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ARTICLE INFO ABSTRACT

Keywords: Phycobilisomes (PBSs) are giant water-soluble light-harvesting complexes of cyanobacteria and red algae, con-
Anti-St?Ifes fluorescence sisting of hundreds of phycobiliproteins precisely organized to deliver the energy of absorbed light to chlorophyll
Phycobilisomes chromophores of the photosynthetic electron-transport chain. Quenching the excess of excitation energy is
Photoprotection

necessary for the photoprotection of photosynthetic apparatus. In cyanobacteria, quenching of PBS excitation is
provided by the Orange Carotenoid Protein (OCP), which is activated under high light conditions. In this work,
we describe parameters of anti-Stokes fluorescence of cyanobacterial PBSs in quenched and unquenched states.
We compare the fluorescence readout from entire phycobilisomes and their fragments. The obtained results
revealed the heterogeneity of conformations of chromophores in isolated phycobiliproteins, while such hetero-
geneity was not observed in the entire PBS. Under excitation by low-energy quanta, we did not detect a sig-
nificant uphill energy transfer from the core to the peripheral rods of PBS, while the one from the terminal
emitters to the bulk allophycocyanin chromophores is highly probable. We show that this direction of energy
migration does not eliminate fluorescence quenching in the complex with OCP. Thus, long-wave excitation
provides new insights into the pathways of energy conversion in the phycobilisome.

Orange carotenoid protein
Excitation energy transfer

1. Introduction An a-subunit bears one phycocyanobilin chromophore bound to

cysteine-84 residue and thus called -84, while p-subunit bears two

Phycobilisomes (PBS) are light-harvesting complexes of cyanobac-
teria and red algae designed to increase the light-harvesting efficiency of
photosynthetic reaction centers [1,2]. Hundreds of PBS chromophores
serve as an “energy funnel” transferring excitation energy from high-
energy to low-energy level chromophores delivering it to the photo-
systems [3] (Fig. 1). The conventional PBSs are composed of the core
and six peripheral rods [3]. In Synechocystis sp. PCC 6803, the peripheral
rods consist of three phycocyanin (PC) hexamers [4]. Each hexamer is
composed of two PC trimers in a face-to-face orientation [5]. The PC
trimer is composed of three af-heterodimers usually called “monomers”.

* Corresponding author.
E-mail address: emaksimoff@yandex.ru (E.G. Maksimov).

https://doi.org/10.1016/j.bbabio.2023.149014

chromophores: -84 and $-155 [5]. In a trimer, strong excitonic coupling
of «-84 and -84 chromophores from different monomers provides for
broadening absorption spectrum by more than 10 nm [6,7]. The same
effects cause shift of the «-84 and (-84 chromophores’ emission
maximum to 648 nm, while the -155 chromophore emission maximum
appears at 635 nm [8-10]. Certain spectral features of the chromophores
can be provided by colorless linker proteins [11,12]. The PBS core is
composed of three cylinders, each consisting of two allophycocyanin
(APC) hexamers. Each APC-hexamer consists of two trimers composed of
three of-heterodimers [13,14]. Both APC subunits contain one
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phycocyanobilin chromophore (x-84 and p-84). The APC fluorescence
has a maximum approximately at 660 nm, which gives a common no-
tation APC660 in numerous works. Two bottom cylinders contain at
least two types of red-shifted subunits: APCB (ApcD) and L¢y (ApcE) —
the so-called terminal emitters (TE) having emission maxima at about
680 nm and composing the corresponding chromophore pool — APC680
[15,16]. The red shift of TE fluorescence facilitates the downhill transfer
of excitation energy to the chlorophylls of both photosystems [17,18]. It
is generally accepted that the integrity of PBS is maintained by colorless
linker proteins [19]. In particular, the so-called repeating domains
(REPs) of Lcy are essential for the PBS core integrity [20,21]. Single
domain LC and LR linker polypeptides occupy the cavities of the external
APC and PC trimers in the core and peripheral rods, respectively, while
the two-domain linker proteins of the “rod” family maintain the struc-
ture of peripheral rods [22]. Besides the structural functions, the linker
polypeptides can take part in fine tuning of the spectral properties of
chromophores, as, for example, the fluorescence maximum of APC
trimer shifts to 653 nm in complex with the LC linker [23]. This effect is
provided by the spatial proximity and even direct contact of the LC
linker globule and the chromophore.

Under excessive light conditions, the energy gathered by PBS can be
dissipated into heat by the Orange Carotenoid Protein (OCP), which
regulates the process of nonphotochemical quenching [24-27]. OCP is a
35-kDa water-soluble protein containing 3-hydroxyechinenone as a
chromophore and undergoing the photoconversion from an inactive
(orange, OCPO) to the active (red, OCPY®) form under blue-green light
[28]. Photoactivated OCPR delivers the ketocarotenoid to PBS and po-
sitions it at the “neck of the energy funnel,” resulting in effective dissi-
pation of the excitation energy into heat [29,30]. In several in vitro and
in vivo studies, OCP was demonstrated to interact with the PBS core
only, but not with the rods [31,32]. Yet, the exact location of the ocpR
binding site within the PBS core was debated for a long time [33].
However, recently it was determined by Dominguez-Martin et al. using
cryo-EM technique, which revealed how the dimer of the red OCP® form
interacts with the PBS core [34]. However, the energetic coupling
allowing OCP to quench the phycobilisome fluorescence effectively is
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still mysterious and unclear because of the relatively large distances
from the PBS chromophores to the carotenoid within the PBS-bound
OCP.

For a long time, two conceivable ways of how OCPR can functionally
interact with the PBS core were considered : either with APC660
[9,33,35,36] or APC680 [2,37-39]. The first hypothesis is now sup-
ported by the structural data which show that the N-domain of OCP
forms a contact with the ApcA subunit located in the lower cylinder of
the PBS core (see Fig. 1). Although structural data indicate that the
carotenoid chromophore of OCP is slightly burrowed into the PBS, the
distances from the PBS chromophores to the carotenoid within the PBS-
OCP complex stay extremely large (reaching up to 27.4-35.4 A [34]) to
confidently assign the mechanism of energy transfer within the frame-
work of known concepts. This contradiction raises questions on the
effectiveness and importance of OCP as photoprotector and its ability to
compete with photosystems for the energy flow from the phycobilisome
pigments.

In this work, we describe the results of anti-Stokes fluorescence
measurements of PBS and fragments thereof. The phenomenon of anti-
Stokes fluorescence is a special case of emission when the emitted
photon has more energy than the absorbed one. The background of this
process was unknown and debated until 1946, when it was solved by
Landau [40]. The conclusion was that only molecules in the thermally
excited states can contribute to anti-Stokes fluorescence, making it
significantly temperature-dependent. After identifying several unusual
features of phycocyanin anti-Stokes fluorescence [41] and attributing it
to the conformational mobility of the chromophores, our goal was to test
this approach on the entire PBS. In this work, we show that the anti-
Stokes fluorescence permits selective probing of the core PBS pig-
ments and provides new perspectives on PBS interactions with OCP.

2. Materials and methods
2.1. OCP expression and purification

The 6x His-tagged OCP from Synechocystis sp. PCC 6803 with two
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Fig. 1. A - schematic representation of the cyanobacterial phycobilisome structure and possible energy migration pathways. The OCP dimer is shown in red. The
legend on the right shows the main components of the antenna complex used in this work. B - the structure of the PBS core — OCP® complex according to the 7SC9
Protein Data Bank entry. Phycocyanin rods are not shown for clarity. Color coding according to panel A. C - ways of transformation of absorbed energy in the isolated

phycobilisome presented in the form of the Jabtonski diagram.
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point mutations (Y201A and W288A, OCP*) was produced in echine-
none- and canthaxanthin-synthesizing E. coli and purified as was
described earlier [42]. OCP** does not require photoactivation and is
not sensitive to high phosphate content in the medium, resulting in
persistent quenching of the PBS fluorescence upon mixing the samples.
For these reasons, and due to structural similarities [43] this protein is
used as a stable model of the active OCP® state.

2.2. Native PC isolation

The C-PC sample was purified from Arthrospira platensis as described
earlier [44]. Briefly, algae cells were harvested by centrifugation and
resuspended in 20 mM phosphate buffer (pH 7.0, containing 4 mM of
sodium azide), and then frozen and thawed 3 times. After subsequent
centrifugation (20,000 g for 5 min at 4 °C, the supernatant was collected.
(NH4)2S04 was added to a final concentration of 1.25 M and the samples
were centrifuged again to obtain a crude extract of C-PC, which was then
loaded onto a preequilibrated Macro-Prep Methyl hydrophobic chro-
matographic column. The column was then washed with phosphate
buffer containing 1.25, 0.9, 0.5 and 0.2 M (NH4)2SO4, respectively. The
eluent with a purity (absorbance ratio Ag0/A2g0) greater than 4.0 was
collected and concentrated with a 30 kDa ultrafiltration device. The
buffer of the collected sample was changed to 0.6 M phosphate buffer
(pH 8.0), and further purified using sucrose density gradient ultracen-
trifugation with a linear gradient of 0.2-0.5 M (16 h, 43,000 rpm, at
4 °C). This preparation was then lyophilized for long-term storage and
transportation. Phycocyanin fractions were identified by SDS-PAGE and
characteristic absorbance spectra recorded using a diode-array detector
in the course of the chromatographic separation. The fractions of the
main peak were collected and their SDS-PAGE indicated the presence of
two bands with the apparent molecular weight of 16 and 18 kDa, cor-
responding to a and  C-PC chains, respectively.

2.3. APC a-subunit isolation

For the expression of apcA gene from Synechocystis sp. PCC 6803, the
recombinant plasmid pCDFDuet-apcA-cpcEF-hol-pcyA was co-
expressed in E. coli BL21 (DE3) according to the protocols described
earlier [45-47]. The recombinant ApcA was then purified by metal af-
finity and size-exclusion chromatography.

2.4. Isolation of phycobilisomes

PBSs were isolated from wild-type Synechocystis sp. PCC 6803 cells as
described earlier [37]. The CK mutant of Synechocystis sp. PCC 6803 [4]
lacking phycocyanin, i.e. lacking peripheral rods of PBS, was used to
isolate the PBS cores. The APBLCM mutant of Synechocystis sp. PCC 6803
[48], lacking conventional PBSs, was used as a source of pure phyco-
cyanin resembling the PBS peripheral rods [12]. Cyanobacterial cells
were pelleted by centrifugation (7000 rpm for 15 min) and washed twice
with 0.75 M PBS buffer (pH 7.6). The cells were sonicated (160 cycles, 5
s sonication periods with 5 s gaps between them) in the 0.75 M phos-
phate buffer supplemented with Triton X-100 (2 % v/v) and incubated
for 40 min at room temperature. Then, the debris was removed by
centrifugation (15,000 rpm for 30 min). The supernatant was loaded
onto a linear (0.25-1.25 M) sucrose density gradient in 0.75 M phos-
phate (pH 7.6) for ultracentrifugation at 170,000 g for 3 h (41,000 rpm,
Beckman 70 Ti rotor, 20 °C). After centrifugation, the material was
collected from the bottom of each tube using a thin needle and a roller
pump. The sucrose concentrations were measured using a PZO RR 11
manual refractometer (PZO, Warsaw, Poland) for each fraction. The
phycobilisome integrity was verified by measuring fluorescence spectra
at 77 K. At 570 nm excitation, the spectrum of intact phycobilisomes is
characterized by a minor contribution of any states except 685 nm,
corresponding to the fluorescence of terminal emitters (data not shown),
which proves the high efficiency of energy transfer from the
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phycocyanin to the core and, consequently, the integrity of the
phycobilisome.

2.5. Time-resolved fluorescence measurements

Fluorescence decay kinetics were obtained using a time-correlated
single photon counting (TCSPC) detector with an ultra-low dark count
rate (HPM100-07C, Becker&Hickl, Germany), and an ML-44 mono-
chromator (Solar LS, Minsk, Belarus) used for tuning the detection
wavelength from 600 to 750 nm in 5 nm steps. The fluorescence spectra
were recorded using a 1 nm step. Regular Stokes fluorescence was
excited at 570 nm (repetition rate 80 MHz, pulse width 150 fs, average
optical power 3.2 mW) using the second harmonics of a femtosecond
optical parametric oscillator (TOPOL-1050-C, Avesta Project LTD,
Russia) pumped by a femtosecond Yb-laser (TEMA-150, Avesta Project
LTD). Anti-Stokes fluorescence was excited at 770 nm (repetition rate
80 MHz, pulse width 150 fs, optical power 685 mW) using the signal
output wavelength of the same femtosecond optical parametric oscil-
lator. The laser beam was defocused on the sample to a diameter of
about 6 mm to avoid two-photon excitation. The resulting photon fluxes
were about 0.2 and 32 pmol quanta m~2 s~ for 570 and 770 nm exci-
tation, respectively. The TCSPC time unit is 50 ns, which can be reduced
by a gain function up to 15 times, which, taking into account the
maximum number of time channels (4096), provides photon recording
in short steps from 12.2 down to 0.813 ps. Considering the frequency of
our fs generator (80 Hz), the corresponding detection interval was
chosen with the gain equal to 4, which corresponds to 12.5 ns. For
conventional fluorescence, we used 4096 time channels, which gives a
time step of 3.05 ps. For IR excitation experiments, we chose 1024 time
channels (a time step of 12.2 ps) to compensate for the much lower
fluorescence intensity level and to reduce the signal accumulation time.

The emission signal was collected perpendicular to the excitation
beam. To avoid the detection of scattered laser beam, the following
edgepass filters (Thorlabs, USA) were utilized: a longpass 600 nm filter
for Stokes fluorescence and a shortpass 750 nm filter for Anti-Stokes
fluorescence. The temperature of the samples was stabilized at 35 °C
by a cuvette holder Qpod 2e with a magnetic stirrer (Quantum North-
west, USA). The temperature dependence measurement of Anti-Stokes
fluorescence was investigated in the range from 5 to 60 °C with 5 °C
steps. All proteins were dissolved in phosphate buffer (0.75 M sodium
phosphate, pH 7.6), which is necessary for the integrity of PBS and its
core [49].

Global analysis fitting was performed for the time-resolved fluores-
cence spectra using the Matlab (USA) software. With global analysis, all
wavelengths were analyzed simultaneously with a set of common time
constants. An experimentally measured instrumental response function
(IRF) was used to approximate the fluorescence decay kinetics and to
determine the characteristic lifetimes. For this purpose, we recorded the
attenuated signal from the laser as scattering in water. The kinetic pa-
rameters were found by numeric nonlinear minimization of the solution
to fit the experimental data in the spectral interval of 600-750 nm and
the time range of 10 ps — 12.5 ns.

In the global analysis, the spectro-temporal matrix AA(4,t) is
decomposed in terms of a linear combination of n discrete exponential
functions P;(t) = exp( — t/7):

Qld)(1,2) =Y Di(2)-Pi(t—1) ® IRF(f) eh)
Here P;(t — t) ® IRF(t) denotes the standard convolution equation:
, . ! , t—7\
Pi(t—t)®IRF(t) = / IRF(t)-exp| — . dt @
JO i

We used the assumption, based on the general solution of a system of
linear coupled first-order differential equations, that the lifetimes, 1 =
{t:}, are independent of the emission wavelength 1 and hence can be
treated as “global” fit parameters. The wavelength-dependent pre-
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exponential amplitudes D;(1) associated with each lifetime 7; define the
Decay-Associated Spectra (DAS). For each set of lifetimes {r;}, the
spectral amplitudes D;(1) can be found by solving the Linear Least
Squares Regression (LLSR) problem following the standard methods of
data regression [50]. The optimum values of T are obtained by nonlinear
minimization of the normalized sum of squared residuals

Rl = (LM —n)"3 0 S (84 1) — QL) 1)

The post-processing and visualization of calculated data were per-
formed using the Origin Pro 2018 package (OriginLab Corp., USA).

All experiments were repeated at least three times on different pro-
tein preparations.

3

3. Results and discussion

When the PBS was excited at 570 nm, we observed a well-known
pattern of evolution of the time-resolved spectra (Fig. 2A). The posi-
tion of the fluorescence maximum gradually shifted to the red region,
which is known to reflect the transfer of electronic excitation energy
from the phycocyanin chromophores in the rods to the chromophores of
the phycobilisome core. To analyze changes in the fluorescence spectra,
we applied a global analysis, which allowed us to present the kinetic
data in the form of Decay-Associated Spectra (DAS). For clarity, we do
not show components with time constants of less than 40 ps. These may
be associated with fast energy transfer processes between neighboring
chromophores, but, given the temporal resolution of our setup
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(instrumental response function (IRF) is shown in Figs. 1F and 5F,
FWHM = 37 ps), we refrain from interpretation of these ambiguous
signals. Nevertheless, we can confidently attribute the 100 ps compo-
nent to the energy transfer from the rods to the PBS core due to the
characteristic shape of the DAS, which has a negative amplitude in the
670-680 nm region. To our surprise, the differences between Stokes and
anti-Stokes PBS fluorescence (Fig. 1B) appeared in the absence of energy
transfer from the rods to the core. Indeed, at 770 nm excitation, we
observed a minor DAS contribution with a time constant of about 120 ps
with a positive amplitude in the 660-680 nm region and a negative
amplitude in the 640 nm region (Fig. 1D), which can probably be
interpreted as an uphill energy transfer from the core to the rods. On top
of this, we observed a major component with a lifetime of 1.4 ns and a
maximum at 670 nm under short-wave and long-wave excitation, which
can be attributed to the fluorescence of allophycocyanin chromophores
in the PBS core, including terminal emitters. Thus, we can conclude that
PC rod fluorescence is excited to a significantly diminished level when
the PBS is excited in the near-infrared region. As a result, the steady-
state anti-Stokes fluorescence spectrum of PBS is slightly narrower
compared to the conventional spectrum (Fig. 1E) due to the absence of
the contribution of low-quantum yield PCs involved in energy transfer.
The second important observation is the direct excitation of the core
chromophores using infrared quanta, as evidenced by the faster rise in
the fluorescence signal in the kinetics at 680 nm (Fig. 1F).

Even looking at the time-resolved spectra (Fig. 1A and B) with the
naked eye, it is obvious that the PBS fluorescence signal looks much
simpler when excited in the IR. Thus, this mode of optical excitation
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Fig. 2. Time-resolved Stokes (A) and anti-Stokes (B) fluorescence spectra of isolated PBS in 0.75 M phosphate buffer excited by 150 fs laser pulses at 570 and 770 nm,
respectively. The fluorescence intensity is shown in color, the linear color scale is shown in each panel. Decay-associated spectra (DAS) of PBS fluorescence in the
Stokes (C) and anti-Stokes (D) regimes. The numbers indicate characteristic kinetic components derived from the global analysis of time-resolved fluorescence spectra
measured in the range from 600 to 750 nm. (E) — normalized steady-state Stokes (black) and anti-Stokes (red) fluorescence of PBS. (F) — fluorescence decay kinetics of
PBS at 680 nm excited by 150 fs laser pulses at 570 (black) and 770 nm (red). Note the break of timescale at 0.6-0.7 ns introduced for better presentation of
fluorescence rise kinetics. The instrumental response function (IRF) is shown in gray. Time zero is shifted from the IRF intensity maximum by 2 FWHM for better
presentation. The temperature of the samples was stabilized at 35 °C during all experiments.
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makes it possible to selectively probe the PBS core pigments and elim-
inate hundreds of rod chromophores involved in the entangled chain of
energy transfer from consideration. However, in order to focus on the
excitation energy conversion processes of interest in the interactions of
PBS with OCP, we need to ensure that we interpret the kinetic data
correctly and do not confuse the energy migration processes between
PBS chromophores and the conformational dynamics of the chromo-
phores. As we showed earlier, the conformational mobility of phyco-
cyanin chromophores can be due to spontaneous changes in its
oligomeric state [41]. On the other hand, recent work has demonstrated,
using structural methods [34], that the PC rods of PBS are able to move,
which probably can also affect the local environment of the

620 640 660 680 700
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chromophores and lead to changes in their lifetimes. In order to answer
this question, we decided to conduct additional experiments and
investigate the anti-Stokes fluorescence of the main building blocks of
PBS.

A comparison of the characteristics of Stokes and anti-Stokes fluo-
rescence of PBS components is shown in Fig. 3. The left column shows
the stationary spectra (Fig. 3A, B, C, and D), and to the right of these
panels are the results of the global analysis of the corresponding time-
resolved spectra (Fig. 3E-L). The seemingly simple case of the recom-
binant allophycocyanin a-subunit (ApcA) with a single chromophore
bound to the protein clearly demonstrates the differences between the
Stokes and anti-Stokes fluorescence of this class of fluorophores. The
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Fig. 3. Steady-state Stokes (black lines) and anti-Stokes (colored lines) fluorescence spectra of monomeric a-subunit of APC (A), trimeric cPC (B), PBS rods (C) and
PBS cores in 0.75 M phosphate buffer registered upon 570 and 770 nm excitation. Time-resolved spectra were recorded with a 150 fs laser pulse excitation at 35 °C.
To the right of the steady-state spectra, panels display the corresponding Decay-associated spectra (DAS) in the Stokes (E, G, I and K) and anti-Stokes (F, H, J and L)
regimes. The numbers indicate characteristic kinetic components derived from the global analysis of time-resolved fluorescence spectra.
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observed variations in the position of the fluorescence maximum with
respect to changes in the excitation mode of ApcA (Fig. 3A, E and F) are
likely related to the conformational mobility and, consequently, the
heterogeneity of the chromophore and also strongly resemble the
properties of phycocyanin that we described in detail earlier [41]. The
nature of these changes is related to the disruption of the planarity of the
chromophore, as a result of which the absorption spectrum is signifi-
cantly shifted to the red region, and the lifetime of the excited state is
reduced to several hundred picoseconds.

We would like to note that in the case of ApcA, the differences be-
tween the Stokes and anti-Stokes fluorescence spectra are greater
compared to PC, most probably because PC chromophores are stabilized
due to protein-protein contacts between the a- and f-subunits within the
cPC trimer, whereas such contacts are absent in ApcA monomeric
a-subunits. In the spectra of ApcA anti-Stokes fluorescence, a component
with a nanosecond lifetime is almost completely absent, although the
fast component also appears in the normal mode, its maximum position
differs by almost 60 nm (Fig. 3E and F), indicating significant hetero-
geneity in the electronic levels of the chromophores in a non-rigid
protein environment. Here we would like to remind our readers of the
hypothesis about the interaction of OCP and PBS due to the direct
contact of OCP’s keto-carotenoid and some bilin of the PBS. This pos-
sibility was discussed for the first time after experiments with cross-
linked proteins [51], which indicated that the N-domain of OCP is
burrowed between ApcA and ApcE. More recent structural data do not
reject the possibility of direct contact of the chromophores, showing that
the distances between the chromophores are quite small [34]. We would
like to note that if a carotenoid is indeed able to influence the configu-
ration of the chromophore, the latter can potentially turn into a trap for
excitation of neighboring core pigments. However, the possibility of
such conformational rearrangements has yet to be proven.

In the case of recombinant proteins or purified preparations of

BBA - Bioenergetics 1865 (2024) 149014

phycobiliproteins, the increased conformational mobility of chromo-
phores is not surprising, since such proteins lack the colorless linker
proteins that stabilize the antenna complex and are responsible for the
fine-tuning of the spectral characteristics of chromophores. Indeed, in
the case of PC rods, we see a much smaller contribution of states with
short lifetimes (140-280 ps) in both the Stokes and anti-Stokes modes
(Fig. 3 C, I, and J). This is probably the reason for the significant simi-
larity of the steady-state fluorescence spectra (Fig. 3C). In the case of
PBS cores, we also observe significant similarities between the station-
ary spectra of Stokes and anti-Stokes fluorescence (Fig. 3D), as well as an
almost complete absence of the contribution of fast components in the
fluorescence decay kinetics (Fig. 3K and L). Moreover, in terms of the
model for describing the fluorescence decay kinetics, the PBS core rep-
resents the simplest case and can be adequately approximated by a
monoexponential decay. Thus, we conclude that in high-quality PBS
preparations the fast components of the anti-Stokes fluorescence spectra
represent a minor fraction and are probably not related to spontaneous
chromophore isomerization, since such conformational changes are
hampered by stabilizing factors such as linker proteins and other
protein-protein contacts. We believe that anti-Stokes fluorescence can
be a test for the quality of PBS preparations, because in case of disrup-
tion of PBS integrity and/or contamination by individual PBS fragments,
the fluorescence spectrum will change significantly through the shifts of
the emission maximum.

For the subsequent assignment of the anti-stokes PBS fluorescence
and determination of the contributions of the core and rods to the total
signal, we performed additional experiments. As shown in our previous
work [2], the absorption spectrum of the complete PBS can be repre-
sented as the arithmetic sum of the absorption of the core and rods
(Fig. 4A). Decomposition of the PBS absorption spectrum into its com-
ponents makes it possible to estimate the ratio of the optical densities of
the core and rods at a given wavelength. Our estimates show that at 570
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Fig. 4. (A) - decomposition of PBS absorbance spectrum (black line). Red line represents the sum of contributions from PC rods (cylindrical PBS from APB-domain
mutant, blue area) and PBS cores (PBS from the CK mutant lacking PC, purple area). Numbers indicate the contribution of rods and cores to PBS absorption at 570
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proportions shown in panel A at 770 nm excitation.
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nm almost 94 % of the energy is absorbed by the rods due to the large
number of chromophores in these parts of the antenna, as well as a shift
in the absorption of the core into the red region. However, the accuracy
of optical density measurements is insufficient to estimate such ratios at
770 nm, so we applied an alternative approach by measuring and
comparing the fluorescence yields of PBS fragments. For this approach,
we took specific concentrations of cores and rods corresponding to their
absorption within the PBS (Fig. 4A) and compared their fluorescence
spectra with the fluorescence spectrum of the whole PBS. We found that
under excitation at 570 nm in the absence of the core, the fluorescence
yield of the rods is significantly higher, which is obviously due to the
absence of transfer of electronic excitation energy to the core pigments
(Fig. 4B). Under the same conditions, the core fluorescence yield is
extremely low due to the low extinction at 570 nm. At the same time, the
relative fluorescence intensity of the rods is about 96 %, which corre-
sponds well to the ratio of the optical densities of the rods and the core at
570 nm (Fig. 4A) and can be easily explained by comparable fluores-
cence quantum yields of major chromophore populations.

Obviously, at 570 nm excitation, the PBS fluorescence spectrum is
not a simple arithmetic sum of the rod and core fluorescence spectra
because of the energetic coupling. However, at 770 nm excitation, we
found that the situation is the opposite. In this case, we observe a
significantly greater emission from the core fluorescence, and the sum of
the spectra of the core and rods matches closely the intensity and shape
of the fluorescence spectrum of the whole PBS (Fig. 4C). This observa-
tion, first, shows that the core chromophores absorb significantly better
at 770 nm. Assuming that the quantum yields of the major states of the

1,5 40
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core and rods are equal (since their lifetimes are almost identical), we
can estimate the ratio of core and rod extinction coefficients as 2.5 to 1
at 770 nm. And second, it proves that at 770 nm the core and rods are
excited directly and independently of each other, while energy in-
teractions appear to be insignificant.

Next, we proceed to the description of the energetic interactions of
the PBS and OCP, which for clarity is presented in Fig. 5 in a similar way
as in Fig. 2. Analysis of the instantaneous PBS fluorescence excited at
570 nm (Fig. 5A) shows that, during the formation of the PBS complex
with OCP in the active state, energy transfer from the rods to the core
does not stop, but the contribution of the previously dominant state with
a lifetime of about 1.4 ns is significantly reduced (Fig. 5C), essentially
being replaced by a state with a lifetime of about 180 ps. When PBS-
OCP** complexes are excited in the near IR range, we observe no energy
transfer from the rods to the core, nor any signal from the rods at all. The
major component obviously corresponds to quenched allophycocyanin
chromophores of the PBS core. Thus, when excitation is performed at
770 nm, we directly excite the core pigments, which are then quenched
by energy transfer to the carotenoid in OCP. Given the fact that the
maximum position of the minor component is shifted relative to the bulk
APC peak (665 nm) into the red region by about 10 nm (to 675 nm), we
can attribute this signal to terminal emitters (ApcE and others). We
found no traces of energy transfer from red pigments to blue pigments
within the PBS core, probably because this process may occur rapidly
enough to be beyond the capabilities of our registration system; how-
ever, the increased lifetime of bulk APC indicates that it may be excited
indirectly after absorption of terminal emitters. It should be noted that
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in the case of regular excitation (570 nm), the fluorescence of terminal
emitters is masked by energy transfer (see Fig. 5C).

It may seem surprising that the lifetime of quenched APC chromo-
phores is about 120-250 ps, but it is worth recalling that there are about
60 pigments in the core, so probably the rather slow relaxation of
excited states is due to delocalization of excitation between pigments
with similar spectral characteristics. Undoubtedly, the anti-Stokes
fluorescence excitation mode allows us to greatly simplify the kinetic
scheme of the energy conversion processes in the PBS (Fig. 5D). The
absence of the contribution of rod chromophores to the spectra and ki-
netics allows the events in the phycobilisome core to be observed
without the need to take into account the energy transfer steps, which
occur at comparable rates with the OCP-induced non-photochemical
quenching. Thus, we believe that anti-Stokes fluorescence can provide
valuable insights into the mechanisms of energy conversion in photo-
synthetic light-harvesting complexes.

4. Conclusions

Near coincidence of the shapes of the long-living components of the
Stokes and anti-Stokes DAS of the entire unquenched PBS (Fig. 2)
demonstrates the effectiveness of the PBS functioning. Despite the type
of chromophore predominantly absorbing light, the emission occurs
from the PBS core. Indeed, at 570 nm excitation, about 93 % of the
energy is collected by PC rods, while at 770 nm, 71 % is collected by the
core pigments; thus, the long-living DAS components coincide as well as
the steady-state spectra. Thus, the use of low-energy excitation allows us
to selectively excite the chromophores in the PBS core without engaging
the rod pigments, which greatly simplifies the scheme of energy transfer
processes in the PBS.

We showed that the mobility of the phycobiliprotein chromophore is
maximized when there is a lack of stabilizing protein-protein contacts
from neighboring pigment-protein complexes and/or colorless linkers.
Given the conformational mobility of the phycobilisome structure [34]
and chromophores within the phycobiliproteins [41], the shift of the
anti-Stokes fluorescence maximum in the spectrum of the OCP-
quenched PBS samples (Figs. 2E and 5E) and corresponding DAS com-
ponents (Figs. 2D and 5D) can be treated in two ways. First of all, one
can state that OCP destabilizes the PBS structure and, therefore, pro-
vides for the appearance of some red-shifted chromophore sub-
populations. Taking into account recent results showing that the
phycobilisome can switch between several conformational states during
the transition from the light-harvesting state to the photoprotective state
by the movement of phycocyanin cylinders [34], this hypothesis may be
valid. Another possibility is that the integrity of the PBS was disrupted
by OCP, but this option seems unlikely because even in the detached
rods the contribution of long-wavelength fluorescence remained
minimal.

The observed increase in the decay time constants under 770 nm
excitation of the PBS-OCP complex (Fig. 5) implies, in particular, a
prolongation of the energy transfer pathway from the chromophore that
collected light to the special pigment that interacts with the carotenoid
in OCP. Excitation of terminal emitters (see Fig. 1) can contribute for the
increase in the decay time of bulk APC chromophores, as the rate and
efficiency of the uphill energy transfer will always be lower than the
ones of the downhill transfer.

Finally, we believe that the anti-Stokes fluorescence signatures
demonstrated in this work may be useful for studying the integrity of the
phycobilisome, its conformational mobility, and clarifying the mecha-
nism of OCP-dependent non-photochemical quenching.
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