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EPR spectroscopy using 5-doxylstearic acid (5-SASL) and
16-doxylstearic acid (16-SASL) spin probes was used to
study the fluidity of thylakoid membranes. These were
isolated from wild type Synechocystis and from several
mutants in genes encoding selected enzymes of the
carotenoid biosynthesis pathway and/or acyl-lipid de-
saturases. Cyanobacteria were cultivated at 25°C and
35°C under different light regimes: photoautotrophically
(PAG) and/or in light-activated heterotrophic conditions
(LAHG). The relative fluidity of membranes was estimat-
ed from EPR spectra based on the empirical outermost
splitting parameter in a temperature range from 15°C to
40°C. Our findings demonstrate that in native thylakoid
membranes the elimination of xanthophylls decreased
fluidity in the inner membrane region under optimal
growth conditions (25°C) and increased it under sub-
lethal heat stress (35°C). This indicated that the overall
fluidity of native photosynthetic membranes in cyano-
bacteria may be influenced by the ratio of polar to non-
polar carotenoid pools under different environmental
conditions.
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INTRODUCTION

Carotenoids are pigments essential to the photosyn-
thetic apparatus in all oxygenic photoautotrophic organ-
isms. They are involved in photoprotection, mostly by
quenching excited chlorophyll a triplet states which can
generate toxic singlet oxygen (Cogdell e# 4/, 2000). Ca-
rotenoids are also believed to play an important role in
the maintenance of the integrity of the photosynthetic
apparatus (Szabo e al, 2005).

The thylakoid membranes are the site of light-depend-
ent reactions of photosynthesis in cyanobacteria. Photo-
synthetic activity has been found to be significantly al-
tered in Synechocystis mutants blocked at different stages
of carotenoid biosynthesis (Fernandez-Gonzalez et al,
1997; Masamoto et al, 2001; Schifer ez al, 2005; Sozer
et al., 2010). It has also been reported that a low level of
the saturation of thylakoid membrane fatty acids affects
the performance of the photosynthetic machinery during
exposure to, and recovery from, low temperature stress
(Gombos et al, 1992; 1994; 1997; Gombos & Murata,
1998).

In particular, the RO mutant is not able to synthe-
size xanthophylls due to a disruption of the genes which
encode B-carotene hydroxylase CrtR and B-carotene ke-

tolase CrtO. The ROAD mutant has the same charac-
teristic with the additional disruption of the genes which
encode acyl-lipid desaturases A and D, which are re-
sponsible for introducing double bonds in the A12 and
A6 positions of C,q fatty acids (Wada ez al, 1992; Ta-
saka ef al, 1996). The crtH mutant is not able to synthe-
size ¢is to trans carotene isomerase. This mutant, when
cultivated under LAHG (light-activated beterotrophic growth)
conditions, accumulates ¢s-carotenes and small amounts
of trans-carotenes but no B-carotene and xanthophylls,
whereas under PAG (photoantotrophic growth) conditions it
is not distinguishable from the wild type (Masamoto e#
al., 2001). The crtHB mutant is a carotenoid-free mutant
with a disruption in the CrtB gene which encodes phy-
toene synthase, obtained on crtH background (Sozer et
al., 2010).

The use of doxylstearic acid nitroxide probes has fa-
cilitated an analysis of the dynamic properties of bio-
logical membranes, both in the polar group region and
in the central part of the lipid bilayer (Subczynski ez al,
1989). Particulatly, studies performed in model experi-
mental systems have demonstrated that the presence of
elevated concentrations of polar carotenoids (zeaxanthin,
violaxanthin) significantly decrease membrane permeabil-
ity by oxygen (Subczynski e/ al, 1991).

Here, using those mutant strains referred to above,
which show a deficiency in the activity of key enzymes
of the carotenoid biosynthesis pathway and/or an altered
level of unsaturated fatty acids in membranes (Table 1),
we study the effects of carotenoids on the dynamic
properties of native thylakoid membranes in the meso-
philic cyanobactetium Syrechocystis sp. grown in different
light conditions at 25°C and 35°C. These temperatures
were selected as being within a physiological range.

MATERIALS AND METHODS

Growth conditions. Synechocystis sp. PCC6803 was
cultivated in a BG-11 medium (Allen, 1968) at 25°C
and 35°C under different light regimes: photoautotrophi-
cally (PAG) in constant white light with an intensity of
50 pmol photons m=2 s! and/or in light-activated het-
erotrophic conditions (LAHG) with the addition of 5
mM glucose in complete darkness, except for 10 min
of light with an intensity of 15 pmol photons m=2 s,
every 24 h of the culture period, (Anderson & Mcln-
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Table 1. Strains of Synechocystis sp. investigated in the study and their features due to gene mutations. See text for details.

Strain Disrupted genes Phenotype References
WT - wild type
RO 1. B-carotene hydroxylase CrtR not able to synthesize xanthophylls Schéfer et al., 2005
2. B-carotene ketolase CrtO
ROAD 1. B-carotene hydroxylase CrtR 1. not able to synthesize xanthophylls Schéfer et al., 2005 — crtRO
2. B-carotene ketolase CrtO 2. not able to introduce double bonds in A12 and A6 posi- Wada et al., 1992 — AdesA/
3. acyl-lipid desaturases A tions of C18 fatty acids desD
4. acyl-lipid desaturases D
crtH carotene isomerase crtH 1. not able to perform light-independent cis to trans caro- Masamoto et al., 2001
tene isomerization
2. under LAHG conditions produces cis-carotenes and
small amounts of trans-carotenes but no xanthophylls,
whereas under PAG conditions is not distinguishable from
the wild type
crtHB 1. carotene isomerase crtH carotenoid-free, not able to synthesize any carotenoid Sozer et al., 2010

2. phytoene synthase crtB species

tosh, 1991). For the crtHB strain, the culture medium
was supplemented with kanamycin and spectinomycin in
final concentrations of 40 pg mI-!. The crtH strain was
grown in the presence of kanamycin (20 pg mL™") as a
selective marker (Sozer ef al, 2010). Cultures were aet-
ated on a gyratory shaker at 100 rpm.

Thylakoid isolation. Thylakoid membranes were
isolated from wild type and mutant strains according to
Komenda & Barber (1995). Pelleted thylakoids were re-
suspended in buffer C (20 mM MES, pH 6.5, 10 mM
CaCl,, 10 mM MgCl,, 0.5 M mannitol, 20% (v/v) glyc-
erol, 1 mM PMSF, and 1 mM benzamidine) and stored
at —80°C.

EPR measurements. Two spin labels were used:
5-doxylstearic acid (5-SASL) reporting on the mem-
brane dynamics close to the lipid headgroup region, and
16-doxyl stearic acid (16-SASL) reporting on the dynam-
ics of the membrane interior. Labeling was performed
by vortexing an isolated membrane sample (chlorophyll
concentration of 1 mg mI-") with an aliquot of the stock
solution of the respective spin label to a final concentra-
tion of 7x10-* M. The EPR spectra of the spin labeled
thylakoid membranes were recorded with a MiniScope
EPR  Spectrometer (Magnettech, Germany) equipped
with a temperature control unit in a temperature range
from 15°C to 40°C. The modulation amplitude was 1600
mG and the microwave power was 5.012 mW. An out-
ermost splitting parameter (2A’)) was measured from
the averaged spectra (10 separate measurements for each
temperature), as shown in Fig. 1. The dynamic param-
eters were calculated following Strzatka ez al, (1995).

Pigments and protein determination. The chlo-
rophyll content was calculated from Beer-Lambert’s law
using its extinction coefficient at 665 nm (Lichtenthaler,
1987). The total carotenoid content was measuted in
80% acetone and calculated as previously described in
Schnarrenberger & Mohr (1970). The protein concen-
tration in isolated membranes was measured using the
Lowry method (Lowty ef al, 1951).

RESULTS AND DISCUSSION

The chlorophyll to protein and total carotenoid to pro-
tein ratios (ug mg') were estimated for each examined
strain grown at temperatures 25°C and 35°C (Table 2).
The observed chlorophyll/protein ratios for all investigated
strains were remarkably higher for cells cultivated at 25°C

(the temperature optimal for mesophilic cyanobacteria) in
compatison to these grown at 35°C, indicating that the ad-
aptation to mesophilic temperature ranges is not affected
by mutations of the enzymes of the carotenoid biosynthesis
pathway. Conversely, the RO and ROAD mutants showed
a slightly more efficient chlorophyll accumulation at both
temperatures in comparison to WT cells. The observed de-
crease in chlorophyll accumulation at 35°C was especially
dramatic for cells grown in light activated heterotrophic
conditions (crtH and crtHB strains). This effect was ac-
companied by a significant decrease in total carotenoid
accumulation (crtH) or a general inability to synthesize
carotenoids (crtHB). Our previous study on a crtHB mu-
tant demonstrated that carotenoids are indispensable con-
stituents of the photosynthetic apparatus, being essential for
the efficient synthesis and accumulation of photosynthetic
proteins and especially that of PSII antenna subunits (Sozer
¢t al., 2010). Thus, the inability to assemble a photosystem
II complex in LAHG conditions may result in a decrease
in total chlorophyll accumulation. Also, crtH cells grown
photoautotrophically exhibited a slightly lower chlorophyll
content in comparison to the other mutants.

The relative carotenoid/protein ratios wete higher in
cells grown at 25°C than 35°C except for the RO and
ROAD mutants. In these two mutants, which do not
synthesize any xanthophyll species, the total carotenoid
content was higher if cells were grown at 35°C.

Thylakoid membranes isolated from WT and mutant
cells grown at different temperatures and/or light condi-
tions were labeled with nitroxide probes (5-SASL and 16-
SASL) as described in Materials and Methods. Subsequently,

| 2A s

5-SASL

16-SASL

Figure 1. EPR spectra of doxylstearic acid spin probes: 5-SASL
and 16-SASL incorporated into thylakoid membrane.
The outermost splitting parameter (2A")) is indicated.
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Figure 2. Temperature dependencies of the outermost splitting parameter (2A’;) for wild
type and mutant strains cultivated at 25°C (A, C) and 35°C (B, D) as calculated for 5-SASL
labeled membranes (A, B) and for 16-SASL labeled membranes (C, D). Square, WT; circle,
RO; triangle, ROAD; diamond, crtH (PAG); star, crtH (LAHG); pentagon, crtHB (LAHG).

the EPR spectra were recorded and an outermost splitting
parameter 2A’y was determined for each temperature. The
outermost splitting parameter reflects the general mobility
of a spin label in the membrane and therefore it may be
interpreted as a measure of the relative membrane fluidity
(Strzalka ef al, 1995). Consequently, the relative changes in
2/’ at temperatures from 15°C to 40°C may reflect the
relative “plasticity” of native membranes under physiological
conditions. Figure 2 shows the temperature dependencies of
2A'| values as measured for 5-SASL and 16-SASL labeled
thylakoid membranes isolated from WT and mutant cells
grown under different temperature and light conditions.
The relative narrowing of the EPR spectra, attribut-
able to the increased mobility of spin labels in mem-
branes, with an increase in temperature was observed for
both WT and all the mutant strains under investigation.
In some cases, however, we were not able to estimate
the outermost splitting parameter for temperatures over
30°C. These effects indicate that, under physiological
conditions, cyanobacterial thylakoid membranes became
more fluid with an increase in temperature. Interestingly,

temperature [°C]

served for membranes from 25°C,
indicating that the polar groups of
thylakoids became relatively more
rigid at higher temperatures (Fig.
2A, B). Intetestingly, the fluidity of
membranes in the polar region of
the crtH mutant grown at 25°C in
LAHG conditions was remarkably lower in compatison to
these formed under PAG (Fig. 2A).

By contrast, in the inner region of the bilayer (mem-
branes labeled with 16-SASL) there were pronounced dif-
ferences observed among cyanobacterial strains and growth
conditions. The ROAD cells and crtHB cells cultivated at
25°C have more rigid thylakoid membranes than the other
strains (Fig. 2C). For ROAD cells this can be seen in the
whole range of measured temperatures, while in the case
of crtHB cells this effect appears only above 25°C. Among
the cells grown at 35°C, the crtHB mutant, that is not
able to synthesize any carotenoid species, along with WT
formed the group with the most rigid membranes which is
visible at temperatures above 30°C. The RO and ROAD
mutants, which are deficient both in $-carotene hydroxylase
and in B-carotene ketolase and therefore do not synthesize
any xanthophylls, formed a group with medium rigidity of
the membranes. The crtH strain, grown under either PAG
or LAHG conditions formed a group characterized by the
most fluid membranes (Fig. 2D). The differences between

Table 2. Chlorophyll to protein and total carotenoids to protein ratios in all examined strains of Synechocystis sp. Standard deviation

(S.D.) values are given.

Chlorophyll/protein (ug mg-")

Total carotenoid/protein (ug mg-')

Strain and light regime

25°C 35°C 25°C 35°C
WT PAG 6.54+0.10 4.44+0.08 4.66+0.18 1.45+0.42
RO PAG 8.62+0.16 6.74+0.12 5.25+0.49 7.04+0.59
ROAD PAG 9.42+0.15 6.47+0.09 3.92+0.52 4.48+0.10
crtH PAG 5.69+0.09 3.17+0.05 4.89+0.66 1.18+0.10
crtH LAHG 6.06+0.08 1.18+0.01 4.15+0.68 0.29+0.01
crtHB LAHG 7.51+0.07 1.75+0.01 - -
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these groups were especially distinct in the higher tempera-
ture range.

The effects of carotenoids on the structural and dy-
namic properties of lipid membranes have been studied
extensively in model experimental systems (see: Grusze-
cki & Strzatka, 2005 for a review). In particular, it has
been shown that xanthophylls increase membrane fluidity
in the ordered phase of the membrane and decrease flu-
idity in the liquid crystalline phase of membranes formed
with phosphatidylocholines (Subczynski ez a/, 1991). On
the other hand, nonpolar B-carotene has been found to
fluidize the well-ordered phase of artificial phosphatidyl-
choline membranes (Strzalka & Gruszecki, 1994). Our
findings demonstrated that in native thylakoid mem-
branes the elimination of xanthophylls decreased fluid-
ity in the inner membrane region under optimal growth
conditions (25°C) and increased fluidity under sublethal
heat stress (35°C). Thus, the overall fluidity of native
photosynthetic membranes in cyanobacteria may be in-
fluenced by the ratio of polar to non-polar carotenoid
pools under different environmental conditions.

The 2A’y values as measured for membranes labeled
with 5-SASL. showed only slight differences between WT
and analyzed mutants, irrespective of growth temperature.
By contrast, in 16-SASL labeled membranes the outer-
most splitting exhibited more pronounced changes among
analyzed cyanobacterial strains. Based on these data it
can be concluded that under physiological conditions the
polar group region in the membrane has similar physical
characteristics regardless of the growth temperature, while
the interior of the membrane can be modified along with
changes in growth conditions to ensure an optimal state
of the photosynthetic machinery. In particular, the re-
markable decrease in the fluidity of the membrane interior
in the ROAD mutant grown under optimal temperature
conditions points to the significance of fatty acid desatu-
ration to the physical properties of thylakoid membranes.
Fatty acid desaturation has been shown to enhance the
ability of the photosynthetic apparatus to tolerate tempet-
ature stress (Gombos & Murata, 1998). Thus, changes in
membrane fluidity might be critical for the regulation of
the thermal tolerance of photosynthesis.

The results presented in this communication show that
doxylstearic acid probe-based EPR spectroscopy provides
an insight into the effects of biotic factors, such as the ab-
sence of certain carotenoid species ot polyunsaturated fatty
acids, and of abiotic factors such as light and growth tem-
perature, on the physical properties of thylakoid membranes
in Synechocystis sp. The use of spin labels reporting on mem-
brane properties at different depths demonstrated that the
elimination both of xanthophylls and/or polyunsaturated
fatty acids caused remarkable alterations of the molecular
environment mainly in the inner part of lipid bilayers. It has
previously been shown that the overall fluidity of thylakoid
membranes is dependent on protein-lipid interactions (Kota
et al,, 2002). However, the detailed mechanisms constituting
background of these alterations remain to be determined.
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