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Abstract—The pathways of energy dissipation of excessive absorbed energy in cyanobacteria in comparison with that in high-
er plants are discussed. Two mechanisms of non-photochemical quenching in cyanobacteria are described. In one case this
quenching occurs as light-induced decrease of the fluorescence yield of long-wavelength chlorophylls of the photosystem I
trimers induced by inactive reaction centers: P700 cation-radical or P700 in triplet state. In the other case, non-photo-
chemical quenching in cyanobacteria takes place with contribution of water-soluble protein OCP (containing 3'-hydroxy-
echinenone) that induces reversible quenching of allophycocyanin fluorescence in phycobilisomes. The possible evolution-
ary pathways of the involvement of carotenoid-binding proteins in non-photochemical quenching are discussed comparing

the cyanobacterial OCP and plant PsbS protein.
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STRATEGY OF PROTECTION OF OXYGENIC
PHOTOSYNTHESIS AGAINST INTENSE LIGHT

Photosynthetic reactions occur with optimal effi-
ciency under illumination with low light intensity when
the energy of quanta absorbed by chlorophylls is almost
completely utilized in photosynthesis. Energy of singlet
excited molecules of antenna chlorophylls migrates to
chlorophylls of the reaction centers of photosystem I and
IT (PSI, PSII) causing charge separation (photochemical
quenching, qP). Excessive absorbed excitation energy is
emitted by singlet excited chlorophyll molecules as fluo-
rescence (qF). When reaction centers are inactive, the
absorbed energy is transferred into heat (qE, or non-pho-
tochemical quenching) or used to form the triplet state of
antenna chlorophylls [1, 2]. Interaction of chlorophyll
triplets with oxygen generates singlet oxygen that causes
destruction of the photosynthetic apparatus [3].

Abbreviations: APC) allophycocyanin; ELIP) early light-
inducible protein (formed in plants under stress conditions);
HLIP) high light-inducible protein (formed in cyanobacteria
under stress conditions); IsiA) iron stress-induced protein A
(formed in cyanobacteria at iron depletion); LHCII) light-har-
vesting complex of photosystem II; OCP) orange carotenoid-
binding protein; P700 (P700")) primary electron donor of pho-
tosystem I reaction center in reduced (oxidized) state; *P700)
P700 in triplet state; PSI) photosystem I; PSII) photosystem II.

Core antenna of all photosynthetic organisms is
organized in the same way and consists of chlorophylls
and carotenoids. Membrane bound carotenoids in the
form of chlorophyll—carotenoid—protein complexes par-
ticipate both in light-harvesting and in protection of com-
plexes against intense light that stimulates generation of
active species of oxygen and triplet state chlorophylls [4,
5]; membrane-bound carotenoids also play a structural
role [6, 7].

Since under illumination with high light intensity
not all absorbed energy can be used for photosynthetic
CO, assimilation, the excess energy leads to photooxida-
tive destruction of the photosynthetic apparatus induced
by active oxygen species [3, 8]. In the course of evolution,
the photosynthetic organisms created several strategies to
dissipate the excessive absorbed energy to stabilize the
photosynthetic apparatus. Unbalance of absorbed energy
and electron transport under high light illumination caus-
es structural transformations that optimize photosynthe-
sis. But if the transients are not enough to promote the
utilization efficiency of absorbed quanta energy, dissipa-
tion processes of excessive absorbed energy are involved.
Therefore, photosynthesis is optimal under the balance of
activity and stability of the photosynthetic apparatus that
is extremely important for the final photosynthetic pro-
ductivity.

There are several protection pathways of the photo-
synthetic apparatus against intense light:
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— optimization of photosynthetic electron transport
due to fast reversible transients of the photosynthetic
apparatus (so-called “state transitions”) that result in
redistribution of excitation between photosystems [9-11],
or due to regulation of the PSI/PSII relationship in
course of long-term adaptation of the photosynthetic
organisms to light quality [12, 13];

— non-photochemical quenching of the excitation
energy via light-harvesting complex of photosystem II
(LHCII) [14-17];

— dissipation of energy absorbed by PSI due to for-
mation of triplet state of antenna chlorophylls [18];

— dissipation of excitation energy due to cation rad-
icals of PSI and PSII of cyanobacteria [19, 20] and high-
er plants [21, 22];

— biosynthesis of stress proteins ELIP (early light-
inducible protein) in higher plants [23, 24] or HLIP (high
light-inducible protein) in cyanobacteria [25, 26] that can
serve for binding of additionally formed chlorophyll mol-
ecules under high light illumination;

— de novo biosynthesis of destroyed complexes like
D1 protein of the PSII reaction center [27]; biosynthesis
of damaged PsaA/PsaB of PSI complex is very slow [28].

Thus dissipation of the excessive absorbed energy
takes place with contribution of pigments of light-har-
vesting complexes and core antenna chlorophylls that
interact with primary electron donor of both photosys-
tems in closed (inactive) state. In this review, the mecha-
nisms of recently discovered in cyanobacteria non-photo-
chemical quenching, especially the carotenoid triggered
quenching of phycobilisome fluorescence [29-31], will be
discussed in comparison with more fully studied mecha-
nisms of non-photochemical quenching in higher plants
with contribution LHCII [1, 2, 14-17].

DISSIPATION OF EXCESS EXCITATION
IN HIGHER PLANTS

Light-harvesting complex LHCII, the most wide-
spread membrane protein on the Earth [32], serves not
only for absorption and transfer of excitation energy to
PSII antenna; dissipation of energy not utilized in photo-
synthesis in higher plants occurs with contribution of the
same complex. LHCII is organized in vivo as trimers [33-
35] that are able to form aggregates; LHCII trimers are
packed into a heptamer in the thylakoids of higher plants
[36]. Aggregation of LHCII in vitro is accompanied by
structural changes as well as by strong decrease of fluores-
cence yield and by red shift of absorption and fluores-
cence bands [37]. Much lower fluorescence life-time of
LHCII trimer aggregates in comparison with separate
trimers is indicative of efficient quenching in aggregates.
It was shown that fluorescence life-time of isolated
LHCII trimers is of about 4.3 nsec, while it is much lower
for aggregates—only 110 psec [38]. Dissipation of energy
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in LHCII aggregates may occur with contribution of the
peripherally localized chlorophylls and carotenoids.
Violaxanthin causes deaggregation, while zeaxan-
thin causes aggregation of LHCII complexes [37].

The localization of the molecules of carotenoid and
chlorophylls @ and b in LHCII complex is established.
According to the first atomic model, each monomeric
complex consists of 12 chlorophyll and two lutein mole-
cules [34]. More correct LHCII structural models devel-
oped by analysis with 2.72 A [35] and 2.5 A resolution
[39] have shown that each LHCII monomer includes
eight chlorophyll a and six chlorophyll b molecules, four
molecules of carotenoids (two luteins, one 9'-cis-neoxan-
thin, and one violaxanthin localized on the interface of
monomers within a trimer and therefore is weakly bound
to complex), and two lipid molecules.

LHCII complexes have diverse functions. They
absorb light quanta and transfer excitation to PSII reac-
tion center, contribute in redistribution of excitation
energy between PSI and PSII in course of state transi-
tions, and are involved in stacking of thylakoid mem-
branes of chloroplast grana. Finally, LHCII is involved in
dissipation of excess absorbed energy protecting the pho-
tosynthetic apparatus against destruction. Contribution
in non-photochemical quenching requires the ability of
LHCII for structural and functional mobility that allows
the regulation of the energetic state of the photosynthetic
apparatus in response to environmental signal (intense
light). Non-photochemical quenching is accompanied by
a decrease of the fluorescence yield of PSII reversible in
the dark. Illumination of higher plants by intense light
causes an acidification of thylakoid lumen triggering the
de-epoxidation of violaxanthin into zeaxanthin.
Zeaxanthin is characterized by higher amount of conju-
gated m-bonds and by lower first singlet state level (S1)
and therefore is the most efficient energy acceptor [40,
41]. Note that low pH of thylakoid lumen promotes the
protonation of one or more PSII proteins involved in gE
[42, 43].

Non-photochemical quenching is a complex process
involving various proteins. PsbS protein bound to LHCII
is one of the most important polypeptides involved in
thermal dissipation [2, 16, 43-45]. In addition to low pH
of lumen and zeaxanthin, non-photochemical quenching
requires also PsbS protein [44], which is sensitive to low
pH (Fig. 1). PsbS protein lacks chlorophylls and xantho-
phylls, but in protonated form is able to bind exogenous
zeaxanthin [43, 46]. It is suggested that zeaxanthin-
bound PsbS protein may be the site of non-photochemi-
cal quenching. PsbS protein formally belongs to the fam-
ily of light-harvesting proteins but participates only in
energy dissipation.

Orientation of pigments and conformation of pro-
teins in LHCII trimers determine not only efficient light
harvesting and high protein stability but also the ability to
control energy dissipation. It is suggested that transfor-

BIOCHEMISTRY (Moscow) Vol. 72 No. 10 2007



NON-PHOTOCHEMICAL QUENCHING OF FLUORESCENCE IN CYANOBACTERIA

LHCII PsbS

LHCIl PsbS

Fig. 1. Scheme of non-photochemical quenching in plants with
participation of LHCII (with permission of Dr. K. K. Niyogi).
Illumination by high light intensity decreases the lumen pH below
6.0, which triggers de-epoxidation of violaxanthin (Viol) into zea-
xanthin (Zea); protonated PsbS binds zeaxanthin forming a qE site.

mation of violaxanthin into zeaxanthin favors the energy
dissipation via different mechanisms dependent on con-
ditions. Conformation changes in LHCII cause the inter-
action of chlorophylls and carotenoids, transfer of elec-
tron from chlorophyll to zeaxanthin, and non-radiative
transformation of chlorophyll—zeaxanthin complex into
the ground state [47]. Non-radiative transition of chloro-
phylls into the ground state may occur also in course of
intermolecular charge transfer when two chlorophyll
molecules become closer as a result of conformational
changes of protein caused by violaxanthin de-epoxidation
[39, 48].

PIGMENT APPARATUS OF CYANOBACTERIA

The photosynthetic electron transport chains in
higher plants and cyanobacteria are organized similarly in
principle, but the pigment apparatus of cyanobacteria
reveals significant differences that determine the specifics
of their pathways of energy dissipation.

All chlorophylls in cyanobacteria are localized only
in core antenna of PSI and PSII; the chlorophyll/P700
ratio in PSI is about 100, while the chlorophyll/P680
ratio in PSII is only 40 [49]. The PSI core antenna of
cyanobacteria, in contrast to core antenna of PSI of high-
er plants, is enriched with long-wavelength chlorophylls
that absorb in the further red spectral range than P700.
The long-wavelength chlorophylls are able not only to
transfer excitation uphill to active P700 [50, 51] but also
to contribute in dissipation of excess absorbed energy
when PSI reaction centers are accumulated in oxidized or
triplet state, i.e. kept in closed state [19, 20, 52].

Since cyanobacteria lack LHCII (internal antenna),
phycobilisomes, non-membrane water-soluble complex-
es, function as the main light-harvesting complexes
(external antenna). Phycobilisomes consist of core cylin-
ders containing allophycocyanin (APC), and lateral
cylinders (or rods) containing phycocyanin and phyco-
erythrin [53-56]. Pigments of lateral rods transfer the
excitation energy via APC to terminal acceptor of energy
(also APC) that transfers the excitation to antenna
chlorophylls of PSII and PSI localized within the mem-
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brane [49, 57, 58]. Phycobilisomes can diffuse laterally on
the surface of thylakoid membranes [59]. Phycobilisomes
are bound with membranes through lipids even when they
are energetically uncoupled from photosystems [60].

Core antennae of both photosystems contain many
carotenoid molecules, mainly -carotenes [61, 62]. None
of 22 molecules of $-carotenes in the monomeric com-
plex of PSI of the cyanobacterium Thermosynechococcus
elongatus is localized in close vicinity of P700. Therefore,
P700 is active even when the biosynthesis of carotenoids
is completely inhibited [63]. According to a structural
model, the -carotenes are localized close to the long-
wavelength chlorophylls [61] and may serve for photopro-
tection [64].

Because of lacking the violaxanthin cycle [65],
cyanobacteria are incapable of non-photochemical
quenching that is characteristic for higher plants. As it
will be shown, carotenoids, involved in energy dissipation
in cyanobacteria, quench the APC fluorescence under
illumination of cells by blue-green light [29, 66, 67].
Water-soluble protein OCP (orange carotenoid-binding
protein) containing 3’-hydroxyechinenone is involved in
non-photochemical quenching of cyanobacteria [30, 68].

NON-PHOTOCHEMICAL QUENCHING
OF LONG-WAVELENGTH CHLOROPHYLLS
FLUORESCENCE IN CYANOBACTERIA
BY INACTIVE REACTION CENTERS

Under high light illumination, the primary electron
donors of the reaction centers of PSI and PSII are accu-
mulated in closed state as cation radical or triplet state
dependent on redox state of the acceptor side cofactors.
Here the situation with PSI of the cyanobacterium
Arthrospira platensis, whose core antenna contains the
most red-shifted (longest-wavelength) form of chloro-
phyll absorbing at 740 nm and emitting at 760 nm at 77K
will be mainly discussed [69, 70]. Fluorescence yield of
this red chlorophyll form strongly depends on P700 redox
state, allowing the monitoring of the fate of energy
absorbed by PSI antenna [19, 71]. It was shown that
P700" (oxidized P700) at 77K is a very efficient quencher
of fluorescence of red chlorophyll at 760 nm [50]. The
value of the overlap integral of the fluorescence band at
760 nm (77K) and absorption band of P700* is more than
two orders of magnitude higher than that of the fluores-
cence band of the same chlorophyll and the absorption
band of P700 [64, 72]. Though the longest-wavelength
form of chlorophyll (absorbing at 740 nm and emitting at
760 nm) is localized in PSI core antenna at a distance of
32-40 A from P700 [52, 73], the high value of overlap
integral is the main reason for P700" being an efficient
quencher.

Since these values of the overlap integral are similar
at physiological temperature because of wide fluores-
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cence bands of antenna chlorophylls, P700 and P700*
may be equally efficient quenchers of excitation, which
may explain the absence of variable fluorescence of PSI.
Note that fluorescence yield of long-wavelength chloro-
phylls at 735 nm (77K) of PSI of higher plants is not
dependent on the P700 redox state because the chloro-
phylls are located on heterodimer Lhcal/Lhca4, the
light-harvesting complex of plant PSI [33], and are posi-
tioned at a distance of about 65 A from P700 [73], mak-
ing their interaction difficult.

When the photochemistry in PSI reaction centers is
blocked under oxidative conditions and P700 is accumu-
lated in its oxidized state, the absorbed excitation energy
leads to formation of triplet state of antenna chlorophylls
registered as light-induced decrease of absorption at
830 nm [18]. The time course of that decay at 77K with
half-times 10 and 80 nsec coincides exactly with the
kinetics of appearance of 532 nm signal ascribed to for-
mation of triplet state of 3-carotene resulting from direct
triplet—triplet exchange.

P700 in triplet state (*P700) of PSI trimers of the
cyanobacterium A. platensis quenches efficiently the fluo-
rescence at 760 nm emitted by the longest-wavelength
chlorophyll form [52]. When the cofactors of the PSI
acceptor side (A,, Fx, F,/Fy) are preliminarily reduced
and electron transport from Ay to A, is blocked, recombi-
nation of separated charges leads to formation of *P700
with half-times of 0.75 and 5.2 msec at 5K. The decay
kinetics of *P700 coincide exactly with the kinetics of
light-induced decrease of 760 nm fluorescence, confirm-
ing that energy absorbed by long-wavelength chlorophyll
as terminal energy acceptor is quenched by *P700 [52].
Since in both situations the absorbed energy cannot be
utilized by reaction centers, the observed quenching of
PSI antenna fluorescence can be considered as non-pho-
tochemical quenching.

The preferable existence of PSI complexes in the
form of trimers in cyanobacterial thylakoids [19, 71] is
the basis for an additional pathway of energy dissipation.
When P700 in one of the monomer complexes within a
PSI trimer of the cyanobacterium A. platensis is oxidized,
there is dissipation of energy as a result of interaction of
antenna chlorophylls via peripherally located longest-
wavelength chlorophyll emitting at 760 nm [52, 74, 75].
Thus aggregation of pigment—protein complexes into
trimers stimulates dissipation of excessive absorbed ener-
gy, protecting PSI from photodestruction. Note that data
concerning the quenching of fluorescence of the long-
wavelength chlorophyll by P700" and *P700 are regis-
tered at 77K and therefore may be considered only as
possible pathways of non-photochemical quenching in
cyanobacteria. It is quite possible that at physiological
temperatures both P700 and P700" are characterized by
lower efficiency of quenching. The role of *P700 in ener-
gy dissipation under physiological conditions is not yet
clear.
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CAROTENOID TRIGGERED
NON-PHOTOCHEMICAL QUENCHING
OF PHYCOBILISOME FLUORESCENCE

IN CYANOBACTERIA

The response of cyanobacteria on the change of light
intensity and quality depends on the duration of illumi-
nation. Short-term illumination leads to changes in state
of the photosynthetic apparatus that optimize electron
transport [11]; the mechanisms of redistribution of the
excitation in cyanobacteria lacking LHCII differ from
that of plants. Long-term illumination leads to regulation
of biosynthesis of PSI and PSII complexes [12] as well as
to biosynthesis of HLIP and ELIP stress proteins that
serve to bind the additionally formed chlorophylls [23-
26].

A new pathway of energy dissipation was recently
discovered in cyanobacteria that rather belongs to
prompt response to high light illumination [29, 76].
Illumination of PSII-less mutant cells of the cyanobac-
terium Synechocystis sp. PCC 6803 by intense blue-green
light (>200 pE-m~%sec™!, 450-500 nm) resulted in fluo-
rescence decrease, slowly reversible in the dark (Fig. 2);
the higher was temperature the faster was reversibility.
This mutant was chosen to exclude possible interference
in the found phenomenon of PSII variable fluorescence;
to exclude the variable fluorescence of PSII of wild strain
cells diuron was added [66, 67]. The spectrum of fluo-
rescence quenching (i.e. difference between emission
spectra measured before and after blue light illumina-
tion) peaked at 660 nm emitted by phycobilisomes (Fig.
3). Action spectrum of light-induced fluorescence
quenching was characterized by three bands in the spec-
tral region 450-500 nm and a band at 290 nm (Fig. 4)
that have been attributed to myxol glycoside as a sensi-
tizer responsible for quenching of phycobilisome fluo-
rescence [29]. The band at 290 nm indicates that the
trans-form of carotenoid was involved in quenching.
However, initially it was unclear how carotenoids that
usually are localized within the photosynthetic mem-
brane can interact with non-membrane localized phyco-
bilisomes. Investigation of the origin and location of
carotenoid that triggers blue light-induced fluorescence
quenching of water-soluble phycobilisomes, as well as an
investigation of interaction of carotenoids with partner
in phycobilisome showed the new mechanisms of energy
dissipation in cyanobacteria.

There is some prehistory of the new non-photo-
chemical quenching in cyanobacteria. Since studies of
blue light-induced fluorescence quenching have been
carried out using a PAM-101 pulse fluorometer (Walz,
Germany), the registered fluorescence quenching with
wave-length more that 700 nm was ascribed to changes
of the fluorescence yield of chlorophylls [76-79]. Note
that in contrast to non-photochemical quenching in
plants, blue light-induced quenching of phycobilisome

BIOCHEMISTRY (Moscow) Vol. 72 No. 10 2007



NON-PHOTOCHEMICAL QUENCHING OF FLUORESCENCE IN CYANOBACTERIA

100+

80 -

MQ
" P e 1

‘ * e h

0 200

60 -

Fluorescence, arbitrary units

400 600 800 1000

Time, sec

Fig. 2. Time-course of blue light-induced quenching of phycobili-
some fluorescence and dark recovery of quenching in PSII-less
mutant of the cyanobacterium Syrnechocystis sp. PCC 6803 at 15
(1), 25 (2), and 35°C (3); measured with PAM-101; arrows { and
71, 500-nm actinic light on and off, correspondingly.
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Fig. 3. Fluorescence emission spectra of PSII-less mutant of the
cyanobacterium Synechocystis sp. PCC 6803 registered before
(solid line) and after (dashed line) illumination of cells by intense
500-nm light, 15°C.

fluorescence is not dependent on pH of the lumen and
on uncouplers [77], and it is not found on illumination
of cyanobacterial cells under red light absorbed by
chlorophylls [29]. But the spectrum of fluorescence
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Fig. 4. Action spectrum of quenching of phycobilisome fluores-
cence (black circles) measured for cells of PSII-less mutant of the
cyanobacterium Synechocystis sp. PCC 6803 [29] and the absorp-
tion spectrum of isolated OCP (continuous line), with permission
of Dr. T. Polivka. Inset, structure of 3'-hydroxyechinenone.

quenching was characterized by an emission band at
660 nm attributed to phycobilisomes, not to chlorophylls
[29].

The identity of the action spectrum of phycobilisome
fluorescence quenching with absorption spectrum (Fig.
4) of 3'-hydroxyechinenone of OCP indicates that this
water-soluble carotenoid-binding protein localized out-
side of membranes induces the fluorescence quenching of
phycobilisomes under blue light illumination [30]. OCP
found in 1997 [80] is a 35-kD two-domain protein that
contains one molecule of 3’'-hydroxyechinenone and
functions in cells as a dimer [81-84]. OCP isolated from
the cyanobacterium Synechocystis sp. PCC 6803 con-
tained the glycoside derivative of 3'-hydroxyechinenone
[80, 82]. Thus the measured action spectrum of fluores-
cence quenching of phycobilisomes [29] revealed the
function of a special family of water-soluble carotenoid-
binding proteins (lacking chlorophylls) of photosynthetic
organisms.

Carotenoid—protein complexes containing chloro-
phylls have been found in cells of the dinoflagellate
Amphidinium carterae [85]: each peridinin—protein
monomer complex consisted of eight molecules of peri-
dinin and two chlorophyll molecules; energy absorbed by
peridinins was able to migrate to chlorophylls. The isolat-
ed complex is functionally active in vivo as a trimer. Two
chlorophyll molecules are isoenergetic at room tempera-
ture and weekly interact but strongly coupled to peridinin
molecules [86]. The properties of carotenoid-binding
proteins that contain chlorophylls as well as the chromo-
plast carotenoid-binding proteins without chlorophyll
bound with lipoprotein structures [87] are not considered
in this review.
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MECHANISMS OF NON-PHOTOCHEMICAL
QUENCHING OF PHYCOBILISOME
FLUORESCENCE IN CYANOBACTERIA

Thus carotenoids are responsible for blue light-
induced fluorescence quenching of phycobilisomes in
cyanobacteria. Because that quenching was more promi-
nent in cyanobacteria grown under iron depletion, it was
suggested that IsiA (iron stress-induced protein A) com-
plex may serve as a quencher [77]. “Free” phycobilisomes
could interact with chlorophyll containing IsiA complex
that may replace LHCII, which is lacking in cyanobacte-
ria [79]. IsiA complex consists of 16-18 subunits that cir-
cle the PSI trimers; each subunit contains 16 chlorophyll
molecules and several carotenoids [88]. It was suggested
that IsiA complex bound with PSI can function for addi-
tional light harvesting [89] or as a quencher of excess
absorbed energy [90]; IsiA bound with PSII is mainly
involved in discharging of excess energy [91].

However, it was shown later that blue light absorbed
by carotenoid quenched phycobilisome fluorescence in
the wild strain of Synechocystis sp. as in the IsiA-less
mutant. This means that the IsiA complex is not neces-
sary for blue light-induced quenching of phycobilisome
fluorescence [30, 66-68]. The blue light-induced quench-
ing was not found in an OCP-less mutant of Synechocystis
sp. [30] as well as in apcE~ mutant [30, 66, 67] with
destroyed APC phycobilisome core [92]. Thus OCP and
APC are the main participants of blue light induced fluo-
rescence quenching of phycobilisomes in cyanobacteria.
Light absorbed by carotenoid induces the quenching not
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only of phycobilisome fluorescence at 660 nm, but also
fluorescence at 679 nm of chlorophylls that are in ener-
getic equilibration with APC [67].

Based on the presented results and on data of time-
resolved fluorescence spectroscopy of phycobilisomes
and photosystems of cyanobacteria [31, 93-95], we pro-
posed a scheme of carotenoid induced quenching of phy-
cobilisome fluorescence in the cyanobacterium
Synechocystis sp. (Fig. 5). The possible participation in
quenching of three types of phycobilisomes coupled with
PSI, with PSII, and with membrane lipids (“free” phyco-
bilisomes) is discussed. The time of energy transfer from
phycocyanin to APC was found equal to 20-40 psec,
while time of energy migration from APC to PSII is 90-
170 psec [93, 95]. When PSII reaction centers are open,
the life-time of the PSII excited state is less than the time
of energy migration from APC to PSII, and energy
absorbed by phycobilisomes migrates to PSII chloro-
phylls [93, 95]. But if PSII reaction centers are closed, the
life-time of the excited states of chlorophylls and reverse
energy migration from chlorophylls to APC is about
1500-1700 psec [93, 94], and therefore part of the excita-
tion energy could migrate from chlorophylls to APC
(arrows APC-PSII). Measurements at high light illumi-
nation for wild strain of Synechocystis sp. in the presence
of diuron, when PSII reaction centers are closed, allow
registration of the fluorescence quenching both of phyco-
bilisomes and chlorophylls [67]. If the phycobilisome is
energetically coupled to PSI trimer, energy absorbed by
phycobilisomes quickly (20-40 psec) migrates to PSI
antenna chlorophylls independent from the P700 redox

ARAAR ARARAAA AR AR AR AR AR AR AR AR AR AR AR AR AR AR ARAAARAAAA
U Uuul UL DU LU LUV UL UL LU U Uy ULy
PSll-bound “free” PSI-bound

phycobilisomes

phycobilisomes

phycobilisomes

Symbols: “ -arc & -oce () -psu ({J) -psi

Fig. 5. Scheme of 500-nm (absorbed by OCP) actinic light-induced non-photochemical quenching of phycobilisome fluorescence in the
cyanobacterium Synechocystis sp. PCC 6803. Two molecules of carotenoid indicate that OCP functions as a dimer. Black arrows show
migration of energy absorbed by phycobilisomes to OCP. Carotenoid triggered quenching of APC fluorescence under illumination with
500-nm light takes place in phycobilisomes energetically coupled with PSII dimer (reaction centers closed) and in “free” phycobilisomes
bound with membrane. Note that OCP binding to phycobilisomes energetically coupled with PSI trimers is unclear.
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state (arrows from APC to PSI). If phycobilisomes are
bound with membrane and energetically uncoupled with
both photosystems, OCP quenches the phycobilisome
fluorescence. Thus only fluorescence of phycobilisomes
uncoupled from PSI, i.e. phycobilisomes energetically
coupled with inactive PSII or bound with membrane, is
quenched. The effect of high glycerol concentrations on
the time-course and fluorescence emission spectra of
PSII-less mutant strain of the cyanobacterium
Synechocystis sp. have indicated that fluorescence of phy-
cobilisomes bound with membrane can be quenched by
blue light illumination [96]. Increasing protein hydration
by addition of glycerol, which uncouples phycobilisomes
from the membrane and damages their structure, sup-
presses blue light induced fluorescence quenching.

The temperature dependence of the rate of blue light
induced fluorescence quenching and the calculated val-
ues of activation enthalpy indicate that light absorbed by
carotenoid causes conformational changes of protein and
may induce protein—protein interaction like folding of
water-soluble proteins [96]. This is confirmed by the non-
linear dependence of the rate constant of fluorescence
quenching of PSII-deficient Synechocystis sp. mutant and
very high value of activation enthalpy of quenching
(48 kJ/mol at 25°C and 86.5 kJ/mol at 5°C).

The activation enthalpy calculated for the initial
quenching rate of LHCII trimers and monomers [97] was
only 6 kJ/mol, which is indicative of the absence of pro-
tein conformational changes at 15-35°C (confirmed by
circular dichroism data). Low values of activation
enthalpy in this temperature range are ascribed to local
changes in orientation or position of chlorophylls and
carotenoids within the LHCII subunit. The quenching
rate at temperatures higher than 40°C increases, which is
accompanied by one order of magnitude increase of acti-
vation enthalpy (70-90 kJ/mol), indicating significant
changes in LHCII protein conformation.

The molecular mechanisms of fluorescence quench-
ing of phycobilisomes is still unclear; it is quite possible
that carotenoid of water-soluble OCP may serve as a
quencher. Absorption of blue light may cause frans-cis
isomerization of carotenoid leading to changes in protein
conformation. Change in OCP conformation regulates
the binding of quenching protein with phycobilisome or
makes easier the interaction of OCP with phycobilisome
core. In this case, the energy is transferred from S1 excit-
ed state of APC to carotenoid and dissipated [31, 96].

Thus, non-photochemical quenching as a general
property of all oxygenic photosynthetic organisms pro-
tects the photosynthetic apparatus against destruction
due to the ability to dissipate excessive absorbed energy of
quanta. Fluorescence quenching of the longest-wave-
length chlorophylls of PSI trimers by P700 cation radical
and by P700 triplet state is considered as a type of non-
photochemical quenching in cyanobacteria. The quench-
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ing mechanisms of excess absorbed energy with participa-
tion of carotenoids are principally similar in evolutionar-
ily different photosynthetic organisms. OCP of
cyanobacteria like PsbS protein of plants involved in non-
photochemical quenching lack chlorophylls but bind
carotenoid: 3'-hydroxyechinenone (OCP) or zeaxanthin
(PsbS in protonated form). The water-soluble
carotenoid-binding protein OCP interacting with water-
soluble extra-membrane light-harvesting complex (phy-
cobilisomes) was replaced in the course of evolution by
membrane bound PsbS protein because of lack of extra-
membrane phycobilisomes and the appearance of mem-
brane bound light-harvesting complex LHCII. Both
carotenoid-binding proteins function as a dimer, indicat-
ing the necessity of conformational changes of proteins in
the course of non-photochemical quenching.
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the Russian Foundation for Basic Research, grant 05-04-
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