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ABSTRACT

Cyanobacteria are thought to be responsible for pioneering dioxygen production and the so-called “Great
Oxygenation Event” that determined the formation of the ozone layer and the ionosphere restricting ionizing
radiation levels reaching our planet, which increased biological diversity but also abolished the necessity of
radioprotection. We speculated that ancient protection mechanisms could still be present in cyanobacteria and
studied the effect of ionizing radiation and space flight during the Foton-M4 mission on Synechocystis sp.
PCC6803. Spectral and functional characteristics of photosynthetic membranes revealed numerous similarities of
the effects of a-particles and space flight, which both interrupted excitation energy transfer from phycobilisomes
to the photosystems and significantly reduced the concentration of phycobiliproteins. Although photosynthetic
activity was severely suppressed, the effect was reversible, and the cells could rapidly recover from the stress. We
suggest that the actual existence and the uncoupling of phycobilisomes may play a specific role not only in

photo-, but also in radioprotection, which could be crucial for the early evolution of Life on Earth.

1. Introduction

It is well known that solar and cosmic radiation are lethal outside
the ionosphere of the Earth, which is composed of ionized nitric oxide
and dioxygen. Below the ionosphere, another thin atmospheric stratum,
the ozone layer, blocks a significant amount of UV-C and UV-B light.
Thus, di- and trioxygen essentially separate the surface of our planet
from Space, but it has not always been like that. During the first two
billion years of Earth's existence, its atmosphere contained no oxygen.
The radiation dosage arriving on the Earth's surface exceeded today's
level by approximately 15 times for UV and about 50 times for ionizing
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radiation (IoR) [1]. The situation changed after the appearance of
photosynthetic organisms, which were able to use water as a source of
electrons and evolved dioxygen as a side product. One must admit that
this strategy was very successful since the amount of oxygen produced
by microorganisms was sufficient to oxidize every mineral on the
Earth's surface and to create the atmosphere [2-4]. Although the Great
Oxygenation Event (GOE) took more than 900 million years to com-
plete, it was a dramatic and game-changing incident, which affected
biological diversity on our planet.

All modern geological and biological evidence indicates that com-
munities of cyanobacteria are responsible for the GOE [5], and it is
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often assumed that modern and ancient cyanobacterial species are quite
similar [6]. However, it is hard to believe that under different selection
factors, namely, in the presence and in the absence of UV-C, UV-B and
IoR, these primitive organisms remained unaltered over billions of
years of evolution since then. Here, we would like to focus on the se-
lection factors, which were crucial for cyanobacterial development
before the GOE.

First of all, oxygenic photosynthesis requires effective bioenergetic
conversion of light into the energy stored in separated charges and
chemically stable equivalents. The first step of this complex process
implies absorption of a photon by antenna pigments and transfer of the
excitation energy to the reaction centers of the photosystem [7,8].
Thus, antennas which transfer excitation energy to the photosystems
significantly increase the effective absorption cross-section of the re-
action center. In cyanobacteria, light-harvesting antennas consist of
large water-soluble pigment-protein complexes, phycobilisomes (PBs)
[9-15], the absorption of which in the visible spectral region is ac-
complished by linear tetrapyrroles, which are covalently bound to
specific cysteines of phycobiliprotein subunits of PBs. Different species
of cyanobacteria utilize spectrally different phycobiliprotein types
[16-18], with an overall quite similar structure, building up a mega-
dalton complex harboring thousands of chromophores [19]. PBs are so
large that they can be easily visualized in an electron microscope, and
in some cyanobacteria, reach up to 60% of total cellular protein and up
to 20% of dry cell mass [20]. Considering the efficiency of cyano-
bacterial photosynthetic apparatus and the robustness of their survival
strategy, which was developed prior to the GOE, it appears surprising
that most algae and all higher plants completely lack PBs, although it is
generally accepted that their chloroplasts had evolved from cyano-
bacteria [21] after endosymbiosis. This suggests that utilization of this
giant for light-harvesting only was not energetically favorable for algae
and plants, since evolution in eukaryotic photosynthesis developed
membrane-embedded light-harvesting complexes instead [22]. This
immediately raises the question what else were PBs so necessary for, on
top of light-harvesting in cyanobacteria?

Prior to the GOE, all living organisms were under pressure of other
selection factors, and, in particular, protection of the integrity of DNA
was vital. Several strategies were developed, including replication,
storage of multiple copies of the same plasmid, chromosome, and genes
[23], but from these, prevention of DNA damage was probably the most
efficient. A general way to prevent excitation/ionization of DNA is to
hide it behind some shield, which will be able to dissipate the energy
into heat, to scavenge radicals, or to sacrifice itself in any other way for
the greater good. This strategy probably became even more relevant
due to the appearance of oxygenic photosynthesis, which significantly
increases the probability of Reactive Oxygen Species (ROS) formation.
Defense from UV and ROS includes several lines — from secondary
metabolites like mycosporines and mycosporine-like amino acids [24],
and phlorotannins [25] to complex enzymatic systems like superoxide
dismutase, catalase, and glutathione peroxidase. Several examples of
protective proteins containing hundreds of aromatic amino acids are
known among different microorganisms. A particular (e.g, enzymatic)
role of such proteins is unknown, however, UV-protection and/or in-
volvement in the storage of certain amino acids is possible. One such
example is the S-layer carotenoid-binding protein of Deinococcus
radiodurans (gene DR_2577), an organism that is known for its extreme
ability to resist up to 200 times higher doses of IoR compared to Es-
cherichia coli [26]. Thus, one can assume that the development of large
protein complexes like PBs was beneficial for both, radiation protection
and light-harvesting, however, the last one probably was not manda-
tory. This hypothesis is supported by the fact that several Synechocystis
mutants completely lacking PBs [27] are able to grow autotrophically,
although being much more susceptible to environmental stress. Very
recently, a cyanobacteria living about 600 m under the surface of Earth
in total darkness was described [28], which shows that adaptation
mechanisms of these microorganisms know virtually no limits [29].
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Importantly, utilization of PBs would also require the development
of specific mechanisms regulating their energetic coupling with the
photosystems. One such mechanism, called “state transitions”, involves
redox-dependent redistribution of PBs between the two known types of
photosystems [30-33]. Which molecular cascade triggers this reaction
and how the mobility of PBs is regulated is poorly understood. Another
mechanism requires carotenoid-binding proteins which can induce
quenching of the excessive PBs photoexcitation, thus preventing ex-
citation energy transfer (EET) to reach the photosynthetic reaction
centers [34-40]. In some species like Synechocystis, PBs quenching is
triggered by photoactivation of the Orange Carotenoid Protein (OCP)
[41,42]; however, some species have multiple copies of full-length
OCP-like genes and its fragments (Helical Carotenoid Proteins — HCPs
[43,44] and C-terminal Domain Homologs — CTDHs [45]) which can
bind carotenoids, but not all of them are able to induce PBs quenching.
Recent studies demonstrated that carotenoid molecules, which are
known for their excellent antioxidant properties, can be transferred
from membranes into water-soluble HCPs via CTDH, with the state of
the latter being regulated by redox conditions [45-47]. The presence of
multiple completely different water-soluble carotenoid carriers, which
are not involved in direct PBs quenching, raises the question about their
present and past functional roles and their involvement into the photo-
and other protection mechanisms. We note that phycobiliproteins also
have antioxidant activity, and, as reported in some pilot studies, can
even stimulate radioprotection in lymphocytes from nuclear power
plant workers [48].

In this work, we present a study about one of the few biological
species which were able to survive during Foton-M4 satellite mission
[49], the cells of Synechocystis sp. PCC6803. In order to understand the
observed effects of the space flight, we conducted a series of in vivo and
in vitro model experiments using cyclotron-accelerated a-particles as a
source of IoR, which allowed us to propose the radioprotective role of
PBs.

2. Materials and methods

2.1. Cultivation of Synechocystis sp. PCC 6803 and the Foton-M4 satellite
mission

To generate the AApcE mutant of Synechocystis sp. PCC 6803, the
apcE gene was amplified together with 400 bp upstream and down-
stream DNA sequences and cloned into the pBluescriptKS/SK(+)
plasmid vector. Then, the HindIIl DNA fragment containing apcE gene
and 5’-untranslated sequence was deleted and replaced with the gen-
tamycin-resistance cassette. The CK mutant cells were transformed with
a recombinant plasmid carrying the AApcE deletion to yield Km®/Gm®
clones. The Km®/Cm® transformants were subcultured in the presence
of increasing concentrations of gentamycin to segregate the mutant
genome copies. Segregation was confirmed by PCR.

The cyanobacterial strains Synechocystis sp. PCC 6803 wild-type
(WT) and the CK/AApcE mutant thereof were grown photo-
autotrophically for 4-5days at 30 °C with a constant shaking in stan-
dard liquid BG-11 medium with the doubled concentration of sodium
nitrate under continuous Phillips cool-white fluorescent light of 40 uM
of photons m~2s~!. The CK/AApcE mutant was maintained in the
presence of 10 ug/ml of gentamycin and 80 pug/ml of kanamycin.

The experiment “BIORADIATION-F” was conducted within the fra-
mework of a collaboration of Lomonosov Moscow State University and
the Institute of Biological and Medical Problems of the Russian
Academy of Sciences. The task of this experiment was to study the
biologically significant characteristics of cosmic IoR and its impact on
biological objects in open space and satellite environments.

Prior to sending to Baikonur Cosmodrome (Kazakhstan), liquid cell
culture of Synechocystis sp. PCC 6803 was inoculated into 5-ml sterile
tubes poured with agar (0.6%) BG-11 medium containing glucose and
thoroughly mixed. Control samples were stored in the laboratory at
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21 °C in the dark for the entire time of the flight of the satellite mission.
At the Cosmodrome, samples were placed inside the satellite, into the
thermostatted chambers maintaining temperature at 21 °C. The Foton-
M4 satellite was sent into space on July 19, 2014, and spent 45 days on
the orbit at the average height of 575 km (http://biosputnik.imbp.ru/
eng/Foton4.html). Temperature inside the landing module was in the
range from 14 to 22 °C [50]. At the beginning of the Foton-M4 mission,
there was a communication failure, which was restored after eight days.
This incident resulted in a reduction of orbital mission duration. After
landing of the satellite, samples were delivered to Moscow and were
studied by various optical methods. Part of the culture which returned
from the space mission was placed into a liquid medium (BG-11) and
cultivated under normal conditions. A similar procedure was carried
out with the control samples kept in the laboratory.

2.2. Samples for in vitro experiments

PBs and phycocyanin (PC) were isolated from the wild-type
Synechocystis sp. PCC 6803 according to Ref. [51]. OCP with the N-
terminal His-tag was expressed in a carotenoid-producing E. coli strain
and purified as described in Refs. [51, 52].

2.3. Exposure to ionizing radiation

In order to model the effect of IoR by high (relativistic) energy
elements (HZE) of cosmic rays, we used a 120-cm cyclotron developed
at the Lomonosov MSU Skobeltsyn Institute of Nuclear Physics, which
allows obtaining accelerated helium nuclei (a-particles) with energies
up to 30.4 MeV. A beam of a-particles from the cyclotron was extracted
from the ion guide through 50-pm thick aluminum window into the air
and directed through a replaceable diaphragm onto a sample in a
1.0 mm cell covered with 20 um thick mylar film windows. The beam
was monitored by the magnitude of the charge on the diaphragm and
the cuvette with an absolute accuracy of absorbed dose determination
estimated as 30%, relative accuracy - not worse than 10%. The energy
loss of a-particles at the “window” of the ion guide, air layer, and mylar
film was 4.2 MeV so that the a-particles energy on the inner surface of
the film was about 26.2 MeV. The linear energy transfer (LET) of a-
particles with such energy is about 25 keV/um in water, and grows as
the particles in suspension slow down by approximately an order of
magnitude. The LET value of the particles at the entrance to the sample
chamber is close to the value of LET of the relativistic neon-magnesium
nuclei of galactic cosmic rays and then increases in the range, reaching
230 keV/um corresponding to heavier nuclei (Si), which allows simu-
lating the effect of heavy nuclei Solar Cosmic Rays and Galactic Cosmic
Rays [53,54]. Since the mean free path of an a-particle with an energy
of 26.2 MeV in water is equal to 0.45 mm, irradiation of the cuvette was
carried out from both sides of the cell. The value of the absorbed dose
was averaged over the entire volume of the cuvette and was equal to 30,
60, or 120 kGy.

2.4. Optical methods for the assessment of spectral and functional
characteristics of photosynthetic complexes in vivo and in vitro

Fluorescence measurements were performed by time- and wave-
length-correlated single photon counting system SPC-150EM with hy-
brid detector HMP-100-40 (Becker&Hickl, Berlin, Germany) as de-
scribed in [55]. Excitation was performed with a pulsed 405 nm laser
diode (InTop, St. Petersburg, Russia) and BDL-473-SMC (Becker&Hickl,
Berlin, Germany) laser delivering picosecond excitation pulses, driven
at repetition rates up to 50 MHz. Temperature of the sample was sta-
bilized by a Peltier-controlled cuvette holder Qpod 2e (Quantum
Northwest, Liberty Lake, WA). Fluorescence decay kinetics were ap-
proximated by a sum of exponential functions. Calculations were per-
formed using SPCImage (Becker&Hickl, Germany) software packages.

Measurements of steady-state fluorescence spectra and fluorescence
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excitation spectra were carried out on a modified Fluorolog 3 (Horiba
Jobin Yvon) spectrophotometer.

Absorption spectra were measured using a Lambda-25 spectrometer
(Perkin Elmer).

Fluorescence induction curves were recorded using a PSI-3500F1
fluorimeter (PSI). Variable fluorescence (Fv/Fm) was calculated ac-
cording to procedures described in [56-58].

All calculations were performed using Origin 9.1 (OriginLab
Corporation, USA). Each experiment except Foton-M4 satellite mission
was conducted at least 3 times.

2.5. ROS-induced bleaching of pigments in vitro

The photosensitizing activity of polycationic aluminum phthalo-
cyanines (AIPCs) was used to study the effect of ROS on PBs and OCP. In
order to induce ROS production, a mixture of AIPCs was illuminated by
a 200 mW red LED with the emission maximum at 635 nm (Thorlabs,
USA), which overlaps with the main absorption band of AlIPCs. In order
to prevent photoactivation of OCP by the red LED, the sample was il-
luminated through a 600 nm longpass filter (Thorlabs, USA). Upon il-
lumination of the sample, absorption in the visible range was recorded
using a MayaPro spectrometer (Ocean Optics, USA).

3. Results

3.1. Absorption measurements reveal that PBs are sensitive to ionizing
radiation

The main absorption bands of Synechocystis cells in the visible/near-
infrared (Vis-NIR) region of the spectrum are attributed to pigments of
the photosynthetic apparatus, namely chlorophyll a (Chl, main peaks at
440 and 680 nm) of the photosystems 1 and 2, carotenoids (shoulder at
~500 nm) and phycobiliproteins of PBs, which are dominated by phy-
cocyanin (PC, 623 nm). Fig. 1A shows characteristic changes in ab-
sorption spectra of Synechocystis sp. PCC6803 cells after exposure to IoR
and space flight. Upon an increase of the absorbed dose, we observed a
decrease of optical density in the regions of absorption of both Chl and
PBs. This effect was characterized by saturation for the Chl component
and was almost linear for the PBs component of the spectrum (Fig. 1B).
In vitro, comparable concentrations of isolated PBs were 50% bleached
already at 60 kGy, which may indicate that in vivo PBs are more stable,
or that the effect of ionizing radiation is divided between different cell
compartments. This was even more likely because of the layered
structure of the thylakoids, where each layer shields a layer under-
neath. Such protection density might not be reached in vitro. In all
experiments with cells, we observed a decrease of the PBs-to-Chl ab-
sorbance ratio (Fig. 1C), which indicates that PBs are more sensitive to
IoR stress than Chl containing compartments. We note that storage of
cells in the dark, even in the presence of glucose, resulted in a reduction
of PBs concentration, which is typical of different types of starvation
[59,60]. Reduction of PBs absorption was even more pronounced in the
cells which traveled into space via the Foton-M4 satellite, in total re-
sulting in a decrease of the PBs/Chl ratio comparable to the sum of the
effects of starvation and exposure to IoR. We consider it to be a lucky
coincidence that the duration of the space mission was shortened by
two weeks. Otherwise, the longer starvation period could have elimi-
nated the differences between the sample and the reference stored in
the laboratory.

3.2. PBs and Chl fluorescence reveal that ionizing radiation affects energetic
coupling of antenna and PS2

As we observed significant changes in concentrations of pigments in
Synechocystis cells exposed to different stress factors (Fig. 1), we ex-
pected differences in fluorescence intensity of the samples, which (in an
ideal case) would be proportional to the concentration and fluorescence
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Fig. 1. (A) - Absorption spectra of Synechocystis sp. PCC6803 cells before and after exposure to 120 kGy of a-particles (black and red lines, respectively) or the Foton-
M4 space mission (gray). The blue dashed line shows the absorption of isolated PBs. (B) — Dose dependency of the optical density of Synechocystis sp. PCC6803 cells
(PBs absorption, black; and Chl absorption, green) and isolated PBs (blue) from irradiation with a-particles. Absorption was normalized to O.D. values at 0 kGy. (C) -
Ratios of the optical density of Synechocystis sp. PCC6803 cells at 620 nm (PBs) and 680 nm (Chl) after different treatments. Control samples were stored in the
laboratory at 21 °C in the dark for the entire time of flight of the satellite mission.

quantum yield of the pigments [61]. In order to separate the effects of
IoR from concentration and the functional state of PBs, we used time-
resolved fluorescence spectroscopy with picosecond time resolution
(Fig. 2AB). Surprisingly, the reduction of PBs absorption was accom-
panied by an increase of the PBs fluorescence intensity, which is due to
the increase of PBs fluorescence lifetime and, hence, quantum yield
(Fig. 2C). Since under normal conditions PBs fluorescence is quenched
due to highly efficient excitation energy transfer (EET) to the chlor-
ophylls of the photosystems [9,20], we assume that the observed in-
crease in PBs fluorescence lifetime is due to uncoupling of PBs from the
photosystems. The decrease of the EET efficiency explains the char-
acteristic changes in steady-state fluorescence spectra, in which the
intensity of the PBs emission band (660 nm) significantly increases,
while Chl emission at 685 nm decreases (Fig. 2D) after exposure to [oR
or during the space flight. The decrease of Chl fluorescence intensity is
probably caused by a combination of several factors (i) decrease of the
EET efficiency form PBs, (ii) nonphotochemical quenching of Chl a
excited states and (iii) decrease of Chl concentration in photosystems.
Uncoupling of PBs from photosystems also explains the increase of the
initial level of fluorescence intensity (Fp) observed in the fluorescence
induction curves of the sample exposed to IoR (Fig. 2E). We found that
the so-called photosynthetic efficiency of PS2 (Fv/Fm) significantly
decreases with increasing radiation dose (Fig. 2F), which could be
partially explained by an increase of Fy; however, the activity of PS2 is
definitely affected, since no J-P phase could be observed at 120 kGy.
Thus, under IoR, PS2 gets into the Qg non-reducing state. Since the
value of Fv/Fm of cells which returned from space was close to zero, the
space flight also inactivated PS2. In contrast, the activity of PS2 of the
control sample, which stayed in the dark during the time of the space
flight, remained relatively high (Fv/Fm = 0.46), although the con-
centration of PBs antennas was significantly reduced (see Fig. 1C).
The most surprising effect was observed in experiments with PBs
isolated from Synechocystis cells. Since EET in PBs proceeds from blue
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(PC, emitting at 647 nm) to red pigments (allophycocyanines (APC) and
terminal emitters, at ~ 660 and 685 nm, respectively), we expected that
a-particles IoR may cause decoupling of the PBs rods (mainly phyco-
cyanines) and cores (mainly allophycocyanines), which would result in
an increase of the PC fluorescence quantum yield. Such PBs decom-
position would explain the observed increase of PBs lifetimes in vivo,
and also this mechanism was tempting, since it was proposed pre-
viously to explain effects of y-rays on Synechocystis cells [62], although
these authors were relying mainly on the results obtained from steady-
state spectroscopy. In contrast, we observed a decrease in PC and APC
lifetimes in isolated PBs under IoR (Fig. 2F). This fact, together with the
absence of a (significant) blue shift of PBs fluorescence emission in vivo
(Fig. 2D) indicates that, under IoR, PBs uncouple from the photo-
systems; however, PBs do not dissociate, since EET from PC to APC
remains effective. This shows that IoR-induced uncoupling of PBs oc-
curs in a controlled (and probably reversible) manner, similar to state
transitions. Since it is highly unlikely for cyanobacterial cells to have a
specific receptor for a-particles, we assume that PBs uncoupling from
photosystems could be a general protection mechanism which could be
triggered by multiple stress factors, and most probably ROS.

3.3. Ionizing radiation and ROS can induce photoprotective mechanisms in
vitro

It is known that the shape of the absorption spectrum, fluorescence
lifetime and quantum yield of phycobilins is determined by interactions
with the protein matrix, and denaturation of the protein causes sig-
nificant reduction of the fluorescence lifetime [63,64]. If this happens
when the phycobiliprotein is part of the PBs antenna, such a chromo-
phore becomes a trap for excitation energy, which will be dissipated as
heat. Since thermal dissipation of excitation energy is a major photo-
protection strategy for all cyanobacteria, which are endowed with an
OCP-dependent quenching mechanism of PBs fluorescence [41,65-671],
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Fig. 2. (A) and (B) - Time-resolved emission spectra of Synechocystis sp. PCC6803 samples before and after exposure to 120 kGy of a-particles, respectively. The color
represents the logarithm of the photon number in each time/spectral channel. Experiments were conducted at 25°C. (C) — Fluorescence decay kinetics of
Synechocystis sp. PCC6803 samples before (black) and after exposure to 120 kGy of a-particles (red), and after Foton-M4 space mission (gray, scaled) at 660 nm
emission. (D) - Steady-state fluorescence spectra of Synechocystis sp. PCC6803 samples before and after exposure to 120 kGy of a-particles (black and red, re-
spectively), Foton-M4 space mission (gray, scaled) and the control sample incubated in the dark for the duration of the space flight (light gray, scaled). Control
samples were stored in the laboratory at 21 °C in the dark for the entire time of flight of the satellite mission. (E) — Fluorescence induction curves of Synechocystis sp.
PCC6803 cells, color codes as in the previous panel. (F) — Dose dependency of fluorescence lifetimes of Synechocystis sp. PCC6803 cells and isolated PBs normalized to
the corresponding values at 0 kGy. The right Y-scale shows the dose dependency of the Fv/Fm ratio calculated from fluorescence induction curves (see panel E).

we decided to test how IoR affects the properties of phycobiliproteins
and OCP individually.

The absorption characteristic for PC gradually decreases under ex-
posure to IoR (Fig. S1A). At 120 kGy, less than 5% of the initial ab-
sorption of PC remains in the region from 500 to 700 nm. Surprisingly,
we found almost no change in fluorescence lifetime (data not shown),
although fluorescence intensity decreased tenfold, which indicates that
it was the concentration of chromophores that decreased. This is in line
with the observed gradual decrease of the intact protein bands at 17
and 22kDa [15] resolved by SDS-PAGE (Fig. SIB). We expected new
bands on the gel, representing shorter fragments of peptide chains, or a
gradual decrease of the molecular weight of PC polypeptides, but this
was not the case. Most probably, the exposure stochastically disin-
tegrates polypeptides, creating multiple protein forms which together
represent a continuum ensemble non-detectable by Coomassie staining,
instead of a set of discrete species like when a proteolytic degradation
takes place. Thus, IoR reduces the concentration of PC in solution, but
there was no evidence for accumulation of phycobilins released into
solution or of denatured protein with phycobilins still bound and sol-
vent-exposed. The bleaching of PC pigments upon exposure to IoR
could be explained by two major reasons: (i) direct impact of a-particles
and (ii) generation of ROS in traces of a-particles. Indeed, we observed
similar gradual bleaching of PC in experiments in which ROS was
generated by a photosensitizer (data not shown). However, even more
interesting effect was found in experiments with OCP.

The OCP chromophore is also bleached upon generation of ROS in
vitro, but during this process, the protein converts into a state with the
red-shifted absorption spectrum (Fig. 3), typically accompanying its

photoactivation process [42]. Upon illumination of OCP by the same
red-light source in the absence of AIPCs as a photosensitizer, we ob-
served no changes in the absorption spectrum (data not shown).
However, in the presence of AIPCs, which are characterized by a high-
yield ROS production [68], all absorption bands of OCP in the visible
region of the spectrum gradually disappear (Fig. 3A). The changes in
0.D. below 500 nm (Fig. 2C) could well be approximated by a single
exponential decay component. At the red flange of OCP absorption, the
time course is more complex and even exhibits a rising part at the be-
ginning of the experiment. An O.D. increase in 500-600 nm spectral
range is characteristic of the accumulation of the red active signaling
state of OCP [55,66]. According to our results, a ROS-induced increase
of O.D in 570 nm region is equivalent to 20% of changes which occur
upon OCP photoactivation (Fig. 3B). Thus, ROS stress induces the
transition of OCP from its stable orange state into the red form which by
analogy with the well-studied red photoactivated OCP [52,69], is most
likely capable of PBs binding and fluorescence quenching. Indeed, it is
known that OCP could be activated “chemically” by high concentra-
tions of chaotropes, for example, 1.5M NaSCN [52,69], thus destabi-
lization of the native OCP structure is expected to trigger conversion
into the red state, equivalent to photoactivation. Along these lines, the
nonspecific action of ROS can also destabilize and thereby activate
OCP. This observation is important for the understanding of photo-
protection in cyanobacteria since it shows that protective mechanisms
could be activated not only by strong light but a variety of stresses in
general, including ROS and cosmic radiation.
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Fig. 3. Bleaching of the carotenoid chromophore of OCP under photoinduced
ROS production by aluminum phthalocyanine (AIPC). (A) — Absorption spec-
trum of an OCP/AIPC mixture before and after illumination of the sample by
red light triggering ROS production by AIPC. (B) - Difference spectrum in-
dicating accumulation of red forms of OCP after 800 s of ROS production (black
line) in comparison to photoactivation of OCP by actinic blue light (red dashed
line). (C) - Kinetics of OCP bleaching, measured as changes of O.D. at 470 and
570 nm. Red dashed line shows how absorption of OCP would change at 570 nm
if it was determined by bleaching with the same rate constant as at 470 nm. The
blue curve represents kinetics of the red OCP accumulation (see text for details).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

3.4. PBs presence affects the viability of cyanobacteria but not the growth
rate

In order to test our hypothesis about the radioprotective role of PBs,
we exposed cells of WT Synechocystis and its mutants lacking PBs (CK
and CK/AApcE) to 30 kGy of a-particles and further analyzed viability
of the cultures by SYTOX Green via fluorescent microscopy and growing
on solid media. Here we must note that cell death (lysis) immediately
caused by absorption of a-particles and that followed by changes of
viability are of completely different nature. The first is due to the da-
maging effects of ROS, while the second is a result of the DNA damage
affecting the reproduction cycle. The difference in cell density on solid
media is a combination of both effects and depends on the total number
of viable cells, while fluorescent microscopy allows estimation of the
fraction of the “damaged” culture which will be eliminated after several
division cycles (Fig. S3B).

On solid BG-11 media, exposed cells of the mutants covered
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approximately the same space as a corresponding control sample, di-
luted 10 times (Fig. S2A, Fig. S3A), while the WT density was reduced
only by half. This shows that mutants devoid of PBs are roughly 5 times
more sensitive to ionizing radiation compared to WT Synechocystis. In
the liquid medium, control samples and cells which survived after ex-
posure to 30 kGy of a-particles had similar growth rates, although the
photoautotrophic growth of CK/AApcE mutant was slightly slower
compared to WT cells (Fig. S2B). Using SYTOX Green fluorescent dye
and fluorescent microscopy, we found that the exposure to 30 kGy of a-
particles causes a decrease in remaining cell viability (97 = 3% in all
control samples) to 76 * 2% in WT, 46 = 7% in the CK mutant and
76 = 5% in CK/AApcE (Fig. S3C). As the main difference between the
organization of photosynthetic membranes of the CK and CK/AApcE
mutants is the connectivity of PBs with photosystem(s), which is lost in
CK/AApcE, we can assume that the genetically induced detachment of
PBs helped the CK/AApcE mutant to reduce negative effects of ionizing
radiation on the cell cycle.

These observations support our suggestion that the presence and
energetical coupling of large antennas with photosynthetic reaction
centers could be crucial under stress conditions since PBs can be da-
maged and easily degraded and replaced (like S-layer proteins of
Deinococcus radiodurans) preventing damage of DNA and other fragile
cellular components, whereas under normal conditions, the main, but
not obligatory role of PBs is light-harvesting.

4. Discussion

Both, the examination of the panspermia hypothesis and the ex-
ploration of possibilities for mankind to leave Earth and to send seeds of
Life to other planets requires estimation of the influence of space flight
conditions on major physiological functions and the viability of dif-
ferent species in general. Since relatively primitive life forms were able
to successfully survive in harsh conditions during the early stages of
Earth's history (and even today, see e.g. Deinococcus radiodurans [26])
and are considered as possible pioneers in colonization of other planets,
their safe transportation is a challenge for future space missions. Among
the stress factors, cosmic rays represent a major concern due to their
ionizing ability. Thus, the evolution of the species preceding the for-
mation of protective shields of the ozone layer and ionosphere ob-
viously required the development of radioprotective mechanisms.

In this work, we analyzed the effects of space flight during the
Foton-M4 mission and of direct irradiation by a-particles with energies
of about 30 MeV equivalent to cosmic rays on the functional organi-
zation of the photosynthetic apparatus and primary stages of photo-
synthesis of the cyanobacterial strain Synechocystis sp. PCC6803. In
order to study the action mechanism of irradiation with a-particles, we
also performed experiments on the components of the photosynthetic
apparatus at different levels of organization from whole cells over su-
percomplexes of light-harvesting proteins down to individual protein
components. We found that the light-harvesting antennas - phycobili-
somes - are extremely sensitive to IoR in vitro. The differences in effects
observed in vivo and in vitro indicate that cyanobacteria (still) have
general protection mechanisms and durability, which probably allowed
them to survive and evolve during early stages of the Earth's history,
long before the GOE. We found that Synechocystis sp. PCC6803 can
uncouple PBs from photosynthetic membranes (Fig. 2), which could be
the first step to prevent radiodamage and overexcitation of the photo-
systems. This event requires mobility of the PBs antennas, which is also
observed during state transitions [66]; however, in this case, mobili-
zation is rather triggered by ROS stress than by the cellular redox state.
We also found signatures of OCP activation by ROS which may trigger
OCP-dependent photoprotection under stress conditions. Such a com-
bination of protective mechanisms allows to prevent damage to the
photosystems and to keep PBs quenched while being detached, in order
to prevent additional ROS production. Probably, water-soluble car-
otenoid-containing proteins from the OCP superfamily could be
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involved in such regulatory processes. Some of the recently discovered
types of helical carotenoid proteins (HCPs), which are homologs of the
OCP N-terminal domain, do not interact with PBs and have no function
assigned yet [43]. Also, at the moment it is completely unclear if HCP-
induced PBs fluorescence quenching could be reversible and which
system regulates this process. It is conceivable that HCPs could be
remnants of ancient protective mechanisms, or that the site of their
interaction with PBs is not available in the native state of the PBs. These
hypotheses require more experimental scrutiny, since at the moment,
even for the most comprehensively studied OCP from Synechocystis, the
exact site of interaction with PBs remains unknown [70,71].

The production of huge amounts of proteins to sacrifice them in
order to salvage DNA from damage is thought to be a general strategy
for microorganisms to survive at high levels of IoR. Species like
Deinococcus radiodurans are living proofs that this simple strategy works
perfectly [72]. We can assume that extant cyanobacteria like Synecho-
cystis inherited relics of this protective mechanism even in the absence
of excessive IoR stress due to the involvement of PBs in photosynthesis,
which gave them numerous other competitive advantages. It is not clear
whether PBs had both radio- and, more general, ROS-protective as well
as light-harvesting functions from the beginning since we know little
about the evolution of PBs. However, we can postulate that in the ab-
sence of IoR as a selection factor both of these roles became advanta-
geous, since both, optimization of light-harvesting and protection
against ROS stress, are persistent issues for successful propagation of a
species. Perhaps some of these questions could be answered by con-
sidering the reasons for the loss of PBs in most algae and all higher
plants from the perspective of functional diversity of these mega-
complexes.

After the space mission and exposure to high doses of IoR,
Synechocystis sp. PCC6803 cells were able to grow autotrophically again
and produced cultures with spectral and functional characteristics in-
distinguishable from the control samples. As approved space veterans,
they are now introduced into the collection of microorganisms of
Biological Faculty of Lomonosov Moscow State University.
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