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cyanobacteria is increased by pigment-protein supercomplexes — phycobilisomes (PBSs) situated on thylakoid 21
membrane surfaces that transfer excitation energy into both photosystems. We have explored the localization of 22

PSI, PSII and PBSs in thylakoid membrane of native cyanobacteria cell Anabaena sp. 7120 by means of cryogenic con- 23
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focal microscopy. We have adapted a conventional temperature controlling stage to an Olympus FV1000 confocal
microscope. The presence of red shifted emission of chlorophylls from PSI has been confirmed by spectral measure-
ments. Confocal fluorescence images of PSI (in a spectral range 710-750 nm), PSII (in a spectral range 690-705 nm)
and PBSs (in a spectral range 650-680 nm) were recorded at low temperature. Co-localization of images showed
spatial heterogeneity of PSI, PSII and PBSs over the thylakoid membrane, and three dominant areas were identified:
PSI-PSII-PBS supercomplex area, PSII-PBS supercomplex area and PSI area. The observed results were discussed with

regard to light-harvesting regulation in cyanobacteria.

© 2015 Published by Elsevier B.V.

1. Introduction

Light-photosynthetic reactions in oxygenic photothrophs are cata-
lyzed by two pigmented protein supercomplexes, photosystem I (PSI)
and photosystem II (PSII). The photosystems work in succession during
linear electron flow or separately in case of the cyclic electron flow
around PSL In higher plants, the text-book view proposes that PSII
and PSI are separately distributed between granal and stromal thyla-
koids respectively [1]. However, it has been recently shown that a
high portion of photosystems can also form a PSI-PSII megacomplex
[2]. Thylakoid membrane heterogeneity in algal [3] or cyanobacterial
cells is still rather questionable and a matter of intensive research
[4-6]. The grana thylakoids in plants represent a fixed but flexible struc-
ture [7,8] where thylakoids are stacked by electrostatic interaction be-
tween photosynthetic complexes [9,10]. The physiological importance
of thylakoid membrane heterogeneity is still not clear (see e.g. review
[10]). One of the proposed ideas is that grana/stroma heterogeneity
separates PSI from PSII that minimizes energy spillover from slower
PSIlinto faster PSI[11]. Such a spatial separation of PSI and PSII in native
thylakoid membranes of cyanobacteria has not been clearly shown
[12-15], as the typical multilayer granal thylakoids are missing in
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cyanobacteria (see e.g. [4,16]). The mechanism of how photosystems
are co-localized (or separated) is still not satisfactorily described in
cyanobacteria. Several models of PSI/PSII organization in cyanobacteria
thylakoids have been already proposed (compare [5,6,13]). For in-
stance, it has been suggested that PSI could be preferentially located ei-
ther in the outermost thylakoids close to the cytoplasmic membrane
Synechoccoccus sp. 7942 [13] or in the inner membrane thylakoids of
Synechocystis sp. 6803 [6]. Electron microscopy methods have already
indicated an existence of PSI/PSII separated domains where PSI and
PSII are separated only by a few nanometers — PSIIs form arrays with
PSIs on their periphery [12]. Recently, biochemical experiments with
cross-linkers have indicated that both photosystems can in fact form a
supercomplex with a single phycobilisome [17] that would indicate a
rather minimal separation of photosystems. However, localization and
abundance of such complexes is not known on a single cell level.
Life-cell imaging of small, micrometer-size cyanobacteria is a chal-
lenging task [18]. Localization of PSII and phycobilisomes in native
cyanobacteria cells can be done straightforward as both proteins repre-
sent highly autofluorescent protein complexes. In contrast, PSI is in fact
rather weakly fluorescent at room temperature [19]. Therefore, to ac-
cess a spatial distribution of the photosystems and phycobilisomes, spe-
cial experimental methods are required. Several methods have been
already tested, including anti-Stokes Fluorescence spectroscopy [20,
21], combination of electron micrography and immunochemistry [13],
hyperspectral confocal fluorescence microscopy [4-6] and recently
also cryogenic confocal microscopy (see e.g. [22]). These methods are
based on different principles and require different instrumentations.
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For Anti-Stokes Fluorescence spectroscopy a continuous-wave IR laser
at 800-820 nm is needed. With this it is possible to visualize lowest-
energy traps that are typical for PSI[20,23]. Hyperspectral confocal fluo-
rescence microscopy [6,24] provides another interesting opportunity to
access the localization of photosystems and phycobilisomes simulta-
neously in single cells [4-6]; however it requires a minimal spectral
overlap for spectra deconvolution that cannot be fulfilled for all organ-
isms. However, in all these experimental methods, a special equipment
is required, either a continuous laser with far red emission (785 nm)
promoting photosystem-I-specific fluorescence [20] or immunostaining
methods [13].

Another promising method for photosystem co-localization is repre-
sented by cryogenic microscopes [25]. With this method, PSI can be de-
tected by its red shifted fluorescence emission from its lowest-energy
traps. Basically, there are two types of cryogenic microscopes, in
the first the objective lens is immersed in a cooling medium (see e.g.
[26,27]), in the second type they are fitted outside the cryostat [28]. In
this case, an objective lens with a long working distance is required;
they are characterized by lower NA, which limits special resolution and
decreases the intensity of the fluorescence signal. Recently [22], some of
these disadvantages have been partially overcome by a novel cryogenic
microscopic method in which the objective lens was situated inside the
adiabatic vacuum space of the cryostat. The approach drastically short-
ened the working distance, allowing to use semi-conventional objectives
with higher NA [22]. However, in this case an adiabatic vacuum sample
holder for cryogenic microscope is needed [22]. Here we newly describe
a simpler method for PSI and PSII localization that is applicable for com-
mercial confocal microscopes (tested on Olympus FV1000) in combina-
tion with a conventional thermal controlled stage Linkam THMSG-600.
The experimental approach allowed us to detect the co-localization of
phycobilisomes with photosystem I and Il simultaneously in single cells
of Anabaena sp. PCC 7120.

2. Materials and Methods
2.1. Cell Cultures

Anabaena sp. PCC 7120 cells were cultivated in BG 11 medium with
optimal nitrogen content (at 18 °C) on a continual light (fluorescent
tubes, 40 umol m~2 s~ ). For the microscopic imaging the living cells
were centrifuged 3 times at 8000 rpm, the pellet was re-suspended in
the growing medium.

2.2. The Low Temperature Fluorescence Spectra

The low temperature fluorescence spectra were checked by an Ocean
Optics QE Pro spectrometer. Cooling was provided by a Linkam THMSG-
600 thermal controlled stage (Linkam Scientific Instruments, Guildford,
UK) attached to an upright Olympus BX41 epifluorescence microscope.
Excitation was provided by a mercury lamp in a spectral range between
470 nm and 490 nm. (BP470-490 excitation filter and DM505 dichroic
mirror was applied - Olympus U-MNIBA2 filter cube for fluorescence
microscopy — without the emission of the original filter).

2.3. Confocal Fluorescence Microscopy and Image Processing

The Olympus FV1000 inverted confocal microscope equipped with a
long working distance air objective (Olympus MPlan 100x/0.90) was
used for confocal imaging in combination with the Linkam THMSG-
600 thermal controlled stage (Linkam Scientific Instruments, Guildford,
UK) that was modified for our inverted microscope setup. The stage
contains a liquid nitrogen cooling system and an internal electrical heat-
er. The cooling rate was 130 K/min, the constant temperature for the
measurements was 83 K (closest available temperature to 77 K). The ex-
citation of chlorophyll and phycobilisome fluorescence was carried out
with an Ar laser (488 nm) and with a diode laser (635 nm) respectively.

A dichroic mirror DM405/488/559/635 was used and fluorescence
emission was detected at 710-750 nm for photosystem I, 690-705 nm
for photosystem Il and at 650-680 nm for PBS emission. The different
spectral ranges were measured during successive scans for every
setup separately. The setups were changed by the Cell Finder program
we have developed. The program was written in C language and exter-
nally controlled the Olympus FV1000 microscope, it was able to change
the excitation (lasers) and emission (the spectral ranges of detectors)
parameters. The Cell Finder provided special timing functions and con-
trol over the whole imaging process allowing us to perform successive
scans with different excitations and emissions within a few seconds.
The sequence of PSII, PSI, PBS acquisitions was repeated 3 times per po-
sition. The stability (immobility) of the sample during scanning was
double-checked by the analysis of the images taken from the repeated
acquisitions performed at the same positions.

Image processing was performed using the Image] 1.47v program
[29] and macros we developed for automatic translational corrections
and construction of composite images. The FFT (fast Fourier transform)
based image cross-correlation method corrected small movements of
the cells between the acquired images (maximum 1-2 pixel found).
The average images were then constructed from the repeated acquisi-
tions. Then the final RGB composite image was constructed, where red
color represented photosystem Il emission, green photosystem [ emis-
sion and blue Phycobilisome emission.

3. Results and Discussion

Initially, we have adapted a commercial temperature stage for the
Olympus FV 1000 confocal microscope (see scheme on Fig. 1.) for cryo
measurements on an inverted confocal microscope. The motorized mi-
croscope stage (Fig. 1, see part “microscopy stage”) was connected to
the Linkam sample holder by wooden thermal isolator blocks (Fig. 1,
part “ib”), they protected the microscope against cold and held the
Linkam sample holder in horizontal position. The sample in agar was sit-
uated on the temperature controlled silver blocks (Fig, 1, part “silver
block”) inside the Linkam stage (see gray rectangle in Fig. 1). The Z
range of the objective was modified properly by an extension tube
based on the geometry of the upside down position of Linkam stage.

The water condensation was eliminated by gaseous nitrogen that
flew around the sample and the objective (see Fig. 1, gray area). The
method was visually tested in order to achieve the minimal efficient
N, current. The low temperature gaseous N, (see gray solid arrow,
Fig. 1) was taken from the Linkam pump outlet (Fig. 1 — “pump”) and
went thought the hollow objective coat to minimalize the thermal gra-
dient around the objective.

The optimal final setup we came up with was the following: before
every cooling procedure with a new sample, the sample holder was
flushed with an intensive flow of gaseous N, from the gas bomb. Then,
liquid nitrogen from a tank was used for cooling the sample holder sil-
ver block (Fig. 1, “silver block”) and a constant mild liquid nitrogen cur-
rent was provided all over the sample holder (Fig. 1, gray area). The
liquid nitrogen exhausted from the pump (Fig. 1. gray solid arrow)
then continuously became gaseous and was re-used as a source of
cold N, inside the objective coat (Fig. 1. “oc”). The output of the nitrogen
was provided through a porous plastic isolation ring (Fig. 1. “ir”) situat-
ed between the objective (Fig. 1. “obj”) and the protective objective coat
(Fig. 1. “oc”). The setup kept the sample and the objective clean, as well
as provided a clear field of view for further scanning. Moreover, the
setup formed an optimal temperature gradient that kept the sample at
low temperature (close to 77 K) and protected the objective.

The temperature of the Linkam sample holder was continuously
measured by a thermometer incorporated in the Linkam system. Our
system was able to keep a constant temperature around 83 K at the sil-
ver block that was supposedly sufficient to see the emission of photo-
system [ (PSI). The presence of the PSI fluorescence at this
temperature was tested with Anabaena sp. PCC 7120 cells by the upright
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Fig. 1. Modified sample holder arrangement for inverted microscope FV1000. The sample was situated on the temperature controlled cylindrical silver block of the Linkam system and
covered by agar gel. The temperature regulation in the silver block was done by the liquid N, flow (black) in combination with internal electric heating. The area around the sample
was protected against condensation by gaseous N, (gray, dashed) inflow. The objective coat (oc) was constantly pumped by exhausted gaseous N, (gray) outflowing from the Linkam
pump. The sample holder was thermally isolated from the microscope stage by isolator blocks (ib) and from the objective (obj) by a porous plastic isolation ring (ir) that provided output

of N, form the sample holder.

fluorescence microscope in the epifluorescence setup (see Materials
and Methods). During the spectra measurement the fluorescence emis-
sion that was collected from more cells that brings a different approach
in comparison to typical single cell setup (see e.g. [30]). The tempera-
ture of the sample changed from 295 K towards minimal temperature
accessible by our system — 79 K. At higher temperatures, there was
dominant fluorescence coming from PSII (below 700 nm), the PSI emis-
sion above 700 nm became dominant at lower temperatures (Fig. 2.).
This shows that the low temperature we used in our system (79 K,
83 K) enabled the detection of the red-shifted fluorescence of photosys-
tem I with typical emission at maximum of 726 nm and at 697 nm for
PSII (see Fig. 2). The thermal controlled stage was thus appropriate for
confocal microscopy imaging of PSI (between 710-750 nm) and PSII
(between 690-705 nm) with excitation 488 nm; the PBS emission
was measured consequently in the range 650-680 nm with different
excitation (635 nm) in a single-cell setup at 77 K (Fig. 3).

Fig. 3 shows cryo-imaging of Anabaena sp. PCC 7120 cells obtained
with the system described above. The figure represents separate pictures
from the three independent fluorescence channels reflecting PSII emis-
sion (Fig. 3, “PSII” — in red), PSI emission (Fig. 3, “PSI” — in green) and
Phycobilisome emission (Fig. 3, “PBS” — in blue). These pictures were

N
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Fig. 2. Fluorescence spectra of Anabaena sp. PCC 7120 cells measured at different
temperatures. Spectra were collected from cells situated on the silver block (see Fig. 1),
temperature was controlled by the Linkam system attached to the Olympus BX41 fluores-
cence microscope. Fluorescence was excited between 470-490 nm by a range filter in the
microscope and normalized to 697 nm.

then used and the composite image was constructed showing PSI, PSII
and PBS colocalization (Fig. 3 — “composite”) from the three independent
RGB channels. The composite picture shows the distribution of the photo-
synthetic protein complexes. We have found only three dominant types
of areas: (1) Area No. 1 - white - with similar pixel intensity from all
three channels red-green-blue; (2) Area No. 2 - magenta — where pixel
intensity of the red and the blue channels were similar, pixels from the
green channel had much lower intensity here; and (3) Area No. 3 -
green — where pixels from the green channel were the most intensive.
White areas (Area No. 1) thus represent an area containing high level of
all three protein complexes we studied (PSI-PSII-PBS), magenta
represents areas where PSII were co-localized with PBS antennas (Area
No. 2), and the green parts (Area No. 3) of the composite image show

composite

rea No. 1

Area No. 2 |PSI

L

\
Area No. 3 1

Fig. 3. Typical cryo images of the photosynthetic pigment-protein complexes of Anabaena
sp. PCC 7120 cells. The “composite” image consists of three channels reflecting the fluores-
cence of PSI, PSII and PBS that were measured simultaneously with the same cells. The single
channels were detected with the following setups: PSII fluorescence — red (ex: 488 nm, em:
690-705 nm), PSI fluorescence — green (ex: 488 nm, em: 710-750 nm), PBS fluorescence —
blue (ex: 635 nm, em: 650-680 nm). The characteristic areas of different composition are
marked by different colors and shown by arrows: Area No. 1 — PSI-PSII-PBS supercomplex
(white) with similar pixel intensities from all three channels (red-green-blue); Area No.
2 — PSII-PBS supercomplex (magenta) with similar pixel intensitys of the red and blue chan-
nels (low intensity of green pixels); Area No. 3 — PSI area (green) where pixels from the
green channel were the most intensive. Images were taken at 8 different areas, to increase
signal/noise ratio, 9 acquisitions on each area were then taken. Presented data thus represent
a typical organization of PSII, PSI, and PBS from pictures we observed.
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the part of thylakoids where PSI proteins were in high abundance in com-
parison to PSII and PBS signals (see Fig. 3 “composite”). The other possible
areas including PSI-PBS area (cyan area), PSII only (red area) and free PBS
(blue area) were missing from the picture. Even though we were limited
by the long working distance objective required for cryogenic measure-
ments (providing 0.32 um theoretical resolution in x-y due to its relative-
ly low numerical aperture), still, we were able to identify the
heterogeneous organization of thylakoid membrane of cyanobacteria.
Our data thus shows that the thylakoid membranes of Anabaena sp. PCC
7120 consist of three dominant areas: an area with the PSI-PSII-PBS
supercomplex, an area with dominancy of the PSII-PBS supercomplex
and an area where mostly PSI was present. We have found some differ-
ences in PSI/PSII localization in comparison to previous data obtained
with Synechocystis PCC 6803 [6]. The hyperspectral confocal fluorescence
imaging method used in this article has suggested heterogeneity between
thylakoid rings; the inner thylakoids were rich in photosystem I. Howev-
er, our data cannot exclude/confirm this observation due to the limited
resolution of our system that is about the size of thylakoid membrane
width (cca 300 nm). The interpretation of the heterogeneous organiza-
tion of PSI and PSII proposed based on hyperspectral confocal fluores-
cence imaging [24] is limited by a considerable overlap of PBS
fluorescence emission with both PSII and PSI fluorescence. In fact, isolated
PBS has intense fluorescence emission above 700 nm (see e.g. [31]) that
can overlap with PSI emission, that is less dominant at room temperatures
[32]. Therefore, our cryo-imaging of PSI and PSII, with the new setup, can
overcome the limitation by measurements at low temperature, when PBS
emission above 700 nm is much lower [31] and red-shifted PSI emission is
dominant [32]. Our data clearly show separated areas preferentially con-
taining PSI (see green “Area No. 3” in Fig. 3.) and PSII with PBS (see ma-
genta “Area No. 2” in Fig. 3.) and a third area containing all pigmented
protein complexes PBS-PSI-PSII (see green “Area No. 3” in Fig. 3.) in fila-
mentous Anabaena sp. PCC 7120 cells.

The heterogeneous organization of photosystems we observed in
Anabaena sp. PCC 7120 (Fig. 3) and that has been already shown in
Synechocystis sp. PCC 6803 [4-6] resembles heterogeneity typical for
higher plants' thylakoids, with stromal and granal thylakoids abundant
in PSI and PSII respectively [1]. The heterogeneous organization of pro-
teins in biological membranes seems to be a common feature of biolog-
ical membranes including thylakoid membrane. The original fluid-
mosaic-model proposed a rather homogenous organization [33] that is
currently redrawn and membranes are considered as heterogeneous
structures containing specialized areas, some of them with rather re-
stricted mobility (see recent review [34]). Indeed, unequal protein dis-
tribution in cells has been already detected also for cyanobacteria
proteins including circadian clock proteins [35], proteases [36,37] or
for respiratory complexes [38]. Segregated bioenergetics domains for
photosynthetic proteins have also been shown in cyanobacteria
Gloeobacter violaceus [39] representing the primitive rock dwelling or-
ganism [40] without thylakoids. However, thylakoid localization of
some processes into specialized domains has been already proposed, it
includes restriction of plastoquinone diffusion between PSII and cyto-
chrome b6f into domains [41,42] or the presence of protein biogenesis
in specialized areas [43].

The heterogeneous organization of pigmented proteins in thylakoids
of cyanobacteria Anabaena sp. PCC 7120 we observed (Fig. 3) probably
also affects physiological processes in cyanobacteria cells like protein
mobility (for recent review see [44]) or state transitions, a process equil-
ibrating excitation delivery from PBS to photosystems (for recent re-
view see e.g. [45]). In fact, our data have identified only two types of
PBS interaction with photosystems: (1) thylakoid membrane area
with PBS together with both photosystems, PSI and PSII (see Area No.
1 in Fig. 3) reflecting probably the recently isolated PSI-PSII-PBS
supercomplex [17]; and (2) membrane area with PBS and PSII only
(see Area No. 2 in Fig. 3). However, there was almost no cyan color in
the composite image (Fig. 3). We can thus hypotheses that state transi-
tions probably do not involve long-distance PBS redistribution between

the “PSI areas” (Area No. 3) and the “PSII areas” (Area No. 2) as a
supercomplex of PBS and PSI is not present in native Anabaena sp. PCC
7120. These data speak in favor of a mechanism of state transition that
requires only a slight rearrangement in the PBS-PSI-PSII supercomplex
without long-distance phycobilisome mobility (for recent review see
[45]). It also does not exclude involvement of other mechanisms like
phycobilisomes decoupling [46,47]. However, to confirm all those hy-
potheses directly, more experimental data are required.

4. Conclusions

We have shown that the commercial thermal controlled sample
holder can be adapted for inverted confocal microscopes in order to in-
vestigate photosynthetic proteins in vivo. The cryo-imaging of Anabaena
sp. PCC 7120 cells has indicated a heterogeneous organization in native
thylakoid membranes with dominant areas represented by PSI-PSII-
PBS supercomplex, by PSI area and by PSII-PBS area. Our data showed
the applicability of this simple experimental approach to access thyla-
koid membrane organization in a small cyanobacteria cell and thus it
is promising for the co-localization of the photosystems in any single
cell photosynthetic organism.
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