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A B S T R A C T

Transient absorption spectroscopy has been applied to investigate the energy dissipation mechanisms in the
nonameric fucoxanthin-chlorophyll-a,c-binding protein FCPb of the centric diatom Cyclotella meneghiniana. FCPb
complexes in their unquenched state were compared with those in two types of quenching environments, namely
aggregation-induced quenching by detergent removal, and clustering via incorporation into liposomes. Applying
global and target analysis, in combination with a fluorescence lifetime study and annihilation calculations, we
were able to resolve two quenching channels in FCPb that involve chlorophyll-a pigments for FCPb exposed to
both quenching environments. The fast quenching channel operates on a timescale of tens of picoseconds and
exhibits similar spectral signatures as the unquenched state. The slower quenching channel operates on a
timescale of tens to hundreds of picoseconds, depending on the degree of quenching, and is characterized by
enhanced population of low-energy states between 680 and 710 nm. The results indicate that FCPb is, in prin-
ciple, able to function as a dissipater of excess energy and can do this in vitro even more efficiently than the
homologous FCPa complex, the sole complex involved in fast photoprotection in these organisms. This indicates
that when a complex displays photoprotection-related spectral signatures in vitro it does not imply that the
complex participates in photoprotection in vivo. We suggest that FCPa is favored over FCPb as the sole energy-
regulating complex in diatoms because its composition can more easily establish the balance between light-
harvesting and quenching required for efficient photoprotection.

1. Introduction

Diatoms are unicellular photosynthetic organisms. They play an
important role in the biochemical cycles of nitrogen, silicon, phos-
phorus and carbon, and, consequently, have a great impact on the
global climate in marine and freshwater environments [1]. The light-
harvesting complexes (LHCs) of diatoms belong to the same extended
family as those of higher plants and green algae [2]. However, there are
some clear differences in their protein and pigment compositions [3, 4].
Diatoms bind up to 8 chlorophyll-a (Chl-a) pigments per monomer [5],
as in the main light-harvesting complexes of plants, LHCII [6]. How-
ever, diatoms bind Chl-c instead of the Chl-b found in LHCII. Further-
more, diatoms comprise unique types of carotenoids. The main car-
otenoid is fucoxanthin (Fx) and is present in a similar quantity as Chl-a
[7], giving diatoms a brown colour and their LHCs the name of fu-
coxanthin-Chl-a,c-binding protein (FCP). FCPs additionally bind the

xanthophyll-cycle pigments diadinoxanthin (Dd) and diatoxanthin (Dt)
in substoichiometric amounts.

The two main types of FCP purified from centric diatoms like
Cyclotella meneghiniana are known as FCPa and FCPb [4]. They mainly
differ in their polypeptide composition and oligomeric state. FCPa is a
trimer consisting of a mixture of the polypeptides Fcp1-3 from the Lhcf
family and an Lhcx polypeptide in a smaller quantity, whereas FCPb
assumes a nonameric arrangement [8] of Fcp5, a different type of Lhcf
polypeptide [3]. The amount of Lhcx per FCPa scales with the light
intensity incident on the diatoms and this polypeptide plays an im-
portant role in photoprotection [9]. Specifically, the photoprotection
process known as nonphotochemical quenching (NPQ) of Chl-a fluor-
escence is triggered by a low lumenal pH and it is also associated with a
high Dt content [4, 10–12]. The fluorescence yield of isolated FCPa
complexes was shown to depend strongly on the Dt content and the
environmental pH, while FCPb was found to be insensitive to such
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changes [13, 14]. FCPa is therefore widely considered to be the site of
qE, the dominant, fast, energy-dependent, reversible component of
NPQ, while FCPb is regarded to be merely involved with light har-
vesting.

Since the early studies of NPQ in higher plants, aggregation of light-
harvesting complexes has been a useful model for the investigation of
qE [15–19]. More recently, this approach was also used to investigate
qE in diatoms [13, 14, 20]. Evidence of aggregation in the membranes
of higher plants has been found under NPQ conditions [21–23].
Moreover, the fluorescence from isolated FCPa complexes was strongly
reduced upon decrease of the ambient pH, likely due to spontaneous
aggregation, while a lower pH only marginally reduced the fluores-
cence from isolated FCPb complexes, possibly due to their aggregation
state remaining unaltered [13]. Based on the above-mentioned evi-
dence, NPQ models in diatoms have considered aggregation of FCPa
complexes in the membrane as one of the excited-state quenching
mechanisms [14, 24–26].

Time-resolved fluorescence measurements on whole high-light ac-
climated diatoms at room temperature have revealed two spectroscopic
signatures of their NPQ state: a bathochromic shift of their fluorescence
emission spectrum and enhanced emission between 700 and 750 nm, in
the tail of the spectrum [24, 25]. These signatures were proposed to
originate from the formation of FCPa aggregates [14]. In addition, 77 K
steady-state fluorescence spectra of FCPa aggregates induced in vitro
showed similar spectral features [25], but so do the spectra of FCPb
aggregates [14]. In fact, the low-energy emission from FCPb aggregates
is more pronounced than for FCPa aggregates [14] and may have an
important contribution to the low-energy emission of diatoms under
NPQ conditions. A Stark fluorescence spectroscopy study on FCPa and
FCPb complexes revealed the appearance of a low-energy band peaking
between 692 and 694 nm upon aggregation of both complexes [27].
The same study showed that FCPa aggregates exhibit an additional,
more red-shifted emission band (peaking at 740 nm) and it was argued
that FCPb complexes may display a similar behaviour in vivo [27].

Different thermal energy dissipative processes have been revealed
through fluorescence and absorption studies [14, 24, 25, 27–29], sug-
gesting that qE is very likely established in diatoms through the com-
bination of multiple processes involving different sites. The kinetics and
spectral properties of quenching processes in FCPa involving Chl-a
pigments were investigated in a recent room-temperature transient-
absorption study of FCPa complexes in their solubilized and aggregated
states, using selective Chl-a excitation [30]. Here, we apply a similar
approach to FCPb in order to characterize the quenching processes in
these complexes and to determine the similarities and differences
compared to quenching processes taking place in FCPa. Quenching of
FCPb was induced in two different ways, namely through strong ag-
gregation by detergent removal, and by incorporating the complexes
into liposomes of natural lipids with a high protein-to-lipid ratio. The
latter represents a milder environment, giving rise to smaller clusters
[31], and provides a better representation of the native environment of
the complexes. Global and target analysis was applied to the data to
resolve the energy transfer kinetics and timescales, with a particular
focus on quenching states. In addition to singlet-singlet annihilation, we
were able to resolve two quenching channels associated with different
molecular mechanisms in FCPb and we identified their associated
transient spectra and operation timescales.

2. Materials and methods

2.1. Sample preparation

Cyclotella meneghiniana (Culture Collection Göttingen, strain 1020-
1a) was grown in artificial seawater [32] supplemented with 2mM si-
lica, in low light conditions (40 μmol photons m−2 s−1, 16 h light, 8 h
dark) with temperatures kept between 15 and 17 °C. Cells were har-
vested after one week of cultivation in the light-adapted state. FCPb

isolation was carried out as described in [14]. In brief, thylakoids were
isolated with a beadmill followed by an ultracentrifugation step. Thy-
lakoids corresponding to 250 μg Chl-a ml−1 were solubilized with
20mM β-dodecylmaltoside (β–DM) and subjected to ion exchange
chromatography followed by ultracentrifugation using a freeze thaw
gradient (19% sucrose (w/v), 25mM Tris, pH 7.4, 2 mM KCl and 0.03%
(w/v) βDM). The collected FCPb fraction was washed in 25mM Tris,
2 mM KCl, pH 7.4 and concentrated via ultrafiltration (centripreps,
30 kD cutoff). Liposomes were prepared as described in [31], using
plant thylakoid lipids (Larodan Fine Chemicals, Sweden) with a Chl-a-
to-lipid molar ratio of 12. Fig. S1 shows the separation of purified FCPb
complexes used in this study. FCPb aggregates were prepared by re-
moving the detergent with bio-beads (SM-2 adsorbent, Bio-Rad) during
continuous magnetic stirring and monitoring of the fluorescence in-
tensity. The fluorescence yield of the aggregated FCPb was reduced by a
factor of ten, after which the bio-beads were removed via centrifuga-
tion.

2.2. Spectroscopic methods

2.2.1. Steady-state spectroscopy
Steady-state absorption spectra were recorded with a Lambda 40

UV/VIS spectrometer (Perkin-Elmer) from 350 nm to 750 nm using
1mm path length cuvettes. The fluorescence emission spectra were
recorded with a Fluoromax-3 Horiba from 600 nm to 800 nm, upon
excitation at 465 nm. For the fluorescence emission measurements,
cuvettes with a 1 cm path length were used and samples were diluted to
an OD of 0.05 at the maximum of the Chl-a Qy band.

2.2.2. Fluorescence lifetime measurements
Time-resolved fluorescence measurements were performed using a

FluoTime 200 fluorometer (PicoQuant). The samples were diluted into
the appropriate buffer to an OD of 0.05 at the Qy maximum of 672 nm
and stirred in a cuvette with a path length of 1 cm. Excitation was
provided by a 468 nm diode laser with a repetition rate of 10MHz and
energy of 8 nJ/pulse. The instrument response function (IRF) was ob-
tained with pinacyanol iodide dissolved in methanol, which has a
fluorescence lifetime of 6 ps [33]. Emitted fluorescence was recorded at
675 nm at an angle of 90° with respect to the excitation. All measure-
ments were performed at ambient temperature, and the maximum
number of counts in the peak channel was 20,000. The full width at half
maximum of the IRF was 88 ps.

2.2.3. Transient absorption spectroscopy
Femtosecond transient absorption (TA) spectroscopy on the FCPb

complexes incorporated into liposomes (plFCPb) and FCPb aggregates
(qFCPb) was conducted with a pump-probe setup described in ref. [34],
while annihilation studies on the solubilized FCPb (sFCPb) were per-
formed on a setup described in ref. [35]. The main difference between
the two setups is the laser source. The first setup [34] uses 80 fs laser
pulses at a wavelength of 800 nm, obtained from a Ti:sapphire oscil-
lator-regenerative amplifier (Coherent Mira seed and RegA) operating
at a 40 kHz repetition rate. The second setup [35] is driven by an ul-
trashort 50 fs laser pulse at the wavelength of 800 nm at 1 kHz repeti-
tion rate, generated also from a Ti:sapphire oscillator (Coherent Mira
seed) and amplified with a kilohertz amplifying system (Alpha-1000
US, B.M.Industries). For both setups, the pump beam wavelength was
tuned to 680 nm and its polarization was set at the magic angle (54.7°)
with respect to the probe beam polarization. The TA spectra were
collected at pump energies of 6 nJ/pulse and 10 nJ/pulse for the plFCPb
sample, whereas 10 nJ/pulse was used for qFCPb. In order to perform
singlet-singlet (S-S) annihilation studies on the sFCPb sample, we used
pump energies of 10, 20 and 30 nJ/pulse. The time evolution of the
number of excitations n(t) is given by [36, 37]:
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where n is the number of excited nonamers per pulse at a time t after
excitation, with n(t=0)= n0= Iσ being the initial number of excita-
tions per pulse, I the intensity of the pump beam and σ the absorption
cross-section of an FCPb nonamer. γ is the rate of S-S annihilation, and τ
the lifetime of an exponential decay component. This kinetic method
for the S-S annihilation study is valid for supermolecules such as small
LHCII aggregates, which have a size greater than or equal to the ex-
citation diffusion length [36, 37]. Due to the relatively large size of the
FCPb complex, we assumed the same approach for this complex. The
samples were inserted in a 1mm path length cuvette, which was
mounted on a shaker to prevent sample degradation from over-ex-
posure due to multiple laser shots. Sample ODs were adjusted to 0.5 at
the Chl-a Qy absorption maximum. All measurements were conducted
at room temperature (RT). Absorption spectra were taken before and
after the TA measurements to monitor the stability of the samples.
Global and Target Analysis [38, 39] was applied to analyze the TA
spectroscopy data.

3. Results

3.1. Steady-state absorption and fluorescence emission spectra

The abbreviations sFCPb, plFCPb, and qFCPb will be used to denote
solubilized FCPb nonamers, FCPb nonamers incorporated into lipo-
somes and aggregated (quenched) FCPb complexes, respectively. The
room-temperature steady-state absorption and fluorescence emission
spectra of these complexes are displayed in Fig. 1. The Soret and Qy

absorption bands of Chl-a are centered around 438 and 670 nm, re-
spectively, whereas those for Chl-c are visible as a shoulder at 455 nm
and a small band at 635 nm, respectively. The broad tail between 480
and 575 nm is principally due to the S0→ S2 transition of fucoxanthin
molecules and a minor contribution from the xanthophyll-cycle pig-
ments, mainly diadinoxanthin. The spectral features correspond well
with previous reports [3, 4, 20]. The liposome environment as well as
aggregation induced significant broadening of the Soret band towards
higher energies (i.e. shorter wavelength) and a slight enhancement in
the tail of the Qy band towards the red (Fig. 1(a) inset). Similar
broadening was observed for FCPa aggregates in a previous study [30].
The somewhat reduced amplitude between 500 and 560 nm and around
635 nm for qFCPb is likely due to pigment loss during bio-bead

treatment to induce aggregation.
The fluorescence emission spectra of FCPb (Fig. 1(b)) in all three

investigated environments show a maximum at 674 nm and a vibra-
tional band at around 735 nm. Since all pigments in the complex can be
excited at 465 nm, the spectral shape is indicative of efficient excitation
energy transfer to Chl-a [7]. The lack of significant differences between
the spectra indicates that aggregation and incorporation into liposomes
did not affect the steady-state spectroscopic properties of the pigments
in FCPb, with the exception of the fluorescence lifetimes (vide infra).
The slight broadening of the spectra of qFCPb and pIFCPb can be ex-
plained by scattering from aggregates.

3.2. Time-resolved fluorescence measurements

Time-correlated single-photon counting measurements revealed the
fluorescence lifetimes of the FCPb complexes under the three condi-
tions. The fluorescence decay kinetics are presented in Fig. 2. The re-
sults are summarized in Table 1. sFCPb, which is more homogeneous
than the other two samples, exhibited a monoexponential fluorescence
decay with an average lifetime of 3.9 ns. For qFCPb and plFCPb at least
two exponential components were required to obtain a satisfactory fit,
which can be explained by the size heterogeneity of the samples. For
qFCPb, the predominant fluorescence decay occurred within 90 ps,
showing a substantial shortening of the lifetime. The average lifetime of
the plFCPb complexes was only 2.6 times shorter than that of sFCPb
but> 11 times longer than that of qFCPb. The relatively small amount
of quenching in plFCPb (as compared to qFCPb) can be explained by the
milder quenching environment produced by the liposomes as opposed
to detergent removal. The protein density inside the liposome is an
important factor affecting the fluorescence lifetime of the complexes. A

Fig. 1. Steady-state (a) absorption and (b) fluorescence emission spectra upon excitation at 465 nm of sFCPb (black), plFCPb (red) and qFCPb (blue), normalized to
the Chl-a Qy band. Inset in (a) displays the same spectrum between 680 and 710 nm.

Fig. 2. Fluorescence decay curves of sFCPb (black), plFCPb (red), qFCP (blue),
Fit (green) and IRF (violet) detected at 675 nm at room temperature upon ex-
citation at 468 nm. IRF denotes instrument response function.
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large protein density increases the probability of protein–protein in-
teractions [14, 40]. Since plFCPb constitutes a heterogeneous sample
with varying protein densities, the fast and slow lifetime components
possibly refer to average fluorescence lifetimes of FCPb complexes
within more densely packed and less densely packed liposomes, re-
spectively. The two lifetime components of qFCPb can be similarly
explained as averages related to large and small aggregate sizes.

3.3. Transient absorption spectroscopy

3.3.1. Global analysis
TA spectra were collected upon excitation at 680 nm. At this wa-

velength, Chl-a is excited selectively and the lowest-energy (i.e. red-
most) Chls-a are excited with higher probability. To study the excited-
state dynamics of Chl-a, we first analyzed the TA data globally using a
sequential kinetic scheme. The resulting Evolution-Associated
Difference Spectra (EADS) describe the dynamics of a mixture of
spectroscopic species.

For the sFCPb data measured at 10 nJ/pulse pump energy, at least
three components were needed to obtain a satisfactory fit. The corre-
sponding EADS are presented in Fig. 3(a). The initial component (1,
black) appeared immediately after photoexcitation (i.e. at time zero)

and evolved into the second EADS (2, red) in 5 ps. Its spectrum features
an intense negative band peaking at 673 nm, which results from ground
state bleach (GSB) and stimulated emission (SE) involving the Qy

transition of the red-most Chl-a pigments. The three positive signals
peaking at 491 nm, 600 nm and 642 nm are attributed to excited-state
absorption (ESA) of Chl-a, because these signals are present im-
mediately after photoexcitation and Chl-c and Fx are negligibly excited
at 680 nm. In a transient-absorption study on LHCII where Chl-a was
selectively excited at 675 nm, a broad ESA band with a peak position
between 530 nm and 550 nm was resolved and similarly attributed to
Chl-a [41]. The latter band is likely analogous to the broad Chl-a ESA
band near 500 nm in Fig. 3 and is red-shifted due to the different
coupling strengths amongst the Chls and between Chls-a and car-
otenoids in LHCII as opposed to FCPb. The 0.8 nm blue-shifted GSB/SE
peak of the second EADS as compared to that of the first EADS Fig. 3(a),
inset) is explained by uphill energy redistribution amongst the Chls-a
after being pumped at 680 nm, which is about 10 nm red-shifted com-
pared to the absorption maximum of those Chls (Fig. 1). This spectral
shift, together with the decay time of the first EADS, indicates that the
first EADS represents mainly excitation energy equilibration between
Chl-a clusters with differing energies, i.e. different spectral pools. The
second and third EADS exhibit similar features as the first EADS. The
second spectrum takes 56 ps to decay into the third and final EADS (3,
blue), which in turn relaxes into the ground state in 5 ns, a process
attributed to spontaneous decay of Chl-a, mainly due to fluorescence
emission and intersystem crossing. The amplitude of the GSB/SE band
decreases during evolution to both the second and third EADS. This can
be explained by S-S annihilation (vide infra) and likely also a small
degree of excitation quenching that manifests as fluorescence blinking
in single molecule studies [29]. The additional 1 nm blue-shift from the
second to the third EADS (Fig. 3(a), inset) indicates that uphill energy
equilibration is not completed after 5 ps. We attribute this to re-equi-
libration after S-S annihilation that involves mostly the blue spectral
pool of Chls.

Table 1
Fitted decay times and relative amplitudes of the fluorescence decay curves of
the FCPb nonamers (sFCPb), FCPb aggregates (qFCPb), and FCPb nonamers
incorporated into liposomes (plFCPb). τ1 and τ2 are the fluorescence lifetime
components, A1 and A2 the corresponding amplitudes, and τave the weighted
average of the lifetimes.

Sample τ1/ns A1 τ2/ns A2 τave/ns

sFCPb 3.88 1 – – 3.88
plFCPb 0.82 0.50 2.21 0.50 1.51
qFCPb 0.09 0.97 1.28 0.03 0.13

Fig. 3. EADS and their lifetimes obtained by a
sequential scheme in global analysis of the
transient absorption data of the Chl-a excited
state of sFCPb after pumping at (a) 10, (b) 20
and (c) 30 nJ/pulse. See text for details about
the properties and possible origin of each of
spectrum. Inset in (a) shows a magnification of
the GSB/SE region and Gaussian fits (green) of
the peaks within the displayed wavelength re-
gion.
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The results from higher pump intensities are displayed in Fig. 3(b)
and (c). Three EADS were again required to fit the data and the spectral
features are similar to those displayed in Fig. 3(a). In Fig. 3(b), short-
ening of the decay lifetime of the first EADS as compared to Fig. 3(a)
can be explained by S-S annihilation, while the substantially shortened
lifetime of the same EADS in Fig. 3(c) suggests that an additional ul-
trafast process was resolved, likely vibrational cooling within Chl-a
excited states [30]. The second EADS in Fig. 3(b) has a similar decay
time as that of Fig. 3(a), suggesting that S-S annihilation plays a minor
role on this timescale. For all three pump energies, the lifetime of the
last EADS is comparable to τave for sFCPb in Table 1, suggesting only a
small degree of annihilation and quenching in the complexes.

To verify the timescale and significance of S-S annihilation in the
isolated FCPb complexes, we calculated its lifetime and amplitude using
Eq. (2). The kinetics of the sFCPb TA data at 10, 20 and 30 nJ/pulse
were monitored at 673 nm and fitted simultaneously using Eq. (2)
(Fig. 4), with the fitting results summarized in Table 2. For all three
pump energies, an annihilation time constant of 25 ps was obtained and
an additional, shorter lifetime component was resolved, the latter of
which scaled inversely with the pump energy and compared well with
the lifetimes of the first EADS in Fig. 3 for corresponding data. It is
important to note that fitting of the three traces separately produced
very similar results. S-S annihilation is expected to be more enhanced in
plFCPb and qFCPb complexes due to their increased number of con-
nected pigments as compared to sFCPb.

The EADS for plFCPb at a pump energy of 10 nJ/pulse were also
best fitted with three kinetic components (Fig. 5(a)). The overall
structure and band positions of the three EADS are similar to those for
sFCPb but the altered decay times signify important differences in the
underlying kinetics. Compared to sFCPb, the first EADS (1, black) de-
cayed somewhat faster. This can in part be explained by an increased
amount of S-S annihilation due to an enlarged absorption cross-section
in liposomes containing densely packed FCPb complexes, which con-
stitute larger energetically connected domains than in the case of well-
separated, solubilized complexes. The fluorescence lifetime results of
plFCPb in Table 1 point to the presence of a slow and a fast quencher.
Since annihilation was negligible in the lifetime study, there should be
an additional quencher with decay dynamics strongly overlapping with
that of annihilation and thus indiscriminable from the global analysis.

The first EADS is again assigned to equilibration between the Chl-a
spectral pools, as supported by the blue-shift of the second EADS (2,
red). The small blue-shift of the third EADS (3, blue) suggests that the
second EADS is again related to uphill re-equilibration following
quenching of Chl-a with somewhat higher energies. Faster decay of the
third EADS as compared to Fig. 3(a) points to the presence of a slow
quenching process. The considerably longer lifetime of the second
EADS than in the case of sFCPb suggests a relatively long lifetime of the
slow quenching process, in agreement with the fluorescence lifetime
study (Table 1). Energy redistribution was also slowed down in the
energetically coupled FCPb complexes inside the liposomes.

A new negative feature appeared in the third EADS of plFCPb from
680 nm to beyond 710 nm. Normalization of the spectra reveals that the
second EADS also displays this feature with a small amplitude (Fig.
S2(a)). This low-energy feature does not manifest in the results of sFCPb
for any of the pump energies and therefore suggests a new state induced
by the lipid environment. Its prominence in the third and final EADS
suggests that it is related to the slow quencher. This feature also ex-
plains the enhancement in the red tail of the Qy band of the steady-state
absorption spectrum (Fig. 1(a) inset). The fitting residuals of the EADS
shown in Fig. S3 indicate that the red feature signifies a real signal.

For qFCPb pumped with the same energy, two kinetic components
already provided a satisfactory fit of the EADS (Fig. 5(b)). The main
spectral features are similar to those for the other two samples. The
faster decay of the first EADS (1, black) can be explained by annihila-
tion and a fast quenching process like for plFCPb, considering again
that the lifetime results of qFCPb suggest the presence of a slow and
faster quenching process (Table 1), with the fast process strongly
dominating. The average number of complexes forming an aggregate is
expected to be significantly larger than the average number of strongly
coupled complexes inside a liposome. It is also likely that the complexes
are more strongly connected in an aggregate than inside a liposome.
The short lifetime of the second and final EADS (2, red) indicates that
the complexes are strongly quenched, in agreement with their short
average fluorescence lifetime (Table 1). The second EADS displays a
similar red feature between 680 and 710 nm as observed for plFCPb
(see also the normalized spectrum in Fig. S2(a)), suggesting again for-
mation of a new spectroscopic state related to the slow quencher. This
red feature may similarly be connected with the slight broadening in
the tail of the Qy band in Fig. 1. In a previous study, FCPa aggregates
were observed to display a similar red feature on a timescale of several
tens to hundreds of picoseconds [30].

3.3.2. Target analysis
Although a global analysis of the TA data of plFCPb and qFCPb

failed to reveal the nature of the fast quenching process, our annihila-
tion study clearly indicated the presence of annihilation, while the (free
of S-S annihilation) fluorescence lifetime study suggested that an ad-
ditional fast quenching channel should exist. We applied target analysis
to the plFCPb and qFCPb data to determine if this is indeed the case.
Target analysis furthermore reveals the quantitative contributions of
the fast and slow quenching processes and provides the spectra and
rates of the various energy transfer and dissipation processes. We
started with the simplest kinetic scheme: Model A containing two
compartments, shown in Fig. 6(a). The compartments, Chl1 and Chl2,
describe the singlet excited states of red and blue absorbing Chl-a pools,
with peak wavelengths at 673 and 671 nm, respectively. Their energy is
quenched via two different quenching channels, q1 and q2, with rate
constants k1 and k4, respectively, initially estimated from the last EADS
in Fig. 5. The distinct spectroscopic signatures of the two quenchers
identified from global analysis suggest that the two quenchers are dis-
tinct and therefore independent. The initial populations of the two
compartments were estimated from the global analysis results, which
show that the ratio of the GSB/SE amplitude of Chl1 to that of Chl2 is
~1.5, and the energy transfer from Chl1 to Chl2 is faster than the back
transfer. k2 and k3 are the rate constants of energy equilibration

Fig. 4. Transient kinetics monitored at maximum of the GSB/SE peak of sFCPb
near 673 nm, for 10 nJ/pulse (green), 20 nJ/pulse (blue), and 30 nJ/pulse
(black) excitations. The fit (red line) was obtained using Eq. (2).

Table 2
Fitted decay times of the maximum TA signal of sFCPb near 673 nm, using Eq.
(2). n0 is the initial number of excitations per pulse, τ is the lifetime of an
exponential decay process, and γ is the S-S annihilation rate.

Pump energy n0 γ−1/ps τ/ps

10 nJ/pulse 1.22 ± 0.04 25.0 ± 0.1 4.00
20 nJ/pulse 2.31 ± 0.07 25.0 ± 0.1 1.72
30 nJ/pulse 9.41 ± 0.22 25.0 ± 0.1 0.20
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between the two compartments, the initial values of which were esti-
mated from the lifetime of the first EADS. It is not necessary to include
in the model a description of long-lived components such as triplet and
unquenched singlet states due to their absence in the global analysis
results.

The Species-Associated Difference Spectra (SADS) are the spectra of
the molecular species associated with the two compartments, as ob-
tained from target analysis. The SADS of plFCPb and qFCPb for Model A
are shown in Fig. 7(a) and (b), respectively, and the rate constants of
the excited-state dynamics are summarized in Table 3. Table 4 shows
the changes in population amplitudes of the two compartments at the
lifetimes of the two SADS with respect to the initial populations. These
values provide a useful measure of the overall direction of excitation
energy transfer resulting from re-equilibration at different timescales
due to quenching and annihilation processes. A negative sign denotes a
decrease in the initial population of the compartment (i.e. recovery of a
signal), while a positive value indicates growth of the population. For
plFCPb, at 5 ps after photoexcitation the loss in the Chl1 population is
only a fraction greater than the gain in the Chl2 population. This stems
from the rate k1 of the fast quenching channel q1 being significantly
slower than the equilibration rates k2 and k3, in combination with the
result that the values of k2 and k3 are comparable (Table 3). The po-
pulation shift to Chl2 explains the blue-shifted SADS of this compart-
ment. After 650 ps, the population of both compartments has decreased,

where that of Chl1 is significantly smaller due to equilibration to Chl2
as well as quenching channel q1 being significantly faster than q2. The
SADS of Chl2 displays a long red tail beyond 680 nm (Fig. 7(a)), in-
dicating population of redder states.

For qFCPb, equilibration between Chl1 and Chl2 occurred faster
than for plFCPb. This can be explained by the stronger connectivity
between individual FCPb complexes forming an aggregate than be-
tween those inside a liposome. In addition, aggregation may also induce
changes inside individual FCPb complexes, such as small shifts in par-
ticular exciton energies and/or compression of the complexes. Both
quenching processes occur considerably faster in the qFCPb model than
for plFCPb, in agreement with the significant shortening of the asso-
ciated EADS lifetimes in Fig. 5(b). It is of note that k1 is greater than k2
and k3, in contrast to the situation for plFCPb, highlighting the dom-
inance of quenching process q1. Moreover, the SADS of Chl2 also shows
a red tail that is even stronger in qFCPb than in plFCPb.

The results from Model A suggest that the blue-absorbing Chl-a pool
is associated with the strongly red-shifted state (absorbing beyond
680 nm) and confirm that the far-red feature is associated with a
quenched state. The three lifetimes resolved from the EADS of plFCPb
motivated the addition of a third compartment (Chl3) to our target
model. This is done in Model B (Fig. 6(b)). Simultaneous analysis of the
data obtained at two different pump energies (6 nJ/pulse and 10 nJ/
pulse) enabled us to decouple S-S annihilation from the two quenching

Fig. 5. EADS and their lifetimes obtained by a sequential scheme in global analysis of the transient absorption data of (a) plFCPb and (b) qFCPb measured at 10 nJ/
pulse pump energy. See text for details about the properties and possible origin of each spectrum.

Fig. 6. Compartment schemes used for target ana-
lysis to model the excited state dynamics of Chl-a in
FCPb, using (a) two compartments (Model A) and (b)
three compartments (Model B). Chl1, Chl2 and Chl3
are the compartments, ki (i=1, …, 7) the rate con-
stants, kan1 and kan2 the annihilation rate constants,
and q1 and q2 represent quenchers. The excitation
probability of each compartment is shown.
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processes. Annihilation was expected to affect the decay of Chl1 and
Chl2. The initial values of the equilibration rates were obtained from
Model A.

Since the far-red states feature on a relatively long timescale, Chl3 is
expected to be strongly coupled with Chl2 and only weakly coupled
with Chl1. Moreover, the energy in Chl3 is considered to be quenched
through the same channel as for Chl2, involving q2, albeit at a different
rate due to the different nature of this state. This is because of the
strong coupling between Chl2 and Chl3 compartments. Equilibration
between Chl1 and Chl2 is established through rate constants k2 and k3,
while equilibration between Chl2 and Chl3 is determined by k5 and k6.
Due to the weak coupling between Chl1 and Chl3, equilibration be-
tween them is expected to be significantly slower than for the other
processes and, for simplification, the associated rates were omitted

from the model. The rates k1, k4, kan1 and kan2 were kept free, while all
other rates were kept the same for the two data sets.

Upon photoexcitation, the Chl1 compartment is more populated
than the other two compartments. Initially, the population of Chl1 is
therefore expected to decrease due to equilibration, while those of Chl2
and Chl3 should increase, as observed in Table 6. The energy equili-
bration is affirmed by the blue-shift of the SADS of Chl2 and Chl3, as
indicated in Fig. 7(c). The rates of quenching of plFCPb pumped with
6 nJ/pulse and 10 nJ/pulse energies according to Model B are shown in
Table 5. An initial population of 5% of Chl3 provided the best fit. This
relatively small value in accordance with the slow formation of the far-
red states, as suggested by the global analysis results. After 200 ps both
Chl1 and Chl2 populations have decreased as compared to their am-
plitudes at 5 ps, while the Chl3 population has increased further. Decay
of the Chl3 population, which is visible after 750 ps, was the slowest
process of all and explains the relatively small red-shift of the Chl3
spectrum as compared to the Chl2 spectrum, because of equilibration to
the far-state. From the starting values of the scaling parameter of the k-
matrix we calculated that approximately 51% of the excitations were
quenched via q1, 16% via annihilation, and 33% via q2 in the plFCPb
sample, confirming that q1 is the dominant quenching process. The
results indicate that the kinetics of plFCPb are well-explained in terms
of S-S annihilation in addition to two independent quenching processes,
similarly to FCPa aggregates [30]. The same is expected for qFPCb.

Fig. 7. SADS of the Chl-a excited states using Model A for plFCPb (a) and qFCPb (b), and Model B for plFCPb (c).

Table 3
Decay rate constants (in ns−1) for plFCPb and qFCPb obtained from target
analysis with Model A.

Sample k1 k2 k3 k4

plFCPb 20 137 123 1
qFCPb 914 270 114 7

Table 4
Changes in population amplitudes of Chl1 and Chl2 compartments monitored at
two times for plFCPb and qFCPb obtained with Model A. A negative sign in-
dicates a decrease and a positive sign an increase.

Sample plFCPb qFCPb

Lifetime (ps) 5 650 3 45
Chl1 −0.27 −0.79 −0.38 −0.52
Chl2 +0.23 −0.20 +0.14 −0.13

Table 5
Equilibration, decay and annihilation rate constants (in ns−1) for plFCPb
pumped with 6 nJ/pulse and 10 nJ/pulse energy, as obtained using Model B.

Pump energy k1 k2 k3 k4 k5 k6 k7 kan1 kan2

6 nJ/pulse 6 226 127 8 33 1 1 10 13
10 nJ/pulse 7 227 127 9 33 1 1 55 18
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From the global and target analysis results, we conclude that the two
fluorescence lifetime components of plFCPb (Table 1) are due to the
presence of two different quenching channels.

4. Discussion

Our analysis of the transient absorption data of plFCPb and qFCPb
complexes points to the presence of two quenching channels in FCPb,
both of which involve Chl-a. The first, fast channel (q1) operates on a
timescale of several tens of picoseconds for plFCPb and is expected to
operate in qFCPb on a shorter timescale. The associated difference-
absorption spectra do not exhibit a noticeable difference compared to
the spectrum of solubilized FCPb. In this study, the majority of ex-
citations decayed via this channel. Since equilibration to the blue is
visible in the GSB/SE band during and after energy loss via q1, we can
conclude that the Chls with the lowest energy (i.e. the terminal emitter
Chls) are mostly involved and that the processes take place on multiple
timescales. The second, slower quenching channel (q2) occurs on a
timescale of hundreds of picoseconds for plFCPb and down to tens of
picoseconds for qFCPb. This quencher is responsible for enhanced po-
pulation of states absorbing from 680 nm to beyond 710 nm and in-
volves mainly the blue-shifted Chl-a pool.

The first quenching state has not been detected before for FCPb,
likely because of the similarity of its spectral signature compared to that
of the unquenched state. The characteristics of the second quencher are
similar to those of a spectral state identified from a transient absorption
study on FCPa aggregates [30]. Although a similar signal was absent
from the Stark data of FCPb aggregates it was predicted to exist [27].
The signal of this quenched state has now been resolved in the present
study and further kinetic information has been provided.

The involvement of a charge-transfer state is the best explanation
for the large red-shift of the low-energy band identified from the Stark
study and its strong response to an externally applied electrical field
[27]. For photosystem I of plants, which exhibit similar low-energy
states, it has been established that low-energy spectral states originate
from a Chl dimer due to mixing between a charge-transfer state and one
or more of the lowest exciton states [42, 43]. The low-energy emission
states from plant LHCII aggregates as well as FCP aggregates have been
proposed to originate from a similar mechanism, but involving Chls-a
from adjacent complexes [25, 44]. However, states with similar prop-
erties have been observed from single, isolated LHCs from plant pho-
tosystem II [45, 46] and were related to the low-energy states of pho-
tosystem I LHCs [46], suggesting that the red states in isolated and
aggregated LHCs of plants involve a Chl dimer within a complex instead
of between different complexes.

Blue-absorbing Fx molecules are proposed to be located close to Chl-
a molecules in the FCPs complexes similar to lutein molecules in LHCII
[5, 47]. Association of the slow quencher with the blue Chl-a pool
therefore suggests the involvement of one or more Fx molecules. Fx is
characterized by a strong intramolecular charge-transfer (ICT) state
coupled to the molecule's S1 state to form a mixed S1/ICT state [48, 49].
In FCP, the latter state couples strongly to the Qy exciton states of
neighbouring Chls-a to give rise to ultrafast energy transfer [7, 20]. Due
to this strong coupling and the ‘availability’ of a charge-transfer state, it

is natural to assume that Fx's ICT state will mix into some of the Chl-a
exciton states, thus giving rise to quenching and low-energy emission.
This was also the explanation for the ~694-nm emission state of FCPb
in the Stark study [27].

In a TA spectroscopy study on solubilized and aggregated FCPa [30]
very similar results were obtained as in the present study. Specifically,
for aggregated FCPa, two quenchers in the Chl-a pool were identified in
addition to annihilation, with almost identical spectral signatures and
transient dynamics as for FCPb. This leads us to conclude that the origin
of the slow quencher (q2) is the same in FCPa and FCPb and that FCPb
has the same capability as FCPa to serve as a dissipater of excess ex-
citation energy.

The NPQ-related spectral properties are therefore not unique to
FCPa. This can be explained by the strong similarity of FCPa and FCPb
in terms of protein sequence – and hence structural homology – as well
as pigment composition [14]. In vivo, the two quenching channels are
likely activated in FCPa upon aggregation in the membrane under NPQ
conditions [14, 24, 25]. Although in vitro aggregation of FCPb is just as
easily induced as for FCPa, it is very unlikely that FCPb aggregates are
formed in vivo. A time-resolved fluorescence study on whole Cyclotella
meneghiniana cells indicated that the FCPb signal shows no sign of
quenching under NPQ conditions [24], and neither Dt content nor low
pH values influence the fluorescence yield of FCPb, in stark contrast to
FCPa [14]. Yet, FCPb seems to be an even more efficient energy dis-
sipater than FCPa: in a similar TA study on FCPa [30], 15-times
quenched FCPa aggregates were used, as opposed to 10-times quenched
FCPb aggregates in the present study, but the quenching rates of those
FCPa aggregates were significantly slower than for the FCPb aggregates
reported here.

This prompts us to ask why FCPb is not involved with NPQ in vivo.
To act as a useful regulator of excitation pressure, quenching of FCPs
has to be highly regulated in order to avoid permanent NPQ. Use of a
weaker quencher might be easier to control and thus fine-tune NPQ
more easily.

Aggregation of FCPa is likely triggered by the glutamate residue on
the lumenal side of the Lhcx and/or specific Lhcf polypeptides [14],
which are probably sensitive to pH changes in the lumen and possibly
also to binding of Dt in its vicinity. Fcp5, the sole component of FCPb,
does not contain this specific glutamate [14]. The difference of such a
single amino acid is probably sufficient to regulate the involvement of
FCPa in qE and not FCPb, despite the fact that FCPb could equally well
serve as an efficient dissipater of excess energy if a mechanism for in
vivo FCPb aggregation existed. It has to be noted that FCPb complexes
exist only in centric diatoms, whereas they are missing in pennate
diatoms (like Phaeodactylum tricornutum) that also display a high NPQ
capability. Use of FCPa is therefore sufficient for the fine regulation
involved with qE.

The lipid environment produced very similar spectroscopic sig-
natures as aggregation, suggesting that common quenching mechan-
isms are involved. In fact, there is sufficient motivation for considering
the lipid environment a more suitable model for studies of (photo-
protective) energy dissipation. First, in this study, lipid interaction in-
duced only a relatively small degree of quenching while the quenching-
related spectral signatures were pronounced. Specifically, the amount
of quenching in plFCPb was significantly less than in qFCPb while the
far-red signal related to the slow quencher in plFCPb was somewhat
more intense than for qFCPb. This observation indicates that the am-
plitude of the far-red spectral band is not related to the strength of
quenching. Second, aggregates may introduce spectral artifacts: (i) in
vitro aggregation using a detergent concentration below the critical
micelle concentration, as frequently done [13, 14], leads to un-
controlled aggregation, typically producing large, three-dimensional
structures, unlike what is expected in vivo, (ii) the presence of even a
small fraction of non-functional or denatured complexes may introduce
additional energy traps and amplify the extent of quenching when
bound to large aggregates, and (iii) aggregation produced with bio-

Table 6
Changes in population amplitudes of Chl1, Chl2 and Chl3 compartments
monitored at three times for plFCPb pumped at 10 nJ/pulse. These amplitudes
are obtained from target analysis with Model B. Negative and positive signs
again indicate a decrease and an increase in populations, respectively.

Lifetime (ps) 5 200 750

Chl1 −0.39 −0.59 −0.61
Chl2 +0.36 +0.10 −0.20
Chl3 +0.10 +0.18 −0.07
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beads can lead to the loss of pigments located peripherally in the
complexes due to strong hydrophobic interactions, as observed in Fig. 1
for qFCPb.

5. Conclusions

In this study, we were able to resolve two quenching channels in
FCPb that are created when the complexes are aggregated and when
they are incorporated in liposomes. The two quenching channels are
associated with different molecular mechanisms and operate at dif-
ferent timescales. The first, fast quenching mechanism occurs on a
timescale of tens of picoseconds within the red Chl-a pool. The second,
slow quenching mechanism is characterized by a far-red absorption
state and likely originates from an Fx S1/ICT state mixed with a higher
energy (blue) Chl-a exciton state. In addition, we calculated a singlet-
singlet annihilation rate of 25 ps−1 in isolated FCPb complexes sub-
jected to high excitation pulse energies. Our results show that FCPb
aggregates are stronger quenchers than FCPa aggregates and FCPb
therefore has the potential to quench excess excitations more efficiently
than FCPa, yet FCPb does not play a role in qE because of its lack of
Lhcx subunits and missing regulatory, pH-sensing amino acid residues.
Motivations were given for why the proteoliposomes provide a better
model system for energy-dissipation studies than aggregation. Finally,
we conclude from this study that the presence of both excitation
quenching and a far-red spectral signal in vitro is not sufficient evidence
for any light-harvesting complex's participation in qE in vivo, because
aggregated of FCPb exhibit these signatures but are not involved with
qE.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbabio.2018.07.009.
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