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ARTICLE INFO ABSTRACT

Keywords: The phycobilisome (PBS) is a giant highly-structured pigment-protein antenna of cyanobacteria and red algae.
Phycobilisome PBS is composed of the phycobiliproteins and several linker polypeptides. The large core-membrane linker
Cyanobactgria protein (Lcy or ApcE) influences many features and functions of PBS and consists of several domains including
Sgcliofg"tem the chromophorylated PB-domain. Being homologous to the phycobiliprotein a-subunits this domain includes a

so-called PB-loop insertion whose functions are still unknown. We have created the photoautotrophic mutant
strain of the cyanobacterium Synechocystis sp. PCC 6803 with lacking PB-loop. Using various spectral techniques
we have demonstrated that this mutation does not destroy the PBS integrity and the internal PBS excitation
energy transfer pathways. At the same time, the deletion of the PB-loop leads to the decrease of connectivity
between the PBS and thylakoid membrane and to the compensatory increase of the relative photosystem II
content. Mutation provokes the violation of the thylakoid membranes arrangement, the inability to perform state
transitions, and diminishing of the OCP-dependent non-photochemical PBS quenching. In essence, even such a
minute mutation of the PBS polypeptide component, like the PB-loop deletion, becomes important for the

concerted function of the photosynthetic apparatus.

1. Introduction

The phycobilisomes (PBSs) are giant (5-20 MDa) phycobiliprotein
antenna complexes associated with the thylakoid membranes of cya-
nobacteria and red algae. The phycobiliproteins are formed by a and 8
polypeptides with covalently bound phycobilin chromophores and self
associated in (aff) monomers, than in discoidal (af3); trimers, and finally
in (aff)¢ hexamers. PBS consists of two main structural subcomplexes:
the central core composed of trimeric allophycocyanin (APC) discs
stacked into cylinders, and the lateral cylindrical rods radiating from
the core. The rods consist of hexameric phycocyanin (PC) and/or some
other phycobiliproteins. Several colorless and chromophorylated linker
polypeptides are associated with the phycobiliprotein discs optimizing
energy transfer and maintaining PBS integrity (for comprehensive re-
views see Refs. [1-5]).

The hemidiscoidal PBS of the model cyanobacterium Synechocystis

sp. PCC 6803 (hereafter Synechocystis), has the tricylindrical core and
six lateral rods. Each core cylinder is composed of four APC trimers.
Two tightly packed parallel basal cylinders of the core contact the
thylakoid membrane, whereas one upper cylinder is located in the
central furrow between them. The external APC discs bind small col-
orless ApcC linker polypeptide [6,7]. The bottom core cylinders contain
minor APCs: the apcD gene product or the a-subunit of APC B [8,9], the
apcE gene product or core-membrane linker protein, Ley [10], and the
apcF gene product or 8 polypeptide [9,11]. Similar to the bulk APCs
all the minor polypeptides carry one but red-shifted phycocyanobilin
chromophore.

For today, the precise study of the PBS architecture by the single-
particle electron microscopy [12-14] and various other methods [1-
6,15] is limited by insufficient data on ApcE protein spatial structure
[13]. The ApcE is known to be the largest and most complicated
polypeptide of the PBS [2,10]. Its molecular mass varies in the range of
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70-128 kDa depending on the organism [1]. Biochemical studies of the
isolated ApcE are rare due to its poor solubility and easy precipitation
[16-19]. The apcE gene, encoding the Lcy, has been cloned and se-
quenced [10,20,21]. The C-terminal part of Synechocystis ApcE contains
three structural REP domains of ~ 120 residues long and unstructured
Arms between them [1,10,20,22]. The N-terminal domain of ApcE (PB-
domain) is 47-55 % similar to the aAPC subunit; their secondary and
tertiary structures are also similar according to the X-ray and homology
modeling results [23-25]. The chromophorylated PB-domain replaces
one aAPC in one of the middle APC trimers in each of the core basal
cylinders [9,26,27] and includes an unstructured loop (PB-loop) of
approximately 50-70 amino acid residues long. The PB-loop has no
homology to other parts of PBS [10] and most probably sticks out of the
PBS core surface [22,24,25,28]. The complex molecular structure of
ApcE hinders its structural analysis. The whole ApcE was not yet
crystallized, but some crystallographic data were obtained for the iso-
lated PB-domain lacking the hydrophobic PB-loop [24] and for some of
the isolated REP domains (PDBIDs: 2KY4, 2106, 30SJ, and 20HW).

Since ApcE can be copurified with the isolated chlorophyll-con-
taining membrane fractions [29,30], it was postulated that the ApcE
protein anchors PBS to the thylakoid membrane (hence the another
name “anchor” polypeptide, or “core-membrane linker” [1,28]). In
Synechocystis, the number of the REP domains equals the number of the
APC cylinders in the core [1,10,20,22] and the structure of the REP
domains is highly similar to one of the two domains of the rod PBS
linkers [4]. It was proposed that ApcE fastens together the APC discs in
the core cylinders. Due to the strong overlap of the PBS fluorescence
emission with the chlorophyll absorption, ApcE together with ApcD are
generally accepted to be the excitation energy transmitters from the
bulk PBS chromophores to the photosynthetic reaction centers of pho-
tosystems II and I (PSII and PSI; reviewed in Refs. [1,30,31]).

In cyanobacteria, the mechanism of non-photochemical quenching
differs from that in the green plants [32]. The carotenoid molecule is
incorporated into the water-soluble orange carotenoid protein (OCP)
rather than to the membrane antenna complex [33]. The PB-domain of
ApcE is an obvious candidate for the role of OCP binding site, as the
direct interaction of OCP and ApcE was demonstrated in vitro [19], and
in the cross-linking experiments [34,35], although some other possi-
bilities are still under discussion [33-36].

Functional role of ApcE was investigated by gene disruption: several
apcE lacking cyanobacterial strains were obtained but it turned out that
in this case the PBSs did not assemble [37-40]. There were several at-
tempts to delete the ApcE chromophore by site-directed mutagenesis:
the phycocyanobilin-binding Cys190 residue has been replaced by
serine [41-44]. However, in these mutants the chromophore became
noncovalently self-associated with the corresponding pigment pocket of
ApcE. Its fluorescence emission peak was red-shifted from 680 to
710-715nm, as in the ApcE2 protein from the FARLiP cyanobacterial
species (reviewed in Ref. [45]). In another kind of the ApcE mutant
with deleted whole PB-domain, the assembled hemidiscoidal PBSs were
not able to associate with the thylakoid membrane and therefore the
cells have lost the PBS-dependent functions [46]. At the same time, the
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steady-state fluorescence and absorption spectroscopy at the room
temperature did not reveal any effects on PBS assembly or energy
transfer functions in the PB-loop lacking strain of the cyanobacterium
Synechocystis sp. PCC 6714 [40].

Therefore, in order to evaluate the role of the PB-loop in functioning
of the PBSs and whole pigment apparatus of cyanobacteria, we have
created the mutant of Synechocystis (APB-loop mutant) with an in frame
deletion of the PB-loop. The objective of this study was in an in-depth
analysis of the APB-loop mutant with respect to the photosynthetic
apparatus function.

2. Materials and methods
2.1. Cultivation conditions

The cyanobacterium Synechocystis sp. PCC 6803 wild type (WT) and
its APB-loop mutant were grown autotrophically for 4-5 days at 30 °C
with constant stirring in standard liquid BG-11 medium with the dou-
bled concentration of sodium nitrate under continuous Phillips cool-
white fluorescent light of 40 umolm~2s~*. The APB-loop mutant was
maintained in the presence of 20ugmL~' of chloramphenicol and
100 ug mL ™! of kanamycin. Cultures in the late exponential phase (Fig.
S1A) were harvested and used for further experiments.

2.2. Construction of the APB-loop mutant

To generate the APB-loop construct without frameshift, we deleted
253-429 bp DNA fragment from the apcE start codone. The first DNA
fragment with artificial restriction sites for Kpnl and EcoRI containing
1012 bp upstream of the apcE gene and 252 bp from the start of the apcE
gene was amplified with the primers 5 -TTGGTACTCTGGTGTGTTGT
AGCC-3' and 5 -TAGAATTCGTAGGAGAGGGGGGAAC-3'. The second
fragment carrying the restriction sites for EcoRI and BamHI, containing
431-871 bp fragment of apcE was amplified with the primers 5’ -TTG
AATTCTACGGTCCCAGCAACAT-3’ and 5’ -TAGG-ATCCAAAGGTGGTG
ATGAACT-3'. Both fragments were cross-linked at the EcoRI site and
inserted into the pBluescript II SK(+ ) plasmid at the Kpnl/BamHI sites.
The kanamycin resistance cassette was inserted upstream from the apcE
gene at the Sall site. Then, the terminal part (starting from the BgIII site)
of the inserted apcE gene fragment was replaced by the Bglll/Xbal
fragment containing the rest part of the full-length apcE gene and the
downstream insertion of the chloramphenicol resistance cassette, as
described earlier [46]. The WT cells of Synechocystis were transformed
with recombinant plasmid carrying the apcE gene with PB-loop deletion
to yield Km®/Cm® clones. The Km®/Cm"® transformants were sub-
cultured in presence of the increasing concentrations of the antibiotics
to segregate the mutant genome copies. Segregation was confirmed by
PCR with primers specific for the flanking regions of deletion: Fw:
CCGTCGCAGAGCACACCATC and Rev: TGCTTGCGGTAGAGGGGA
(Figs. 1, S1B) and by the sequencing (Fig. S2). Three independently
segregated mutant strains were used for the analysis.

KmR CmR Fig. 1. The apcE locus in the Synechocystis sp. PCC 6803
genome (top) and the domain structure of the ApcE protein
(bottom). The region deleted in the mutant strain is marked
R . .
Salt EcoRI EcoRI Bglll Dral Xbal as % Km" corresponds to t}.le kanal.nycm resistance cassette,
Cm" denotes chloramphenicol resistance cassette. Fw and
— | Rew arrows indicate the position of the PCR primers used for
Fw A Rew the segregation quality confirmation.
= —
—
sll0295 PB-loop apcE (slr0335) slr0337
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2.3. Phycobilisomes isolation

The PBSs were isolated according to the method of Glazer [47]. The
WT and mutant Synechocystis cells were harvested by centrifugation
(10 min, 7 000 rpm), than washed twice in 0.75 M K-phosphate buffer,
pH 7.6 and collected by centrifugation (15 min, 10 000 rpm). Then cells
were resuspended in the same buffer and passed twice through the
French press Thermo Cell Disrupter at 20 000 psi. Triton X-100 was
added to the suspension to a final concentration of 2 % (v/v) to release
the PBSs from the thylakoid membranes. After 60 min incubation
(20°C) at constant shaking, the unbroken cells and debris were re-
moved by centrifugation (30 min, 15000 rpm). The supernatant was
loaded onto a linear (0.25-1.0 M) sucrose density gradient in 0.75 M K-
phosphate buffer (pH 7.6) for ultracentrifugation at 140000 g for 3h
(37 000 rpm, Beckman 70 Ti rotor, 16 °C). A linear sucrose gradient was
prepared from 13 ml of 0.25M and 13 ml of 1.0 M sucrose solutions in
0.75M K-phosphate buffer using a gradient mixer (Biocompare, USA).
After the ultracentrifugation, the material was collected from the
bottom of each tube using a thin needle and roller pump. The gathered
narrow blue-colored zone was used for further analysis. The sucrose
concentration was measured using PZO RR 11 manual refractometer
(Poland).

2.4. Protein electrophoresis

The PBS-containing fractions were diluted by 0.75M K-phosphate
buffer to reduce the sucrose concentration in the sample to 0.2 M. The
proteins were then precipitated by the solid ammonium sulfate to a
final concentration of 30 %. After collection by centrifugation (30 min,
16, 000 rpm), the precipitate was resuspended in 50 u L of distilled
water and dialyzed overnight to remove the rest of ammonia. Aliquots
of the PBS solution were mixed with equal volume of the sample buffer
(62.5mM Tris-HCl, pH 6.8, 2 % SDS, 10 % glycerol, 5 % B-mercap-
toethanol, 0.004 % bromphenol blue), and then heated to 70 °C for
5min. Proteins were analyzed by 10 % Tricine-SDS-PAGE [48] in
BioRad Mini Protean System (0.75 x 75 mm). The gels were stained in
colloidal Coomassie brilliant blue G.

2.5. Absorption spectra measurements

The room temperature absorption spectra of the cells and isolated
PBSs were recorded using a modified Hitachi-557 double beam spec-
trophotometer (Japan) with the slit width of 4 nm in 5 mm cuvettes or a
Varian 2300 UV-Vis spectrophotometer (USA) with a slit width of 2 nm
in 2mm cuvettes for the samples with high scattering property. The
77 K absorption spectra of the isolated PBSs were measured using
standard Hitachi-557 spectrophotometer sample holder with a slit set to
2nm. To minimize the light scattering of the frozen samples they were
diluted with glycerol to the final concentration of 60 %. Chlorophyll
concentration was determined according to Lichtenthaler [49].

2.6. Steady-state fluorescence spectra measurements

The fluorescence emission spectra were recorded with a Fluorolog-3
instrument (Horiba Jobin Ivon, Japan). Cell spectra were measured in
the growth culture medium and the isolated PBS spectra — in 0.75 M K-
phosphate buffer (pH 7.6) at 0.69 M sucrose concentration immediately
after gradient ultracentrifugation to avoid dissociation of the PBSs. The
room temperature measurements were performed in standard cuvettes
with 5 mm optical path, while the 77 K measurements — in glass tubes
with an internal diameter of 2 mm. The spectra were recorded upon
excitation at 440 nm (chlorophyll) or 580 nm (PBS). The bandwidth
was 3nm for the excitation light and 2 nm for the collected light. The
individual traces were averaged, baseline-corrected and smoothed by
the instrumental software. Optical density of the cell and isolated PBS
samples was equal to 0.1 at 678 and 620 nm, respectively.
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For the measurements of the OCP-dependent non-photochemical
PBS fluorescence quenching, the samples of the WT Synechocystis and
APB-loop mutant cells were either adapted to the darkness for 20 min or
were illuminated with intense (1100 pmol m ~%s~!) blue-green light for
10 min to induce the OCP® — OCPR phototransformation. White light
from the 650 W halogen lamp (OSRAM) was filtered through the
430-540 nm bandpass and IR-cutoff KG SCHOTT glass filters to obtain
the blue-green light.

The state transitions in the WT Synechocystis and mutant cells were
monitored in the steady-state spectra by the low temperature fluores-
cence emission measurements under the PBS excitation. The samples
were dark-adapted for 15 min to induce the state 2. The state 1 was
induced by a subsequent 3min exposure to the far-red light of ~
100 umolm ™25~ ! generated by the KS-18 cut-off glass filter (LOMO,
Russia) and 650 W halogen lamp (OSRAM). The cells were frozen in
liquid nitrogen in presence of 20 uyM DCMU after adapting to the dark
or to the corresponding illumination and used for measurements [50].

2.7. PAM fluorescence measurements

The kinetics of the PSII fluorescence induction in the WT
Synechocystis and mutant cells were monitored using PAM-101 fluo-
rometer (Walz, Germany). The modulated 1.6 kHz low intensity mea-
suring light of 1 ymolm~™?s~! had a maximum at 650nm and the
fluorescence was detected at wavelengths beyond 700 nm. The fluor-
escence induction kinetics were measured following the switch on of
the 580 nm actinic light of 80 umolm~2s~! provided by a KL-1500
illuminator (Schott, Germany) with the appropriate interference band-
path filter (BPF-580, half-width 35 nm, Photooptic, Russia). The time of
the cell samples dark adaptation was 15 min, illumination time was
50 s. Measurements were carried out at a chlorophyll concentration of
10 ug/mL in 1 cm stirred cuvette in presence of 20 uM DCMU. The in-
tensity of the actinic light was controlled by the Quantitherm quant-
ometer (QRT1, Hansatech, Germany).

2.8. Photooxidation of P700

The redox transitions of P700 were evaluated according to the
changes of the absorbance at 810 and 870 nm measured at room tem-
perature with a modulated detection system consisting of a PAM-101
control unit and a dual-wavelength emitter-detector unit ED-P700 DW
(Walz, Germany) [51]. The high power LEDs (620 and 730 nm, Walz)
were used for the samples excitation. The excitation light intensity was
in the range from 15 to 1850 umolm~%s~ ' that was controlled using
the Optical Power Meter System (Thorlabs, Germany). Measurements of
P700 phototransformations were performed in the presence of 20 p M
DCMU added to the samples after 15min of the dark adaptation. A
chlorophyll concentration was 10u g/mL. The P700 photooxidation
and P700™ reduction rate constants were calculated as described in the
Appendix.

2.9. Steady state oxygen evolution measurements

The PSII-mediated activity of the whole linear electron transport
chain was evaluated according to the measurements of the light-de-
pendent oxygen evolution by the cell suspension in culture medium
(chlorophyll concentration was 20 u g per mL) by a Clark-type oxygen
electrode (Oxygraph, Hansatech Instruments) in a 1 ml stirred cuvette
maintained at 28 °C. The high power LEDs (3 W) were used for the il-
lumination (440 and 590 nm; 160 and 140 ymol m™~2s~ !, correspond-
ingly). Photosynthetic activity was determined as a difference between
the net oxygen evolution in the light and oxygen consumption in the
following dark.
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2.10. Transmission electron microscopy

The cells were collected by centrifugation (10000g, 15 min) and
fixed in a 2 % glutaraldehyde solution in a 0.05 M cacodylate buffer (pH
7.2) for 1h at 4°C. Then, the material was washed three times in a
0.05M cacodylate buffer (pH 7.2) and additionally fixed in a 2 % so-
lution of OsO, in the same buffer for 4 h at the room temperature. The
dehydrated material was embedded in Epon 812 epoxy resin. Sections
were obtained using the Reichert-Jung Ultracut ultramicrotome
(Austria). After cutting, the sections were mounted on the support grids,
contrasted for 30 min in a 3 % solution of uranyl acetate in 70 % al-
cohol, additionally contrasted by a lead citrate [52], and examined in
the JEM-1200EX transmission electron microscope (JEOL, Japan) at
accelerating voltage of 80 kV.

2.11. Statistics

All steady state fluorescence emission and absorption spectra at the
room temperature and 77 K were measured in triplicate for the in-
dependent samples of cell culture and isolated PBSs. The OCP-induced
PBS quenching, fluorescence induction and the P700 photooxidation
measurements using PAM-equipment were done 3-5 times. When ne-
cessary, the compared WT Synechocystis and the mutant samples were
thoroughly equalized for PBS and chlorophyll content. Oxygen photo-
evolution measurements were repeated three times for the independent
cell culture samples.

The distances between the adjacent thylakoids in the EM images
were measured 30-40 times in each of 40-50 thin sections for WT and
the APB-loop cells. The data processing was made using python engine
(numpy, scipy), while the plotting was made using matplotlib. The
standard deviation was used as a measure of the values dispersion.

3. Results and discussion
3.1. Properties of the APB-loop ApcE polypeptide

The full length of the apcE gene in WT Synechocystis comprises 896
amino acid residues including the chromophorylated PB-domain of 254
residues [46]. The deleted fragment corresponding to the PB-loop in-
cludes 59 residues (Figs. 1, S2). Therefore, the mutant ApcE polypep-
tide has lost ~ 23 % of the PB-domain length. The multidomain
structure of ApcE allowed us to introduce this modification accom-
panied by only a partial loss of the ApcE functionality. The structural
parts of ApcE embracing three Arms and three REP domains were kept
intact and were still capable of building up the PBS core. The chro-
mophore-binding residue (Cys190) is localized inside the PB-domain
nearby the PB-loop [24], thus its deletion did not affect this residue as
well as the phycobilin chromophore directly.

3.2. Mutant strain pigmentation

The APB-loop mutant was phenotypically similar to the WT
Synechocystis strain and retained its blue-green color slightly inclining
to the yellowish one (Fig. S1A). Both growth rate and biomass accu-
mulation were similar for the WT Synechocystis and mutant cultures
(data not shown).

At the room temperature, the absorption spectrum of the WT
Synechocystis cells had PBS peak at 625 nm and the chlorophyll peak at
678 nm that is typical of those cyanobacteria the PBS of which are made
up of two bulk phycobiliproteins (PC and APC) solely. These two peaks
in the absorption spectrum of the APB-loop cells were found to be in an
equal proportion with the WT spectrum (Fig. 2). This notable pecu-
liarity distinguishes this mutant from the other phycobiliprotein-defi-
cient strains, which can not completely compensate for the mutation
effects and demonstrate a decrease of the PBS peak in the absorption
spectra [39]. At the same time, the mutant strain has a higher amount
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Fig. 2. Room temperature absorption spectra of the WT Synechocystis (blue) and
APB-loop mutant cells (red). Spectra were normalized at the chlorophyll peak
position (678 nm).

of carotenoids (the absorption shoulder at ~ 480 nm) that accounts for
the difference in color between the cultures (Fig. S1A). The analogous
or greater color changes were observed for various mutants with altered
PBS and phycobiliprotein composition brought about by the increased
carotenoids content [39,46,53,54].

3.3. PBS assembly

In order to determine how the deletion of the PB-loop influences the
phycobiliprotein assembly, the PBSs were isolated from the WT
Synechocystis and from the APB-loop strain cells. The tubes containing
PBSs in sucrose density gradient are shown in Fig. 3, left. In both cases,
the sole intensive PBS-containing blue band was located in the gradient
at the same sucrose concentration of 0.69 + 0.02 M. This indicates the
presence of the whole PBSs in the mutant cells, as it was observed
earlier for APB-loop mutant of Synechocystis sp. PCC 6714 [40]. In both
tubes, lower sucrose density gradient zones were almost colorless
(Fig. 3, left). Therefore, the mutant cells as well as the WT are devoid of
free phycobiliproteins.

As the ApcE polypeptide from the APB-loop strain includes the de-
letion, its electrophoretic mobility has to be greater than in the WT
Synechocystis sp. PCC 6803. In order to identify and compare the pro-
teins present in the sucrose gradient pigmented zones, the aliquotes of
the colored material from the WT and APB-loop samples were analyzed
by SDS PAGE (Fig. 3, right). The polypeptides from WT PBS were
identified by the analogy with the WT Synechocystis protein analysis
data [40,46]: ApcE (100 kDa), FNR (48 kDa), rod linkers, CpcCl and
CpcC2 (35 and 33 kDa), CpcG1 rod-core linker (27 kDa), 8 and a sub-
units of PC (19.8 and 17.6 kDa, correspondingly), the ApcB subunit
(16.2kDa), the small rod-distal (CpcD, 9.3 kDa), and core-distal (ApcC,
7.7 kDa) linker polypeptides.

The same electrophoretic bands were identified in the APB-loop
sample. Thus, the mutant PBS contains both the set of the PC and APC
subunits and all the linker polypeptides necessary for the PBS assembly.
However, the ApcE polypeptide in this case has a slightly increased
electrophoretic mobility, in agreement with ~ 6 kDa difference between
the wild-type and truncated ApcE (Fig. 3, right). This result confirms
the accuracy of the genetic manipulations and has been reported earlier
for the analogous mutant of Synechocystis sp. PCC 6714 [40].

3.4. Spectral properties of the isolated PBSs

The absorption spectra of the PBSs isolated from Synechocystis WT
and APB-loop mutant cells are compared in Fig. 4. At the room tem-
perature, both spectra virtually coincide and have the identical PC
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Fig. 3. On the left: the tubes with sucrose density gradient containing PBSs isolated from APB-loop mutant and WT Synechocystis after the ultracentrifugation. On the
right: polypeptide composition of the PBS-containing zones. Molecular mass markers (M) are indicated in kDa.

absorption peak at 620 nm with the APC shoulder at 650 nm (Fig. 4A).
At 77K, the spectra are characterized by two PC peaks at 595 and
630 nm and the distinct APC shoulder at 650 nm (Fig. 4B). It can be
concluded that the mutant PBS does not differ from the WT strain PBS
in the absorption properties.

The steady-state fluorescence emission spectra demonstrated no
difference between the PBSs from the APB-loop and WT cells (Fig. 5). At
the room temperature, the PBS spectrum of the WT Synechocystis had
one broad unresolved band at 667 nm and a long-wavelength shoulder.
The overall shape of the APB-loop PBS spectrum follows the shape of
the WT PBS spectrum with a slight blue shift of the main peak position
to 665 nm (Fig. 5A). The ratio of the WT and APB-loop PBS fluorescence
quantum yields determined as the area under the fluorescence emission
curves was equal to 1.05 = 0.04.

At 77 K, the WT Synechocystis PBS spectrum was characterized by a
sharp peak at 683 nm corresponding to the long-wavelength emitters.
The spectrum of the mutant PBS coincides in shape with the WT-
spectrum, but the main peak position is shifted to 682 nm (Fig. 5B). A
small hypsochromic shift of the PBS fluorescence maximum was ob-
served earlier in the analogous APB-loop mutant of Synechocystis sp.
PCC 6714 [40]. Since, the PBS fluorescence at 77 K mainly belongs to
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the terminal emitter(s), this result indicates that deleting the PB-loop
does not distort the internal energy transfer pathways among the
phycobilin chromophores in the mutant PBS. Thus, the latter is fully
functional from the spectral point of view and the impact of the PB-loop
deletion on the PBS architecture is inconspicuous.

3.5. Cell fluorescence spectra

Upon the excitation at 440 nm, at the room temperature, the cell
fluorescence emission spectra of both strains are characterized by a
single chlorophyll band (683 nm) and are very similar in shape. In both
cases, no signs of PBS emission were found. Nevertheless, the fluores-
cence from the mutant cell samples was more intensive when measured
at the equal chlorophyll concentration. According to the under-curve
areas ratio, the mutant cells sample has 1.69 + 0.12 times more in-
tensive emission (Fig. 6A). Given that the fluorescence emission at the
room temperature originates predominantly from PSII, this data means
that in the mutant cells the portion of PSII in total chlorophyll amount
is higher than in the WT Synechocystis.

Upon excitation at 580 nm, at the room temperature, the spectrum
of WT Synechocystis cells is dominated by the phycobiliprotein
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Fig. 4. Absorption spectra of the PBSs isolated from the WT Synechocystis (blue) and APB-loop mutant (red) cells at the room temperature (A) and 77 K (B). Spectra

were normalized at their main peak positions.
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Fig. 5. Fluorescence emission spectra of the PBSs isolated from the Synechocystis WT (blue) and APB-loop mutant (red) cells upon excitation at 580 nm at the room
temperature (A) and 77 K (B). Spectra were normalized at their main peak positions.

(PC + APC) peak at 657 nm (Fig. 6B). Due to the energy transfer from
PBS to chlorophyll, the second band at 683 nm could originate from the
PSII chlorophyll and partially from the PBS terminal emitters. The
spectrum of the APB-loop cells contains the same two bands yet in a
different proportion. When measured for equal PBS as well as chlor-
ophyll amount (see absorption spectra in Fig. 2), the fluorescence in-
tensity of the mutant sample was 1.85 * 0.15 times higher (Fig. 6B).
This data corresponds well to the results of the excitation at 440 nm
(Fig. 6A) and indicates that the PBSs in the mutant cells are less ef-
fectively coupled with PSII.

Upon the direct excitation of chlorophyll at 440 nm, at 77 K, we
observed the ¢ traditional’ fluorescence emission spectrum of the WT
Synechocystis with two low intensity PSII bands at 685 and 695 nm, as
well as the intensive long-wavelength PSI peak at 723 nm [55,56]. The
spectrum of the APB-loop mutant exhibited the same three peaks but
with a higher relative intensity of the PSII bands at 685 and 695 nm
(Fig. 7A). Since, at 77 K there is a quantitative linear relationship be-
tween PSII/PSI fluorescence peak intensities and the molar ratio of the
photosystems [56], The 1.8 = 0.1 times higher ratio of the PSII and PSI
peak intensities indicates that a higher portion of chlorophyll is pro-
vided by PSII in the APB-loop mutant compared to WT Synechocystis.
Thus, according to the room temperature and 77 K fluorescence spectra
measurements (Figs. 6A and 7A, correspondingly) the PSII/PSI ratio is
altered in favor of PSII in the mutant. The similar but much more
pronounced effect of the PSII relative content increase was observed
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earlier in response to the reduction of the PC lateral rods [53,54] and
whole PBSs [57,58].

Changes in the energy transfer from the mutant PBSs to the chlor-
ophyll can be registered by means of the alteration of the fluorescence
emission upon PBS excitation. At the room temperature, it is difficult to
infer definite conclusions due to the superfluously broad fluorescence
emission bands of the PBS and PSII accompanied by their overlapping
(Fig. 6B). Upon the excitation at 580 nm and 77 K, fluorescence emis-
sion spectra of WT Synechocystis and APB-loop cells differ drastically
(Fig. 7B). The spectrum of WT Synechocystis is characterized by three
band groups repeatedly described in the literature: the short-wave-
length PBS bands at 650 and 665 nm; the PSII peaks at 685 and 695 nm
in the middle part of the spectrum; and the long-wavelength PSI peak at
724 nm.

The spectrum of the APB-loop mutant has the same short-wave-
length bands of the bulk PC and APC presented in the region
650-665nm as the shoulders. Comparing to the WT Synechocystis
spectrum (Fig. 7B), the middle band of PSII is narrowed with its peak
position blue-shifted from 685 to 682 nm and there is no PSII band at
695 nm. Long-wavelength band is very small with its peak position also
blue-shifted from 724 to 721 nm. It could be suspected that these dif-
ferences arise from the intensive PBS fluorescence in the mutant cells.

We have compared the 77 K fluorescence spectra of both cell strains
with the spectrum of the isolated mutant PBS (Fig. 7B). The main peak
positions were identical (682nm) in the APB-loop cells (red) and
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Fig. 6. Room temperature fluorescence emission spectra of the WT Synechocystis (blue) and APB-loop mutant (red) cells upon excitation at 440 nm (A) and 580 nm
(B). Spectra were recorded for the cell samples equalized by the chlorophyll concentration and normalized on the WT Synechocystis spectra main maxima.
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Fig. 7. 77 K fluorescence emission spectra upon excitation at 440 nm (A) and
580 nm (B) of the WT Synechocystis (blue) and APB-loop mutant (red) cells. In
(B) the spectrum of the isolated mutant PBSs (green) is reproduced from Fig. 5B
for comparison. C. The second derivatives of the spectra presented in (B).
Spectra were normalized at their main peak positions.

isolated mutant PBSs (green), while in the WT Synechocystis cells
spectrum, the main peak was present at 685 nm (blue). Therefore, in
the APB-loop cells a substantial part of the fluorescence belongs to the
flared up emission of PBSs. The same pattern was observed in the
second derivatives of the 77 K fluorescence emission spectra: in the
spectrum of WT Synechocystis the main peak was disposed at 685 nm,
while in the spectra of the mutant cells and isolated mutant PBSs it was
shifted to 682nm (Fig. 7C). The domination of the 77 K fluorescence
spectrum by the peak of the PBS terminal emitters indicates the dis-
turbance of the energy transfer from PBS to the thylakoid membrane in

BBA - Bioenergetics 1860 (2019) 155-166

the APB-loop mutant, although the absorption and fluorescence spectral
properties coincided in the isolated WT and APB-loop PBS samples.

3.6. Ultrastructure of the cells

The fluorescent spectral data on the increased PSII/PSI ratio as well
as the altered energy migration from PBS to chlorophyll made us verify
the thylakoid's arrangement in the APB-loop mutant cells. The WT
Synechocystis produces spherical cells up to 2 pm in diameter that are
well characterized by electron microscopy [59-63]. In our study, the
obtained thin sections of the WT Synechocystis cells demonstrate nu-
merous thylakoid membranes (usually 5 at the middle phase of the cell
growth) running regularly in parallel at the periphery of the cytoplasm,
so that the central region is usually devoid of thylakoids. The average
distance between the adjacent thylakoid membranes was found to be
stable and equal to 45 + 6 nm. The curvature of the thylakoid mem-
branes correlates with the curvature of the cell envelope (Fig. 8A).
These results are typical of Synechocystis sp. PCC 6803 [46,59,61,62].

In the APB-loop cells, the intracellular organization of the thylakoid
system has changed and the number of the membranes decreased to 3-4
(Fig. 8B and C). Thylakoids were less regular, more curved and did not
follow the shape of the cell envelope as in the WT Synechocystis. In some
cytoplasmic regions, the distance between thylakoid membranes de-
creased down to ~35nm, while in the other ones increased up to
~ 75nm. On the average, the inter-thylakoid distance in the APB-loop
mutant cells was 60 = 20 nm being longer than in the WT cells. The
thylakoid membranes were shortened and their curvature was more
variable contracted to the WT Synechocystis.

The Synechocystis is highly amendable to genetic manipulations with
PBS. That gave rise to a plethora of variably pigmented strains ex-
hibiting changes in their thylakoid structure in response to PBS al-
teration [46,59-63]. Along with the WT Synechocystis the thylakoid
membranes arrangement was described for the range of other cyano-
bacterial species [64,65]. Cyanobacterial thylakoid membranes are
known to be separated by a space sufficient for two zipped rows of PBSs
to be placed [66,67]. However, how the complexes of PSII and PSI and
their PBS-antenna are assembled in the thylakoids as well as how the
organization of these membrane regions could be extrapolated to the
whole cell level, is not entirely clear. Nevertheless, the observed mor-
phological changes in the APB-loop cells are definitely related with the
decline in the efficiency of PBS and thylakoids coupling.

3.7. Fluorescence induction and state transitions

The PAM fluorimetry technique was used to evaluate the correlation
between the changes in the energy transfer from PBS to the thylakoid
membrane and the increased relative content of PSII. In PAM mea-
surements, the minimal fluorescence level (Fy) is registered under the
non-actinic amplitude-modulated light of a low intensity in the dark-
adapted cells. Under the low intensity excitation at 650 nm, all the
reaction centers of PSII are open and the fluorescence is emitted both
from chlorophyll and PBS [68]. The increased fluorescence level Fyy is
achieved in actinic light due to the overflowing and closing of the PSII
reaction centers. The parameter F,/Fy = (Fyw — F))/Fy is generally
used as a criterion for the PSII functional activity in higher plants [69],
but this assumption does not generally hold for cyanobacteria [68,70],
as the variable fluorescence component arises from PSII, while the
constant (Fy) component is provided by the emission from both PSII and
PBS [71]. The Fy-signal in the WT Synechocystis was rather low and,
correspondingly, the parameter F,/Fy was about 0.5 being in the range
(0.4-0.6) typical of cyanobacteria [68].

When registered for equal amounts of chlorophyll, the F, level was
twice as high in the APB-loop sample compared to the WT cells (Fig. 9).
A higher Fy in the APB-loop samples correlates well with the decrease in
connectivity between the PBSs and thylakoid membranes, as some
amount of the uncoupled PBSs was reported to be a possible reason for
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Fig. 9. The fluorescence kinetics of the WT Synechocystis (blue) and APB-loop
(red) cells measured in a PAM fluorometer. Fo— the minimal fluorescence in
650 nm non-actinic modulated light in presence of DCMU added to the sample
after dark adaptation; F\y — the maximal fluorescence under the 580 nm actinic
light illumination of the dark adapted cells; Fy— the maximal fluorescence
after 50 s of actinic illumination.

Fo increase in cyanobacteria [72,73]. At the same time, the F, signal
amplitude from two samples was equal (Fig. 9), thus indicating a
comparable photosynthetic activity of PSII in two samples when de-
termined per total chlorophyll. Given that the PSII portion is higher in
the mutant cells, it looks like some part of the PSII core complexes
(probably having disturbed contact with the PBSs) was less effectively
coupled to the electron transport chain in the APB-loop mutant. This
part of the PSII complexes can also account for the increase of F, level.
Thus, the increased PSII titer led to the preservation of the proper
photosynthetic activity in the mutant cells.

In the WT Synechocystis sample, the fluorescence intensity slowly
grows from the Fyy up to the Fy level in actinic light, while no similar
effect was observed in the mutant cells (Fig. 9). In the darkness, the
cyanobacterial cells exist in state 2 [68,72], and the signal increase
registered in WT cells corresponds to state 2 — state 1 transition in-
duced by the oxidation of the PQ pool upon illumination [72,74-76].
The absence of this effect in the APB-loop cell samples points at a
strongly diminished ability of the mutant strain to perform state tran-
sitions.

The adaptation to either state 1 or state 2 can also be revealed by
the fluorescence emission spectra registered after fixing the corre-
sponding state by freezing the cells in liquid nitrogen [72,77,50]. In
state 1, the relative intensity of the fluorescence emission from PSII is
greater than in the cells adapted to state 2 [64,72]. The 77 K fluores-
cence emission spectra of the dark- and light-adapted WT Synechocystis
cells clearly indicate the transition from state 2 to state 1, as the relative
amplitude of the PSII fluorescence bands at 685 and 695nm grew in
respect to PSI fluorescence peak at 725 nm (Fig. 10A). At the same time,
the corresponding spectra of the mutant cells are nearly the same

162

BBA - Bioenergetics 1860 (2019) 155-166

Fig. 8. Thin-section electron micrographs of the WT
Synechocystis and APB-loop mutant cells. A. The WT cells de-
monstrate thylakoids having regular curvature and running at
the periphery of the cytoplasm. B and C. Cell and semi-dividing
cell of the APB-loop mutant with partially destroyed thylakoid
membrane system. Letters denote: M — murein, OM — outer
membrane, PP — polyphosphate bodies, CS — carboxysomes;
red arrows indicate thylakoid membranes.

(Fig. 10B), that illuminates diminished ability of the mutant to perform
state transitions [72,75] and corresponds well to the PAM data.

3.8. OCP-dependent PBS quenching

The transition from state 2 to state 1 occurs under a relatively low
light intensity, while the illumination of the cyanobacterial cells by the
strong blue-green light induces the non-photochemical PBS quenching.
The latter is triggered by the OCP® — OCPR phototransformation [33].
In accordance with all the earlier observations [33,36], blue-green light
induced the significant (47 + 7 %) decrease of the PBS fluorescence in
the WT Synechocystis (Fig. 11A). In contrast, the quenching in the APB-
loop mutant cells (Fig. 11B) was two times lower (26 = 11 %).

In cyanobacteria, the quenching of PBS fluorescence is provided by
only one OCP molecule attaching to the whole PBS [78]. Therefore, the
OCP binding site should be located close to the terminal emitter chro-
mophore that collects energy from all the other phycobilins of the PBS
[25,79,80]. Compared to the bulk APC's chromophores, the chromo-
phore of ApcE is shifted towards the protein surface that should di-
minish the distance to the carotenoid chromophore of OCP [23-25].
Thus, the revealed decrease of the OCP-induced PBS quenching in the
mutant indicates that the PB-loop participates in the PBS and OCP in-
teraction.

3.9. Oxygen photoevolution

The measurement of the oxygen photoevolution rate allows to
evaluate the effect of deleting the PB-loop on the photosynthetic ac-
tivity of Synechocystis. Upon excitation at 440 nm, the rate of oxygen
photoevolution was the same in the WT and APB-loop cell samples with
equal chlorophyll concentrations (Table 1, Fig. S3A). Thus, the WT and
mutant cells demonstrate equal PSII activity. The analogous match was
obtained when oxygen photoevolution was registered in the 590 nm
light absorbed by PBS (Table 1, Fig. S3B). Besides, the APB-loop strain
demonstrates an increased rate of oxygen consumption than the WT
Synechocystis (Table 1, Fig. S3) getting balanced physiological response
to the mutation [81].

At the first glance, this result does not correlate with the 77K cell
fluorescence emission spectra that demonstrate the increased 1.7-1.8
times PSII to PSI ratio in the APB-loop strain (Fig. 7A). Nevertheless, all
the polarographic measurements were made at least in triplicate and
the results were reproducible. Thus, we have to conclude that in the
mutant cells the overall activity of the linear electron transport chain
decreased.

In general, the PBS truncation brings about the increase of PSII titer
in various Synechocystis mutants [53,54,57,58,82]. The degree of this
effect in case of the APB-loop cells is precisely sufficient to compensate
for the physiological consequences of the decreased PSII activity. This
provides for the equal growth rate of the APB-loop and WT Synecho-
cystis sp. PCC 6803 and 6714 [12] strains and explains the increased
PSII/PSI ratio.
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Fig. 10. The 77 K fluorescence emission spectra (excitation at 580 nm) of the WT Synechocystis (A) and APB-loop mutant (B) strain cells in the dark- (violet) and light-
adapted (orange) states. The spectra were normalized at the PC emission maximum (650 nm).
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Fig. 11. The room temperature fluorescence emission spectra (excitation at 580 nm) of the WT Synechocystis (A) and APB-loop mutant (B) cells adapted to the dark
(violet) or preilluminated by intense blue-green light (orange) activating OCP® — OCPR photoconversion. Spectra were measured for equal PBS concentrations to

avoid any difference in light reabsorption by the samples.

3.10. P700 photooxidation

In the equalized by chlorophyll content samples, under the excita-
tion both at 620 nm (PBS) and 730 nm (PSI), the level of the P700*
signal was higher in the WT Synechocystis corresponding to the higher
PSI/PSII ratio compared to the mutant (Fig. 12). Based on the P700
photooxidation kinetics (Fig. S4) and known for cyanobateria share of
the PSII chlorophyll (equal to 5-10 % of the total pigment [71]), the
relative PSI content in the mutant cells would be 88 = 3 % of that in
the WT Synechocystis. This result quantitatively corresponds to the ob-
tained data on the 1.8 = 0.1 times higher content of PSII in the mutant
(Fig. 7A).

Table 1

Rates of the WT Synechocystis (WT) and APB-loop mutant (LM) strains photo-
evolution (umol O, per mg Chl per hour) under 440 and 590 nm excitation light
(160 and 140 pmol m~2 s~ !, respectively) and oxygen consumption in the
dark. The samples were equalized by chlorophyll content.

O, photoevolution O, consumption darkness

440 nm 590 nm
WT 12.1 + 4.2 451+ 1.8 (1.6 +£0.2) - 1072
LM 129+ 1.2 431 + 4.7 (21+£02)-1072
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The rate constant of P700 photooxidation can be estimated based on
the dependence of the equilibrium P7007 level on the illumination
intensity (Fig. S4) and the P700" reduction rate constants (see
Appendix for derivation and Table 2). The rate constants of the P700
photooxidation were found to be approximately equal for the WT and
APB-loop strains under the PBS as well as PSI specific light (Table 2).
Since no difference was revealed in the P700 photooxidation constants,
there is no effect of the PB-loop deletion on the energy transfer from
PBS to PSI.

There are two independent terminal energy emitters in the PBS core
(ApcE and ApcD [1,5,83]) that collect energy from the bulk APCs and
are located in the different APC trimers of PBS core basal cylinders
[27,84]. ApcD is known to mediate energy transfer from the PBS to PSI
[76,85,86]. Thus, one of the possible causes for preservation of energy
transfer from PBS to the chlorophyll in the APB-loop mutant is the
absence of any effect of this mutation on the ApcD terminal emitter.
Furthermore, the cytoplasmic surface of the PSII dimer is flat and there
are two cavities on this surface located exactly in front of the PB-loop
sites on the PBS bottom surface [13,87]. Thus, it looks reasonable that
PB-loop participates in the PBS and PSII interaction. On the contrary,
the cytoplasmic surface of the PSI possesses a large protrusion formed
by three polypeptides (PsaC, PsaD, and PsaE) that ideally fits the furrow
between the basal cylinders of the PBS core [15]. Thus, the PB-loop
should give lower contribution to PBS and PSI interaction.
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Table 2

Effective rate constants (see Appendix) of P700 photooxidation (k;) under ex-
citation light absorbed by PSI (730 nm) and PBSs (620 nm), and the rate con-
stants of P700" reduction in the dark (k,). The data is demonstrated for WT
Synechocystis (WT) and APB-loop mutant (LM).

730 nm 620 nm

ky (m® pmol ™) ky (571 ky m® pmol ™)  ky (s

WT (1.7 £ 0.8)107°
LM (2.0 £0.510°°

(7.2 £ 0.8)10°3
(4.2 +0.5)1072

(7.6 £ 0.3)10°3
(4.0 +0.7)1072

(1.5 +0.3)107*
(1.8 +0.6)107*

Upon the excitation light of low intensity the WT Synechocystis de-
monstrated a rather slow increase of the P700* level, compared to the
mutant (Fig. 12). The timescale of the observed effect was in the range
of several seconds and became most prominent under the 730 nm ex-
citation light. Long dark preadaptation (15 min in our case) is known to
cause the decrease of the P700* accumulation rate in the WT Sy-
nechocystis [81]. As incubation of the cyanobacterial cells in the dark
induces state 2 [68,72], the slowdown of the P700™" kinetics after the
dark adaptation could be accounted by the transition to state 1. Since
this effect was not observed and the P700 photooxidation kinetics was
remarkably faster in the APB-loop samples, it looks like the mutant cells
always exist in state 1. This proposition correlates with the observed
deficiency of the PSII functioning in the mutant cells that should cause
partial oxidation of the PQ pool and, therefore, transition to state 1.

4. Conclusion

The obtained data shed light on the functional role of the PB-loop in
PBS. The PBSs in the APB-loop cells were successfully assembled and
the polypeptide compositions of the WT and mutant PBSs were iden-
tical except the small difference in the ApcE masses. The internal en-
ergy transfer pathways among the bulk phycobilin chromophores and
terminal emitters were not affected in the APB-loop PBSs. This result

Appendix A

correlates well with the external PB-loop location on the bottom PBS
surface [23,25] and corresponds to the earlier speculations implying
that the PB-loop is exposed on the PBS core surface towards the thy-
lakoid membrane [6,9]. However, the observed decrease of the PBS and
PSII coupling in the APB-loop cells implies that the PB-domain not only
transfers energy to the photosynthetic reaction centers, but also parti-
cipates in PBS anchoring to the PSII complexes. That is why, in response
to the PB-loop deletion, the content of the PSII was increased in the
mutant cells. This allowed to compensate the partial loss of PSII energy
supply as follows from the oxygen evolution and fluorescence PAM
measurements.

There were two uncompensated consequences of the PB-loop dele-
tion concerning short term light adaptations. First was a disturbance of
the state transitions due to the diminishing of PBS and PSII coupling.
The second was a two-fold decrease of the OCP-dependent PBS fluor-
escence quenching. Both effects are related to the protein-protein in-
teraction between the PBS and other photosynthetic proteins. In gen-
eral, the protein-protein interactions are promoted by the hydrophobic
forces, and the PB-loop comprises a lot of hydrophobic residues [24].
Therefore, the PB-loop most probably participates in the attachment of
PBS to the PSII complex and OCP. Nevertheless, a complete under-
standing of molecular details of PBS interaction with the thylakoid
membranes and OCP needs additional in depth investigations.

Transparency document
The Transparency document associated with this article can be

found, in online version. Supplementary data to this article can be
found online at https://doi.org/10.1016/j.bbabio.2018.10.004.

Acknowledgments

The authors are indebted to Prof. Nikolai B. Gusev and Dr. Sci.
Mahir D. Mamedov for supporting, comments and fruitful discussion.

The P700 photocycle could be described as a simple first-order reaction:

kal
P700 = P700*
k2

where k- is the effective first-order photooxidation rate constant, k, — is an effective first-order P700™ reduction rate constant, and I — is a light

intensity. When light is on the solution for this scheme would be:



D.V. Zlenko et al. BBA - Bioenergetics 1860 (2019) 155-166

kal

P700%]; = —
[ ]lzght on k]] T kz

PO (1 _ e—(k11+k2)t)’

where P, — is a signal level when all the PSI reasction center were oxidized. When the light is on for some sufficient time period, the P700 " signal
level would achieve the equilibrium level of

kI

T gl

and after light switching off, the P700™ state would reduce with the rate constant k:

kII
P7007%]; =—LX _Ppett
[ ]llght off kl.[ T k2 0

here I — is a light intensity before switching off. Thus, the values for k, can be obtained directly from the experimental curves (Fig. S4) via fitting
procedure. The P, and P, levels are also available from the experiment. So, the rate constant k; describing the rate of energy flow to PSI can be
obtained based on the Py, Py, k», and corresponding I:

=lef B )
1\ P — By

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.bbabio.2018.10.004.
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