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A Mechanism of Energy Dissipation in Cyanobacteria

Rudi Berera,* Ivo H. M. van Stokkum, Sandrine d’Haene, John T. M. Kennis, Rienk van Grondelle,
and Jan P. Dekker
Department of Physics and Astronomy, Faculty of Sciences, VU University, Amsterdam, The Netherlands

ABSTRACT When grown under a variety of stress conditions, cyanobacteria express the isiA gene, which encodes the IsiA
pigment-protein complex. Overexpression of the isiA gene under iron-depletion stress conditions leads to the formation of large
IsiA aggregates, which display remarkably short fluorescence lifetimes and thus a strong capacity to dissipate energy. In this
work we investigate the underlying molecular mechanism responsible for chlorophyll fluorescence quenching. Femtosecond
transient absorption spectroscopy allowed us to follow the process of energy dissipation in real time. The light energy harvested
by chlorophyll pigments migrated within the system and eventually reaches a quenching site where the energy is transferred to
a carotenoid-excited state, which dissipates it by decaying to the ground state. We compare these findings with those obtained
for the main light-harvesting complex in green plants (light-harvesting complex II) and artificial light-harvesting antennas, and
conclude that all of these systems show the same mechanism of energy dissipation, i.e., one or more carotenoids act as energy
dissipators by accepting energy via low-lying singlet-excited S1 states and dissipating it as heat.
INTRODUCTION

Cyanobacteria, also known as blue-green algae, are oxygenic

photosynthetic organisms found in almost every aquatic

habitat, and are among the oldest life forms. Their ubiquitous

presence is estimated to be responsible for more than half of

the total primary production of organic compounds on Earth.

The impressive capacity of cyanobacteria for adaptation

stems from a number of regulatory mechanisms that allow

them to cope with unfavorable environmental conditions.

Of particular importance is their ability to adapt to different

iron conditions. In aquatic environments cyanobacteria are

exposed to a range of iron concentrations, and in many habi-

tats the iron availability is limiting because of the low solu-

bility of iron ions in water. To cope with this kind of stress,

cyanobacteria respond by expressing a number of genes, one

of which is the isiA gene encoding the IsiA (or CP430)
protein. This was shown to lead to the formation of photo-

system I (PSI)-IsiA supercomplexes (1,2) in which IsiA

functions as a light harvester (3,4), and to the accumulation

of large IsiA aggregates that are not directly bound to

a photosystem (5,6) and show an impressive capacity to

dissipate excited-state energy (7,8), in line with the sugges-

tion that IsiA acts as a general photoprotector under stress

conditions (9,10). The isiA gene is in fact also expressed

under high light (11) and other photooxidative stress condi-

tions (such as heat and salt stress (12,13)), and its deletion

leads to a photosensitive phenotype (11). IsiA aggregates

are also present in the early stages of iron deprivation

when PSI is still abundant in the cell, pointing to a photopro-

tective role in the early (more physiological) stages of iron

deficiency (8). It was shown that IsiA displays a remarkable
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mobility within the membrane, which suggests that it has

a role other than serving as a light-harvesting antenna (14).

Furthermore, the dynamics of IsiA transcription shows

a pattern that is clearly different from what one would expect

for a light-harvesting protein (15). Possible roles of IsiA in

photoprotection include the dissipation of energy to prevent

overexcitation of photosystem II (PSII) (16) and dissipation

of the energy collected by phycobilisomes (17).

Energy dissipation is a ubiquitous and vital process in

photosynthesis (18,19). Under conditions of excess light,

photoprotective mechanisms are activated that allow the

harmless dissipation of excess energy in the form of heat.

Evergreens grown under freezing conditions are in a perma-

nently quenched state in which energy is continuously dissi-

pated (20,21). At the other extreme, it has been shown that

heat stress can trigger a process of energy dissipation in plants

(22), and very dry conditions induce efficient energy dissipa-

tion in lichens (23). Most species of cyanobacteria can dissi-

pate energy from phycobilisomes, and this may occur via the

recently discovered orange carotenoid protein (24,25).

Energy dissipation processes have been studied in greater

detail in green plants, and although no consensus has been

reached yet on the underlying molecular mechanism, it is

becoming increasingly clear that carotenoids play an essential

role in the dissipation mechanism. The importance of caroten-

oids in nature is evidenced by their ubiquity in living

organisms. Carotenoids are active in light harvesting, photo-

protection, and structure organization (26,27). Of vital impor-

tance for the survival of the photosynthetic organisms is their

role in photoprotection (28). Carotenoids quench harmful

chlorophyll (Chl) triplet states, which are potential singlet

oxygen sensitizers and very effective scavengers of singlet

oxygen (27). This capacity relies on the properties of the

carotenoid triplet state, whose energy is sufficiently low to

effectively quench Chl-triplet states and singlet oxygen.
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Another pivotal role of carotenoids is in the quenching of

Chl-singlet-excited states under conditions of excess light

illumination, a process generally known as nonphotochemical

quenching (NPQ) (29,30). The potentially deleterious effect

of excess light on a photosynthetic organism is just one

example of how too much of a good thing can be extremely

harmful. In fact, the absorption of light in excess of that

required for maximum CO2 fixation will lead to the formation

of a high concentration of Chl-triplet states, mainly within the

PSII reaction center. This condition can be very detrimental to

the survival of the photosynthetic organism because Chl-

triplet states are excellent singlet oxygen sensitizers. Singlet

oxygen is an extremely reactive species that can irreversibly

damage a photosynthetic organism and eventually lead to its

death. To cope with exposure to excess light and the ensuing

photoinduced damage, photosynthetic systems have devel-

oped a number of strategies that allow the harmless dissipation

of excess energy in the form of heat. We recently showed that

carotenoids can quench the excited-state energy of a neigh-

boring tetrapyrrole by accepting energy from the latter and

dissipating it as heat (31). The same mechanism has been

shown to be responsible, at least in part, for NPQ in green

plants (32). Alternatively, it has been proposed that caroten-

oids may quench Chl-excited-state energy via a charge-separa-

tion mechanism involving the xanthophyll zeaxanthin (33,34).

In this study we determined the mechanism responsible for

the very pronounced Chl fluorescence quenching observed in

the cyanobacterium Synechocystis PCC 6803 grown under

iron-depleted growth conditions. Our results suggest that the

same dissipation mechanism functions in cyanobacterial IsiA,

green plant light-harvesting complex II (LHCII), and model

compounds, and that photosynthetic organisms have adopted

a general and universal mechanism of energy dissipation

whereby carotenoids act as energy sinks by accepting energy

via low-lying singlet-excited S1 states and dissipating it as heat.

MATERIALS AND METHODS

Sample preparation

IsiA aggregates were isolated and purified as described previously (7) from

a psaFJ-null mutant of cyanobacterium Synechocystis PCC 6803 cells harvested

~30 days after growth in a liquid BG11 medium from which iron was omitted.

The PsaFJ�mutant was used because of its high content of PSI-free IsiA aggre-

gates under iron-depletion stress conditions. After disruption of the cells, the

thylakoid membranes (0.1 mg Chl a mL�1) were solubilized with 0.2% (w/v)

n-dodecyl-b,D-maltoside (b-DM) and centrifuged at 11,000 � g for 3 min.

The supernatant was subjected to a Mono Q HR 5/5 column (Pharmacia; Roo-

sendaal, The Netherlands) for ion exchange chromatography (IEC). The running

buffer consisted of 20 mM Bis-Tris (pH 6.5), 10 mM MgCl2, 20 mM NaCl,

15 mM MgSO4, 1.5% taurine, and 0.03% b-DM. A gradient with MgSO4 up

to 500 mM was applied. The IsiA aggregates eluted at an MgSO4 concentration

of ~250 mM. The IEC was monitored with an online diode array detector

(Shimadzu SPD-M10Avp).

Time-resolved measurements

Femtosecond pulses were obtained from a titanium/sapphire oscillator-

regenerative amplifier (coherent MIRA seed and RegA). The repetition
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rate was 40 kHz and the initial pulse was ~60 fs at 800 nm. The beam

was split into two beams, one of which (the probe beam) was focused on

a CaF2 plate to generate a white light continuum. The other beam was

used to pump an optical parametric amplifier (OPA) to obtain the pump

beam (~100 fs) with an excitation wavelength of 682 nm. The data shown

in Fig. S2 of the Supporting Material were collected with a kHz system

(Coherent Legend-USP) with excitation at 678 nm. The energy per pulse

was ~10 nJ for both experiments and the excitation density was ~0.7 �
1014 photons $ pulse�1 $ cm�2. The polarization between the pump and probe

beams was set at the magic angle. The measurements were done at room

temperature. The data were analyzed with the use of global analysis tech-

niques (35). Since the evolution associated difference spectra (EADS) repre-

sent in general a mixture of molecular states, a target analysis, using a specific

kinetic scheme, was also applied to the data. In this way, the species associated

difference spectra (SADS)—spectra corresponding to pure molecular

species—were obtained. The instrument response function was fitted to

a Gaussian of ~120 fs (full width at half-maximum).

RESULTS

Fig. 1 shows the absorption spectrum of the IsiA aggregates.

According to previous results (3), each monomer of IsiA

contains ~16 Chl a, which give rise to the strong absorption

in the Qy and Soret regions around 675 nm and 420 nm,

respectively. Furthermore, IsiA contains one zeaxanthin,

one echinenone, and two b-carotene molecules (7), all of

which absorb in the 400–540 nm region.

Fig. 2 shows selected kinetic traces in different regions of

the visible spectrum obtained upon selective excitation of

Chl a at 682 nm. The figure shows traces at 679 (A), 495

(B), and 552 nm (C) along with the fit obtained from a global

analysis of the data. Four components are needed to fit the

data: a 200 fs component to account for ultrafast relaxation

and equilibration, 3.9 and 34 ps components that can be

explained by both fluorescence quenching and singlet-singlet

annihilation, and a small component that does not decay on

the timescale of the experiment (1 ns). It must be noted that

the lifetimes of the components are shorter than those

reported by Ihalainen et al. (7), mainly because of singlet-

singlet annihilation and possible small differences in the

FIGURE 1 Absorption spectrum of IsiA aggregates at room temperature.
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sample preparation. The trace at 679 nm shows the decay of

the Chl Qy bleach. If we compare the decay of this trace with

the decay of the 552 nm trace after the initial ultrafast

(200 fs) relaxation, we observe that the latter clearly shows

a smaller relative decay in the first ~10 ps. Such a difference

would not be expected if the full spectral evolution were

determined only by contributions from the decay of excited

Chl. Thus, the observed difference between the two kinetics

suggests that at 552 nm a species different from excited Chl

partly compensates for the decay of Chl excited-state absorp-

tion (ESA) by providing a positive contribution to the trace.

The opposite trend is seen at 495 nm, where after the initial

ultrafast evolution the trace shows a larger relative decay in

the first ~10 ps compared to the 679 nm trace, suggesting that

the second species provides a negative contribution (a

bleach) to the signal in this region. Both differences at 552

and 495 nm are small and can be better seen in Fig. 4, where

the Chl decay (red curve) is not sufficient to fit the two traces

A

B

C

FIGURE 2 Kinetic traces in different regions of the spectrum along with

the fit obtained from a global analysis with a sequential model. The ampli-

tudes are in mOD; the inset shows the residuals.
 (vide infra). In the intervening wavelengths, from 495 nm to

552 nm, the evolution changes progressively from being

faster than the Chl decay to being slower (not shown).

Interestingly, the 495 nm region is the absorption region of

the carotenoid S0/S2 transition, whereas the 552 nm region

corresponds to the S1/Sn transition region. Thus, the

nonhomogeneous decay of the traces suggests that concom-

itantly with the decay of the Chl-excited state, a carotenoid

ground state is depopulated while at the same time a carot-

enoid-excited state is populated, which would provide

a quenching channel for Chl-excited-state energy. It must

be noted that the same phenomenon has been detected in arti-

ficial caroteno-phthalocyanine dyads (31) and in the

quenched state of LHCII of plants (32). In both systems,

energy transfer from the excited Chl or tetrapyrrole to a carot-

enoid with low S1 energy was established to be the mecha-

nism of fluorescence quenching.

Target analysis of the time-resolved data

The different evolution of the traces in different regions

of the spectrum strongly suggests the involvement of

FIGURE 3 (Upper) Kinetic model. (Lower) SADS obtained from the

target analysis. (Green) Chl 1; (red) Chl 2, Chl 3, and Chl 4 (blue) Q.
Biophysical Journal 96(6) 2261–2267
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a carotenoid-excited state in the quenching process. To

further test this hypothesis, we applied a target analysis to

the time-resolved data (35). In a target analysis, the various

photophysical and photochemical processes that take place

after excitation of the system are disentangled and quantified

with the use of a physical (kinetic) model. Contrary to what

is obtained from a global analysis, the spectra obtained from

the target analysis are expected to represent the pure molec-

ular species involved in the various processes. Our goal was

to extract the spectrum of the putative quenching state.

The upper panel of Fig. 3 shows the kinetic scheme (which

is basically identical to the scheme used by Ruban et al.

(32)). The model consists of five compartments: after excita-

tion, Chl 1 is populated and relaxes within 1 ps. The relaxed

Chl consists of three populations: Chl 2 and Chl 3, which

decay via the quenching state Q (rate constant kQ) and

singlet-singlet annihilation (rate constants k4 and k5), and

A

B

C

FIGURE 4 Kinetic traces along with the fit obtained from the target anal-

ysis and the contributions of the various compartments. The green line repre-

sents the contribution of Chl 1; the red line represents the contribution of Chl

2, Chl 3, and Chl 4; and the blue line represents the contribution from the

quencher. The amplitudes are in mOD.
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a small unquenched fraction Chl 4 (3.5%), which does not

decay on the timescale of the experiment (1 ns). The four

Chl compartments are needed to account for the multiexpo-

nential decay of the Chl-excited state because of the multiex-

ponential character of singlet-singlet annihilation (36) and

the possible heterogeneity of Chl populations. The quench-

ing state decays to the ground state with rate constant k6.

The spectra (SADS) obtained from the target analysis are

shown in Fig. 3 (lower panel) and the rate constants are shown

in Table 1. The green spectrum (Chl 1) corresponds to unre-

laxed Chls; it displays Chl Qy bleach in the 680 nm region,

a peak at ~665 nm, and a region of flat ESA in the remaining

spectral region. The lifetime of the Chl 1 compartment is

200 fs; therefore, its spectral shape suffers from interference

with coherent artifacts and cross-phase modulation

phenomena. The spectra corresponding to Chls 2, 3, and 4

(relaxed Chls) are shown in red and are assumed to be iden-

tical; they show a Chl Qy bleach in the 680 nm region, a less

pronounced shoulder around 668 nm, and flat ESA. The spec-

trum of the quenching state (in blue) shows negative amplitude

below ~522 nm and positive signal from 522 up to 665 nm

(above this wavelength the spectrum was set to zero because

the amplitude of the quenching state was too small to reliably

estimate its spectral shape); its shape resembles that of a carot-

enoid S1 state (27). In analogy with the quenching mechanism

in the dyads (31) and LHCII (32), it must be emphasized that

within the framework of the kinetic model the quenching state

is populated according to inverted kinetics, i.e., it is slowly

populated and quickly depopulated, and therefore attains

a very low transient population, which gives rise to uncertainty

in the estimate of its spectral shape. Based on the results from

the target analysis, we estimate that the quenching via the

carotenoid S1 state accounts for 20% of the total decay.

Reproducibility of the results

To test the reproducibility of the results, we repeated the

experiment with a kHz system with broadband detection.

The SADS obtained are shown in Fig. S1 and the rate

constants are displayed in Table 1; the SADS are very similar

to those shown in Fig. 3. Fig. S2 shows the results of the

same analysis without setting any spectral constraint on the

Q spectrum. This results in an erratic behavior of the Q spec-

trum in the Chl Qy region. The small differences in the spec-

tral shape of the quenching state obtained from the 40 kHz

and kHz systems are due to the intrinsically low concentra-

tion of the quenching state.

Role of electron transfer in the quenching process

Another mechanism that has been proposed to be at least

partly responsible for NPQ in plants is based on the

TABLE 1 Reciprocal of rate constants (ps�1) obtained from the

target analysis (f stands for fixed parameter)

k1 k2 k3 k4 k5 k6 kQ k8

0.76 0.87 10.86 6.3 43.5 4(f) 100(f) inf
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formation of a Chl-zeaxanthin charge-transfer state (33,34).

In this case, a carotenoid cation is formed during the quench-

ing process, followed by charge recombination.

Since carotenoid cations do not absorb in the S1/Sn ESA

region (37), the clear difference in the 552 nm kinetics as

compared to the Chl Qy decay strongly suggests that a carot-

enoid-excited state is populated concomitantly with the

decay of the Chl-excited state. The results from the target

analysis (Fig. 3, Fig. S1, and Fig. S2) allowed us to identify

the quenching state as a carotenoid S1 state. To investigate

the involvement of a carotenoid cation in the quenching

process in IsiA aggregates, we investigated the near-infrared

region (880–960 nm) where carotenoid cations are expected

to absorb (38). The spectra obtained from a global analysis

and selected kinetic traces are shown in Fig. S3. Based on

the results from the target analysis, we can estimate the

maximum amplitude of a hypothetical carotenoid cation if

the quenching occurred via a charge-separated state; we esti-

mate a maximum amplitude of 0.8 mOD. The signal/noise

ratio in our experiment would then allow us to detect a signal

that is on the order of ~10% of the maximum estimated

amplitude. The near-infrared signal thus reflects the decay

of Chl ESA and shows no evidence of the formation of

a charge-separated state during the quenching process in

IsiA aggregates.

DISCUSSION

The process of nonphotochemical quenching and, more

generally, of energy dissipation in photosynthetic organisms

has been the subject of extensive investigation (30,39). In

particular, the underlying molecular mechanism(s) and the

role of carotenoids are still very controversial issues. Two

mechanisms by which carotenoids quench Chl-excited

states were recently proposed. We have shown (31) that

carotenoids are capable of quenching the excited state of

a neighboring tetrapyrrole by accepting energy via a low-

lying singlet state, and that the process is very sensitive

to the conjugation length of the carotenoid. With a differ-

ence of one conjugated double bond, the S1 state can be

converted from an energy donor into an energy acceptor

(40), as originally proposed for the molecular gear-shift

mechanism (41). We recently demonstrated that the same

mechanism constitutes the quenching mechanism in LHCII

aggregates from green plants, where lutein, a 10 double-

bond carotenoid, acts as an energy sink by accepting energy

from Chl-excited states and harmlessly dissipating it as heat

(32). A second mechanism is based on charge separation:

the quenching site in this case would be constituted by

a Chl-zeaxanthin dimer that, once excited, would lead to

the formation of a charge-separated state, Chl�Zeaþ, which

in turn would dissipate energy by charge recombination

(33). This second mechanism has been proposed to be

active within the minor light-harvesting antenna of PSII,

but not in LHCII (34,42).
The results presented here show that the same carotenoid

signature detected in artificial caroteno-phthalocyanine

dyads, and quenched LHCII is present in quenched IsiA.

Thus, our results reaffirm a model for energy dissipation in

which the energy is transferred from the excited Chl to

a low-lying carotenoid dark state, which in turn dissipates

it to heat. The model is schematically shown in Fig. 5. The

energy harvested by Chl molecules migrates within the

system (upper panel) until it reaches a quenching site where

it is dissipated (lower panel).
The results from the target analysis allowed us to quantify

the real quenching via the carotenoid S1 state. We estimate

that this accounts for ~20% of the total quenching. This rai-

ses a question as to whether other quenching mechanisms

may be active in IsiA aggregates. To this end, it is interesting

to note that the average lifetime of the Chl-excited state in

IsiA aggregates in the annihilation-free regime was found

to be on the order of 100–150 ps (7), similar to the value

of kQ in the target kinetic model. This suggests that the heavy

FIGURE 5 Proposed quenching model. (Upper) Energy is transferred

among the Chl pool and eventually reaches a quenching site where it is dissi-

pated as heat. (Lower) The physical mechanism of the quenching: the

excited Chl transfers energy to a carotenoid S1 state, which dissipates it

by decaying to the ground state on a timescale of a few picoseconds.
Biophysical Journal 96(6) 2261–2267



2266 Berera et al.
loss in the system is due to annihilation processes and not to

hypothetical, unknown quenching mechanisms.

Each monomeric IsiA contains on average two molecules

of b-carotene, one molecule of zeaxanthin, and one of echi-

nenone (7). Based on our study of model compounds (31), all

three types of carotenoids could potentially quench Chl-

excited-state energy because they have an effective conjuga-

tion length higher than 10 (31). The isosbestic point of the

spectrum of the quencher (Fig. 3 and Fig. S1) is above

520 nm, pointing to echinenone as the quencher (43) because

b-carotene and zeaxanthin S1 spectra are expected to have an

isosbestic point more to the blue (44–47). Furthermore, the

ESA region of the quencher appears to be very broad

(Fig. 3 and Fig. S1), which suggests that the quenching carot-

enoid may possess an intramolecular charge-transfer char-

acter in its excited state, and again points to echinenone

(43). Even if the unequivocal assignment of the quenching

carotenoid requires further investigation (experiments on

a number of mutants are under way to this end), we propose

echinenone as the likely candidate. Interestingly, the same

carotenoid was recently proposed to be the quencher in the

orange carotenoid protein-mediated energy dissipation

mechanism in cyanobacteria (25).

Taken together, our results point to a universal mechanism

of energy dissipation in photosynthesis whereby caroten-

oid(s) of proper conjugation length act as energy sinks

when fast and effective energy dissipation is required.
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