenna com-
lexes. In higher plants an important role is played by the major

ight-harvesting complex of photosystem II (LHCII) [1–6]. This com-
lex is the most abundant protein in the thylakoid membrane (the
ite of light-dependent reactions in the chloroplast) and contains
bout 50% of its chlorophylls (Chls). LHCII is not only an important
omponent in light-harvesting but also plays an essential role in
hotoprotection [7–10]. The importance of the LHCII antenna com-
lex requires a full knowledge of how it harvests light and transfers
lectronic excitations. LHCII is mainly associated with Photosys-
em II and consists of three similar subunits (LHCII monomers)
n a trimeric structure with C3� symmetry. The two Chl types it
ontains differ in the presence of an additional carbonyl group in
hls b as compared to Chls a and therefore in their spectral proper-

ies. The S0–S1 (also termed Qy) transitions of Chls b and a absorb
n the ∼640–660 and 660–680 nm range, respectively. The energy
ransfer pathways and the corresponding excited state lifetimes are

∗ Corresponding author. Tel.: +31 20 59 87930; fax: +31 20 444 7899.
E-mail addresses: a.marin@vu.nl (A. Marin),

.van.Grondelle@vu.nl (R. van Grondelle).

010-6030/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.12.026
mainly determined by the mutual distance and orientation of Chls
(i.e. the Chl–Chl electronic couplings) and the relative energies at
which they absorb. The identification, position and orientation of
all pigments were made available with the discovery of the crys-
tal structures of LHCII at 2.72 and 2.5 Å resolution [11,12]. In each
monomer six Chls b and eight Chls a are displayed in the stromal
and lumenal layers, together with four Carotenoids (Cars) (cf. Fig. 1).

Since the discovery of LHCII [13,14] much effort has been
devoted to resolve the energy transfer pathways in LHCII, using
many experimental methods [3–5,15,16].  Early transient absorp-
tion studies revealed sub-picosecond (150–300 and 600 fs) and
picosecond (4–9 ps) energy transfer components from Chls b to Chls
a, and long-lived picosecond dynamics in the intermediate state
region (660–670 nm)  [17–20].

Palacios et al. [21] studied excitation energy transfer (EET)
dynamics in LHCII with pump-probe and fluorescence experiments.
Excitation was tuned to excite the Chls b at 650 nm and in the inter-
mediate states a 662 nm,  where both Chls a and red-shifted Chls b
(at 660–665 nm)  were excited. The data were characterized by both
fast subpicosecond and a slower picosecond transitions for Chl b to a
transfer, and by slow Chl a equilibration in the order of picoseconds
and in 19 ps.

The correct theoretical framework able to describe transfer and
spectra of strongly interacting pigments is the modified Redfield
theory [22,23]. Modeling of LHCII with this approach was carried

out for monomeric LHCII [24,25],  and for trimeric LHCII [3,5,26–28].
The results of the calculations are described in terms of excitons
(exciton representation). Excitons are a weighted superposition
of Chl excited states and are calculated as the eigenstates of the

dx.doi.org/10.1016/j.jphotochem.2011.12.026
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:a.marin@vu.nl
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Fig. 1. Chls a and b of LHCII from the crystal structure in [11]. (A): Side view and (B) viewed from the stromal side. The final acceptors Chls a610 on the upper stromal layer
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re  shown in red, and the yellow line along the NB-ND atoms depicts the orientation
ed,  respectively. Chls are labeled for one monomer. (For interpretation of referenc

amiltonian including site energies and couplings between Chls.
n addition static disorder is added from which ensemble averaged
pectral properties and ensemble averaged excited state dynamics
an be calculated.

From the calculation of couplings between Chls, the Chls can be
rouped into five strongly coupled clusters: Chl a604-b605-606-
07 and a613-614 at the lumenal side and b601′-608-609, a602-
03 and a610-611-612 in the stromal layer, where b601′ denotes
hl 601 from an adjacent LHCII monomer.

However, this theory predicts too fast transfer rates for
eakly coupled and isoenergetic (clusters of) Chls. A combined
edfield–Förster approach was developed where inter-monomeric
ynamics were accounted for by generalized Förster theory [5,28].
s a result, the dynamics between different dimers became slower

in the order of picoseconds or tens of picoseconds) as compared
o the previous works.

In the model of Müh  et al. [26,27] the Hamiltonian was
alculated using quantum chemical methods, and the dynamics cal-
ulated using a combination of the Redfield and Förster approaches.

ompared to [25], these works shows differences in the site ener-
ies of Chls a604, b608, b605 and b609, although the calculated
ynamics in the spectral range of some of these Chls deviate
rom measurements. The dynamics in the Chl a spectral region are
 Chl Qy dipole moment. The Chls b and other Chls a are shown in light blue and light
olor in this figure legend, the reader is referred to the web version of this article.)

“slower” than in [28,29],  with few subpicosecond transfers within
the Chl a613-614 and a610-611-612 clusters.

Pump-probe anisotropy decays with excitation and detection
in the Chl a Qy as a function of temperature were measured in
[30]. An anisotropy decay of 5 ± 2 ps was  found at RT over the
whole Chl a Qy range, whereas at 13 K the decay spans from 8 to
30 ps when shifting the detection wavelength from 675 to 685 nm.
Therefore, a wavelength-dependence for the anisotropy decay was
found only at low temperatures. It was  proposed that the slower
depolarization at low temperatures was  due to stronger confine-
ment of excitations on the lowest-energy Chls a. The dynamics at
680 nm were consistent only with uphill transfer processes, e.g.
with successive transfer between lowest energy states (at 680 nm)
and mid-energy Chls a (at 676 nm).

Recently, in the work of Calhoun et al. [31], 2D electronic
spectroscopy was  applied to trimeric LHCII. The diagonal sig-
nals of nonrephasing 2D spectra were analyzed, which present
quantum coherences of superpositions of excitons not disturbed
by cross peaks. This led to the direct determination of the 14

exciton energies in LHCII. The results indicate that the energies
are evenly distributed along the Qy range. As compared to the
energy map  presented in [25], an exciton in the high-energy Chl
a region is found at 15,130 cm−1/660.9 nm,  whereas an exciton
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t 14,952 cm−1/668.8 nm is absent. This feature was  proposed to
xplain the fastest hundreds-of-fs EET dynamics between Chls b
nd a by reducing energy gaps.

Schlau-Cohen et al. [29] interpreted experimental 2D elec-
ronic spectra of LHCII in the framework of Novoderezhkin et al.’s
25] LHCII model. The data allowed the resolution of 6 cross
eaks, denoting transfer between two Chl b and Chl a pools
nd an intermediate Chls population in the central range. Previ-
usly unobserved ultrafast dynamics (50–70 fs) from mid-energy
671–672 nm)  and intermediate (662 nm)  Chls a to the red Chls a
at 676 nm)  were interpreted as relaxation between the two exci-
ons with prevalent participation of the Chl a dimers (a602-603
nd a613-614) [25]. In agreement with [28], multistep relaxation
ccurs from the lumenal a613-614 to the red states via the stro-
al  a602-603 dimer. The dynamics after 300 fs can be described
ith a steady increase of EET to red Chls a and a parallel decrease

f transfer to the mid-energy Chls a. Again, sub-100 fs dynamics
ere found from Chls b, attributed to transfer from b601-608-609

o the higher excitons of a602-603 and a610-611-612 trimer in the
id-energy Chl a range. After the depopulation of the channels to

he mid-energy Chls a in 500 fs, a slow several-picoseconds channel
rom the bottleneck state Chl a604 to the mid-a Chl remains active.

The aim of this work is to further study the energy flow in
HCII and in particular among quasi iso-energetic states. To this
nd, we used polarized pump-probe spectroscopy at two excitation
avelenghts to excite different Chl b/a populations. For instance,

xcitation at 652 nm selects the Chls b molecules (showed in pale
lue, Fig. 1), and will lead through both intra and intermonomer
ET processes to a final state dominated by Chl a610 (Fig. 1, in
ed) [26,28]. Our experiments provide information on these intra-
and Chl b-Chl b and Chl a-Chl a dynamics, which are scarcely
istinguishable in conventional isotropic pump-probe. In polar-

zed experiments, in fact, excitation transfer among isoenergetic
hls/excitonic states of the same type generally induces a change

n the orientation of the transition dipole, and therefore a change
n anisotropy. We  analyze the data with global and target analysis.

ith the latter, we describe the data with several compartments
aving different spectral and anisotropic properties. The aim is to
apture the main features of EET, bearing in mind that EET path-
ays in LHCII are much more complex. We  interpret the results
sing the model for the LHCII trimer as proposed by Novoderezhkin
t al. [28].

. Materials and methods

.1. Sample preparation

Trimeric LHCII was prepared as described in [21]. Isolated LHCII
omplexes were diluted in a buffer containing 20 mM Hepes, 5 mM
gCl2, 0.06% n-dodecyl-�-D-maltoside (pH 7.8) and 70% (v/v) glyc-

rol for low-temperature experiments. The absorption peak in the
hl a Qy was adjusted to an OD of about 0.5/mm.

.2. Experimental setup

The pump-probe setup is described elsewhere [32]. Datasets
ere recorded with pump color tuned to 652 or 662 nm and

xcitation intensity 1.4 or 0.65 nJ/pulse, respectively. The mea-
ured spectral range was  630–695 nm with 0.83 nm resolution. At
ach excitation wavelength measurements were recorded with
ump and probe beams oriented at parallel and perpendicular

ith respect to each other. In addition, with 652 nm excitation a
agic angle (54.7◦) dataset was recorded. All measurements were

arried out at 77 K in a liquid nitrogen cryostat (Oxford DN-900,
xford, UK). Data analysis. The relationship linking parallel and
otobiology A: Chemistry 234 (2012) 91– 99 93

perpendicular polarized measurements to the anisotropic MA
measurement reads as follows [33]:

�A||(t) = �AMA(t) · [1 + 2r(t)]

�A⊥(t) = �AMA(t) · [1 − r(t)]
(1)

where �A||(t), �A⊥(t) and �AMA(t) indicate absorption difference
profiles with parallel, perpendicular and magic angle polarization,
respectively. Anisotropy is commonly computed from the formula:

r(t) = �A||(t) − �A⊥(t)
�A||(t) + 2 · �A⊥(t)

(2)

In our analysis of the 652 nm excitation data anisotropy r(t) is
computed from the formula:

r(t) = 5 · �A||(t) − 4 · �A⊥(t) − �AMA(t)
3 · �A||(t) + 6 · �A⊥(t) + 5 · �AMA(t)

(3)

Eq. (3) can be verified by substituting Eq. (1) in it. It provides
similar values as Eq. (2),  but uses all three polarization datasets
and thus is more robust for small values of r(t). It is a least squares
estimator for r(t) which provides more precise estimates.

2.3. Global and target analysis

Global and target analysis are described in [34]. Global analysis
employs a sequential scheme with increasing lifetimes to estimate
Evolution Associated Difference Spectra (EADS) and associated life-
times. For each individual excitation wavelength or polarization,
four components were needed. In addition, a coherent artifact
with concentration resembling the Gaussian shaped instrument
response function (IRF) was used. After the global analysis of indi-
vidual measurements, a simultaneous target analysis of each of
the polarized TA data datasets was  performed with a target kinetic
model that included a description for anisotropy. The aim of target
analysis is to estimate the Species Associated Difference Spectra
(SADS) and concentrations of pure excited Chl states. The con-
centration of the lth species with detection at magic angle can
be computed from the multiexponential decay that results from
the target kinetic model convolved with the IRF and is called
cl(t). Then with parallel or perpendicular detection this concen-
tration has to be multiplied by 1 + 2rl or 1 – rl, respectively, where
rl is the anisotropy of the lth species. The contribution of the lth
species to �AMA(t) is the product of its concentration and its SADS:
cl(t)·SADSl(�). Thus the full model for the simultaneous target anal-
ysis of �A||(t), �A⊥(t) and �AMA(t) reads:
⎡
⎢⎣

�A||(t, �)

�A⊥(t, �)

�AMA(t, �)

⎤
⎥⎦ =

Nspecies∑
l=1

cl(t) · SADSl(�) ·

⎡
⎢⎣

1 + 2rl

1 − rl

1

⎤
⎥⎦ (4)

Note that the anisotropy of the above mentioned coherent arti-
fact was set to 0.4.

3. Results

3.1. Pump-probe traces

Selected pump-probe traces of the three datasets after 652 nm
excitation are presented in Fig. 2. The traces at 650.3 nm show
the Chl b dynamics after direct excitation. The Chl b signals decay
completely in about 10 ps and display a strong subpicosecond com-
ponent. The positive signal thereafter is due to the Chl a excited

state absorption (ESA). The 669.4 nm traces were detected in the
intermediate states region between the main Chl b and a bleaching.
Following 652 excitation these traces show a steady increase up to 2
ps followed by de-excitation up to about 15 ps. At 677.7 nm the Chl a
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Fig. 2. Pump-probe traces at perpendicular (solid), parallel (dashed) and MA (dot-
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ed) polarizations after 652 nm excitation. The perpendicular measurement was
caled by 1.0485.

races reach the absolute minimum �OD signal. These traces show
 biphasic rise of the bleaching in hundreds of femtoseconds and
icoseconds, and after 20 ps the Chl a excited states start to decay.
t 3.6 ns, the longest delay time of the measurements, a fraction of
hls a is still excited.

The pump-probe traces after 662 nm excitation are shown
n Fig. 3. The 677.2 nm traces display analogous dynamics as
he 677.7 nm traces after 652 excitation (Fig. 2), except for the
nhanced amplitudes immediately after excitation. In Fig. 3 the
65.5 and 668.9 nm traces in the intermediate states region, hav-

ng similar shapes and amplitudes, show a bleaching at time zero
ollowed by a decay in the picosecond time range; the redder ones
ave an additional small negative contribution around 1 ps denot-

ng energy transfer.
As expected, the parallel/perpendicular polarization experi-

ents show shortly after excitation the largest/smallest signals as
ompared to the other polarizations. These differences in ampli-

udes (and therefore anisotropy) are retained up to about 10 ps,
hen the signals at the different polarizations become nearly

ig. 3. Pump-probe traces at perpendicular (solid), parallel (dashed) and MA (dot-
ed) polarizations after 662 nm excitation. The perpendicular polarization was
caled by 0.9365. The MA  trace was computed for comparison with Fig. 2.
Fig. 4. EADS and lifetimes estimated from independent global analyses at per-
pendicular (dashed) and parallel (solid) polarizations after 652 nm excitation. The
perpendicular measurement was scaled by 1.0485.

identical. In Fig. S3 more traces are shown together with the fit
from the target analysis.

3.2. Spectral evolution after 652 nm excitation

The global analyses of the 652 nm excitation measurements are
displayed in Fig. 4 (parallel and perpendicular detection) and in
Fig. S2 (magic angle detection). The first spectrum shows a Chl
b bleach at 650.3 nm and a smaller Chl a bleach with peaks at
670.2 and 675–676 nm.  These latter Chl a bands are the result of
some direct excitation together with some ultrafast EET. The first
390–450 fs lifetime describes the transfer of 86% Chl b amplitude
to Chls a. In the second EADS a Chl a bleach peaks at 676–677 nm
with a pronounced shoulder in the intermediate states region at
669–672 nm.  The decay of the Chl b is completed in 5.1–5.4 ps
and its center has red-shifted to 651–652 nm.  In the Chl a region,
the intermediate states at 670–672 nm decay on a similar 5 ps
timescale, whereas the accepting Chls a peak at 676.8 nm.  The
14.4–19.9 ps dynamics shows a 11–15% reduction of the Chl a band
at low-energies possibly due to intermonomer annihilation. The
long-lived excited Chls a peaking at 677.6 nm decay in 3.1 ns, which
is the timescale of the fluorescence.

The parallel polarization measurement shows, compared to the
perpendicular polarization measurement, enhanced Chl b and Chl
a amplitudes in the first and second EADS. The last two EADS have
similar amplitudes, meaning that depolarization is complete after
the second 5.1–5.4 ps lifetime.

3.3. 662 nm excitation

The global analyses of the 662 nm excitation parallel and per-
pendicular measurements are shown in Fig. 5. In the first EADS
a pronounced bleaching due to the excited intermediate states is
present, centered at 664–667 nm.  An additional small bleach can
be distinguished at 657–660 nm superimposed on the Chl a ESA.
Compared to the first spectrum of the 652 nm dataset, the same
Chl a band at 675.5 nm is present. The first transition takes place in
250–360 fs. It shows a 75–81% reduction in the area of the inter-
mediate states together with transfer to the species peaking at

676–677 nm.  In the 3.1–3.6 ps transition a second slower phase
contributes to the EET dynamics from the intermediate states to the
Chls a at 676–677 nm.  The 9.8-13.4 ps transition shows the com-
plete decay of the intermediate states and a minor decay (6–8%)
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Table 1
Reciprocal of kinetic rates.

Kinetic rate [ps]

�1 0.83
�2 0.55
�3 0.36
�4 2.9
�5 7.8
�6 5.5
ig. 5. EADS and lifetimes estimated from independent global analyses at per-
endicular (dashed) and parallel (solid) polarizations after 662 nm excitation. The
erpendicular polarization was scaled by 0.9365.

f the Chl a band. The long-lived Chl a excited states peaking at
77.6 nm decay in 3.2/3.6 ns.

Analogous to 652 excitation, the intermediate states and Chl a
eature enhanced polarization, visible in the relative amplitudes
f the first and second EADS. Also, the last two EADS have simi-
ar amplitudes, meaning that depolarization is complete after the
econd 3.1–3.6 ps lifetime.

.4. Target analysis of the 652 nm dataset

Target analysis was carried out on the three 652 nm measure-
ents with the kinetic scheme as shown in Fig. 6B. The quality

f the fit of the target analysis was satisfactory, cf. Fig. S3,  and
ncreasing the complexity of the kinetic scheme did not yield to
n improvement in the rms  error of the fit of more than about 1%.
ssumptions on spectra and parameters of the fit were needed to
esolve the seven SADS (Fig. 6A). Referring to the compartmental
chemes in Fig. 6B, the assumptions used are: (1) Chls b1 and b2
ere zeroed above 663.0 and 661.5 nm,  respectively. Chl 665 was

eroed below 662 and above 674 nm;  (2) the ESA of Chl a1 and
hl a2 were equalized to the ESA of Chl a4 below 657 and 672 nm,
espectively; (3) input to the kinetic scheme was  given to the Chl

1 (74%) and Chl a2 (13%) compartments. These compartments had
xed 0.4 anisotropy. The remaining 13% input was  given to the
hl 665 component. The Chl b2 compartment represents Chl b pig-
ents with lower anisotropy, which are quickly populated from

ig. 6. (A) SADS estimated from target analysis of the 652 nm dataset. (B) Kinetic
cheme.
�7 30.3
�8 4490

the Chl b1 compartment. Looking at the resulting SADS, the spec-
tral assumptions for Chl b1-b2 and Chl a1-a4 are natural, since the
spectra look similar to Chl a or b bands. The SADS of Chl a1 has a
long tail on the shorter wavelength side of the main Chl a peak.
The assumptions on Chl 665 on the other hand appear rather artifi-
cial; the dynamics in the intermediate states were in fact difficult to
spectrally resolve for both the 652 and 662 nm excitation datasets
(vide infra).

The Chl b1 and Chl b2 compartments describe the Chl b dynam-
ics with subpicosecond (Chl b1 decays in 0.36 ps) and picosecond
(�4 = 2.9 ps) phases. The slower 5.1–5.4 ps lifetime in the global
analyses of Fig. 4 is probably a mixture of a 2.9 ps component and
slower Chl a dynamics. The ≈1.3 nm red shift of the Chl b band in the
global analysis of Fig. 4 could be reproduced in the target analysis
in the SADS of the Chl b1 and b2 compartments (blue and green).
The Chl 665 compartment is composed of a mixture of intermediate
states and decays in �3 = 0.36 ps to Chl a1.

Four other compartments (Chl a1, a2, a3, a4) describe the slower
picosecond to nanosecond dynamics in the Chl a absorption region.
Chl a2, receiving 13% of the total input, describes the Chl a species
at 676–677 nm present in the spectra at time zero, in analogy to
the same Chl a peak in the global analysis of Fig. 4. Chl a3 is pop-
ulated in several picoseconds by a combination of the �4, �5 and
�6 channels. The effect on the SADS is analogous to the 5.1–5.4 ps
transition in Fig. 4, where the intermediate states transfer to the
low-energy Chls a at about 677 nm.  Finally, two transitions showing
a progressive red shift in absorption and taking place in �7 = 30.3 ps
and �8 = 4.5 ns conclude the description of the Chl a decay.

The estimated anisotropy values are collated in Table 2. The
anisotropies of Chl b1 and Chl a2 (both excited by the pump beam)
were fixed to the maximum value of 0.4. When left free they con-
verged to 0.44 due to experimental uncertainties or the presence
of some coherences [35,36]. Chl b1 transfers to the red shifted Chl
b2 and to Chl a1, concomitant with an anisotropy decrease to 0.21
and 0.04, respectively. Both Chl b2 and a1 transfer to Chl a3, which
is unpolarized. The 0.31 anisotropy of the directly excited Chl 665
is close to the maximum value of 0.4.

3.5. Target analysis of the 662 nm dataset
The 662 nm excitation dataset was  fitted with the six compart-
ments depicted in the scheme of Fig. 7B. Notice that the Chl a1′-a4′

denote different species from Chl a1′-a4′ in Fig. 6. The spectral

Table 2
Anisotropy values r for each compartment in Fig. 6B (see Eq. (4)).

Compartment Anisotropy

Chl b1 0.4
Chl b2 0.21
Chl 665 0.31
Chl a1 0.04
Chl a2 0.4
Chl a3 0
Chl a4 0
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Fig. 7. (A) SADS estimated from target analysis of the 662 nm dataset. (B) Kinetic
scheme.

Table 3
Reciprocal of kinetic rates.

Kinetic rate [ps]

�1 0.43
�2 0.74
�3 0.47
�4 4.3
�5 5.6
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Table 4
Anisotropy values r for each compartment in Fig. 7B (see Eq. (4)).

Compartment Anisotropy

Chl 662 0.33
Chl 667 0.13
Chl a1′ 0.28
Chl a2′ 0.28

the LD spectrum, which depends on the angle � between the transi-

F
T

�6 3.8
�7 3570

ssumptions made are: (1) The ESA of the Chl a2′-a4′ compart-
ents were equalized below 670 nm,  and Chl a1′ was  zeroed in

hat region; (2) Chl 662 and Chl 667 were zeroed above 670 nm;
3) The Chl 662 and Chl a1′ compartments receive 65% and 35%
nput, respectively, whereas Chl 667 is populated by Chl 662, and
ontains pigments with lower anisotropy. In the 670–672 nm range
he overlapping SADS could not be properly resolved.

The Chl 662 compartment contains the intermediate states
654–670 nm), it decays in 0.27 ps evolving to the Chl 667 and
hl a2′ compartments with lifetimes �1 = 0.43 ps and �2 = 0.74 ps
Table 3). The spectra of Chl 662 and Chl 667 mimic  the decay
f intermediate state species in two phases. Finally, Chl a1′-a3′

escribe the dynamics of the low-energy Chls a, showing a pro-
ressive red shift in absorption.

The directly excited compartments Chl 662 and Chl a1′ have
nisotropies smaller than 0.4, (0.33 and 0.28, respectively). This
s an indication that the fastest kinetic processes are not being

esolved with the time resolution of our measurements. Remark-
bly, Chl a2′ which receives input from Chl 662 still possesses a high
nisotropy of 0.28. In contrast, Chl 667 which also receives input

ig. 8. 77 K anisotropy profiles r(t) after 652 nm excitation at 677.7 nm (left) and after 6
he  profiles are shown after time zero and up to 1 ns.
Chl a3′ 0
Chl a4′ 0

from Chl 662 shows an expected decay of the anisotropy to 0.13 (cf.
Table 4). Finally, Chl a3′ and a4′ have zero anisotropy.

3.6. Anisotropy profiles

Anisotropy profiles as a function of time probed at the maximum
Chl Qy are shown for the 652 (Fig. 8, left) and 662 nm (Fig. 8, right)
excitation datasets. The profile after 652 nm excitation (Fig. 8, left)
start at time zero with a value of r = 0.38 and decays within ≈10 ps.
This anisotropy profile can be considered zero at about 25 ps, and
at 10 ps the anisotropy has a value of r = 0.05, meaning that at this
delay time anisotropy has almost completely vanished.

The profile at 677.2 nm (Fig. 8, right) has an initial anisotropy of
≈0.17 decaying at 10 ps to a value of r = 0.04. The small initial value
can be explained by depolarization processes faster than ∼100 fs
that are not being resolved or by the counteracting contributions
of the coherent artifact and the Chls a. As after 652 nm excitation
(Fig. 8, left), at about 25 ps the signal is completely unpolarized.

4. Discussion

4.1. Anisotropy vanishes at long delay times

In the anisotropy profiles of Fig. 8 anisotropy reaches at long
time delays a zero value after both 652 and 662 nm excitation. This
residual zero anisotropy has two  origins: (1) the angle between
the optical transitions at 652/662 nm and the accepting transitions
at 670/680 nm and (2) intermonomer energy transfer among the
lowest-energy states of the LHCII trimer (see Fig. 1). The tilt of the
lowest-energy states (mainly Chls a610, cf. Fig. 1) is such that equili-
bration from the excited Chls (e.g. the Chls b after 652 nm excitation,
cf. Fig. 1) results in practically zero final anisotropy.

The fact that the residual anisotropy is zero is also confirmed by
tion dipoles and the axis perpendicular to the membrane plane by
LD∝[3cos2(�) − 1]. The 670–680 nm band in fact shows a positive
contribution to the LD spectrum and is therefore polarized more or

62 nm excitation at 677.2 nm (right). Dashed lines indicate the target analysis fits.
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ess in the membrane plane. On the other hand, the contributions
rom the 650 to 660 nm region cancel out to nearly zero, thus the
orresponding transitions are on average oriented neither in the
embrane plane, nor oriented normal to the plane where the LD is

egative. [37,38] Therefore, selective excitation of the 650–660 nm
egion should give near to zero anisotropy in the 670–680 nm
egion after equilibration among the three final acceptors.

Direct excitation of the 675–685 nm band yielded in Savikhin
t al. 0.1 or higher residual anisotropy [30]. As expected, increas-
ng the excitation wavelength, the more red absorbing final Chl a
cceptors are preferentially excited and excitations maintain a cer-
ain degree of orientation which is reflected in non-zero anisotropy.
n the extreme case of 685 nm excitation (and at low temperatures)
nly the most red absorbing final acceptors are photoselected, and a
ery high final anisotropy of 0.4 is obtained [30]. In that case hardly
ny depolarization takes place, because there is little to no energy
ransfer among the three final acceptors.

.2. Anisotropy decays with a 3.3–5.0 ps lifetime

We estimate the anisotropy decay lifetime by approximating the
nisotropy decays with a single exponential. We  find that the pro-
les at 677.7 and 677.2 nm after 652 and 662 nm excitation (Fig. 8)
each 1/e  of the initial signal at 3.3 and 5.0 ps, respectively.

The anisotropy measurements on LHCII of Savikhin et al. [30]
mploying single excitation and detection wavelengths yielded an
nisotropy decay rate at 680 nm of (11–17 ps)−1 between 50 and
00 K. These smaller decay rates can be explained by the different
xcitation wavelengths in [30] where the Chl a Qy wavelength
ange from 675 to 685 nm was scanned, implying excitation of
nly the lowest energetic states. In turn, our faster anisotropy
ecay rates at 652 and 662 nm excitation are determined by the
ransitions from Chls b and Chls b/a in the intermediate states,
hereas in [30] these states were not photoselected. We  imply

hat the dominant depolarization processes from these Chl states
ccur mainly within an LHCII monomer (intramonomeric EET),
orresponding to the sub-picosecond �1–�2–�3 transitions in
he target analyses (Figs. 6 and 7). This interpretation is also in
greement with the higher residual anisotropy found by the same
uthors after excitation in the Chl a Qy band.

Consistent with [30], also in our anisotropy profiles the redder
xcitation yields a longer anisotropy decay time (3.3 and 5.0 ps after
52 and 662 nm excitation, respectively). This suggests that the tail
f the anisotropy decay contains a relatively slow (picoseconds)
ontribution. In the target analysis these transitions are possibly
escribed by the 5.5–7.8 ps (�5–�6 in Fig. 6) and 3.8–4.3 ps (�4–�6

n Fig. 7) transitions at 652 and 662 nm excitation, respectively. Fit-
ing the tail of the 677.7 and 677.2 nm anisotropy profiles yields a
imilar lifetime (8.7 ± 0.2 and 7.3 ± 0.4 ps, not shown). These life-
imes, considering the work of Lyle and Struve [39] (see below in
his paragraph), agree with the estimated intermonomeric hopping
ime of about 20 ps [28]. Therefore, the slow (picosecond) decay in
he anisotropy profiles are mainly due to EET between Chls a of
ifferent monomeric subunits (intermonomeric EET).

Lyle and Struve showed that in a trimeric complex of identi-
al chromophores with C3� symmetry anisotropy decays with a
ate three times larger that the one describing EET [39]. Therefore,
he overall inverse rate constant for EET in a LHCII trimer would
e between 10 and 15.0 ps at 652 and 662 nm excitation, respec-
ively. Note that these rates correspond to the slowest picosecond
hl a equilibrations found for trimeric LHCII [18,20].  However, also

n monomeric LHCII and the minor complexes slow picosecond

hases [40,41], when excitations equilibrate on the lowest energy
hls a. Consequently, to truly assign the depolarization dynamics in
HCII in terms of intra-monomer and inter-monomer EET the full
edfield model must be solved (see [5,28]).
otobiology A: Chemistry 234 (2012) 91– 99 97

4.3. Chl b dynamics

The Chl b bleaching decays in two phases (cf Fig. 4): the major
one in the subpicosecond time scale (390–450 fs) accounts for the
86% of the bleaching. In [21] however, two  subpicosecond compo-
nents of ≈130 and 600 fs were present. We  could not find evidence
for this by fitting the 620–660 nm region (not shown), but the
0.38–0.45 ps lifetimes found in Fig. 4 seem to be an ‘average’ of the
ones found in [21]. This behavior is very similar to what was found
in reconstituted minor complexes, where lifetimes of 0.21/0.61 and
1.5/3.6 ps were extracted for CP26/CP24 [41]. In the target analysis
of Fig. 5 the Chl b dynamics were modeled with two compartments.
The fast phase is accounted for by Chl b1 decaying in 0.33 ps (the
sum of the �1 and �2 rates in Table 1), whereas the slow decay is
modeled by the slow �4 = 2.9 ps decay from Chl b2 to Chl a3.

In the excitonic model of Novoderezhkin et al. [28] EET from
Chls b consists in a subpicosecond (300–800 fs) transfer between
the Chl b601′-608-609 cluster and the stromal Chls a clusters (i.e.
a602-603 and a610-611-612), and a fast (100–200 fs) equilibra-
tion within the lumenal a604-b605-606-607 cluster resulting in
the population of the bottleneck a604 state. These fast dynamics are
caught by the target analysis of Fig. 6A and describe the decay of Chl
b1, although in the exciton model two Chl b clusters are decaying
in parallel.

The lifetime between the two  Chl b1 and b2 compartments in the
target analysis of Fig. 5 is �1 = 0.83 ps, in agreement with [29], where
the cross peak (649.3 nm,  649.3 nm)  corresponding to Chl b to Chl b
transfer almost completely disappears in 1 ps. In the transition from
Chl b1 to Chl b2 a red shift of the Chl b absorption bands takes place,
which is also visible in the first phase in the global analysis of Fig. 4.
This equilibration within Chl b pools might correspond to relaxation
within the lumenal and stromal Chl b pools (corresponding to the
k14-k10/k14-k9 and k13-k12/k13-k11, although they were given
faster (50–800 fs) kinetics).

In [29] evidence was found for ultrafast EET from Chl b to mid-
Chl a at 671.1 nm and to Chl a at 678.2 nm.  Energy transfer to these
species is modeled with a sub-picosecond time scale by the Chl
b1 to a1 transition (�2 = 0.55 ps). The ultrafast dynamics in [29]
might be reflected in our data by the presence of two bands at 670
and 675–676 nm in the first EADS of Fig. 4, and would be mod-
eled in the target analysis by giving input to the Chl 665 and Chl
a2 compartments, respectively. These dynamics can be attributed
to sub-picosecond relaxation between the stromal b601′-608-609
cluster (excitons k13, k12) and the excitons highest in energy with
predominant participation of a610-611-612 and a602-603 (exci-
tons k8 and k6, respectively).

The slow Chl b decay is described by the �4 = 2.9 ps decay of
the Chl b2, and can be assigned to the slow EET dynamics in the
lumenal side from Chl b605 to Chl a604. This transition from Chl
605 to Chl 604 would yield a 111◦ change in the orientation of the
dipole moment with a shift to negative anisotropy.

4.4. Dynamics in the intermediate state region

The fastest dynamics in the 660–672 nm region after 652 nm
excitation is accounted for by the �3 = 0.36 ps lifetime of Chl 665
(Fig. 6, Table 2). The SADS of Chl 665 hosts the absorption of
excitons k8 (Chls a611-612) at 666.3 nm,  k6 (Chls a602-603) and
k5 (Chl a613-614) around 670 nm (cf Fig. S1). In [29] this region
showed pronounced sub-100 fs EET dynamics of the the mid-a Chls
(671.1 nm), and in the exciton model these excitons decay with
dynamics ranging from ultrafast (e.g. k8–k2 and k1 in 50–80 fs) to

hundreds of femtoseconds (k8–k6 in 325 fs, k6–k4 or k2 in 400 fs,
k5–k3 in 155 fs) [28]. Therefore, it is probable that the experi-
ments of [29] detect the fast sub-100 fs transition (e.g. the ones
within the stromal Chl a610-611-612 trimer, k8 to k2 and k1),
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hereas in our data we mimic  these transitions by giving input
o Chl a2 in Fig. 6B.

In the target analysis for the 662 nm dataset (Fig. 7) the fastest
ynamics in the intermediate states are described by the 0.27 ps
ecay (the sum of �1 and �2) of Chl 662 (Fig. 7B, Table 3). These
ransitions include relaxation between the k6–k4 and k5–k3 exci-
ons, i.e. excitons with high spatial overlap on the a602-603 and
613-614 dimers, respectively.

In addition, the Chl 662 nm experiment very likely contains
xcited Chls b, as it was found for reconstituted CP26 and CP24 at
he same excitation wavelength [41]. The Chl b part of the bleach-
ng, which is most visible in the blue part of the bleaching in the first
ADS of Fig. 5, is likely the effect of Chl b605 to a604 relaxation (exci-
on k9 to k7). On the other hand, the lifetime that was calculated
or this process is one order of magnitude larger than �1 = 0.43 ps
28]. Another candidate could be Chl b607 (exciton k10), which is
lso populated around 660 nm,  though in smaller amount than Chl
605 (exctiton k9) [28].

The slower dynamics in the intermediate states are present in
he �5 = 7.8 ps decay of Chl a1 (Fig. 6) and in the �4 = 4.3 ps decay
f Chl 667 (Fig. 7). The transition Chl a1 to a3 reflects a combi-
ation of several processes: transfer from the bottleneck state Chl
604 (exciton k7) to the lumenal dimer (excitons k5/k3); transfer
etween the luminal dimer a613-614 and the stromal a602-603
nd a610-611-612 clusters.

.5. Dynamics in the Chl a range

In the 652 nm dataset (Fig. 6) the Chl a region is described
y slow picosecond (�5 = 7.8 ps, �6 = 5.5 ps), tens of picoseconds
�7 = 30.3 ps) and nanosecond lifetimes (reflecting the Chl fluores-
ence decay �8 = 4.5 ns).

Chl a2 in the 652 nm dataset (Fig. 6) and Chl a1′-a2′ in the
62 nm dataset (Fig. 7) decay with a small red-shift from 675.5 to
76–677 nm.  The peak at 675.5 nm,  also present in the 652 nm data
Fig. 4), corresponds to exciton k4 and k3, i.e. the lowest excitons
f the 602/603 and 613/614 dimers mostly localized on Chl a602
nd a613, respectively. The k3 exciton was shown to relax very
lowly (in about 15–20 ps, [28]) to the stromal a602′′-603′′ dimer of
n adjacent monomer. This slow intra-monomeric transfer is sim-
lar to the third 14.4–19.9 and 9.8–13.4 ps transition in the global
nalysis (Figs. 4 and 5).

Complete equilibration of the reddest Chl a states is reached
ith the transitions to the Chl a4 and a4′ compartments. In par-

icular, the last �7 = 30.3 ps transition from Chl a3 to Chl a4
n Fig. 6 reflects the very slow excitation flow between Chl a
lusters following relaxation of the lumenal Chl a604 bottleneck
tate.
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