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Abstract

In cyanobacteria, increasing growth temperature decreases lipid unsaturation and the ratio of 

monomer/trimer photosystem I (PSI) complexes. In the present study we applied Fourier-

transform infrared (FTIR) spectroscopy and lipidomic analysis to study the effects of PSI 

monomer/oligomer ratio on the physical properties and lipid composition of thylakoids. To 

enhance the presence of monomeric PSI, a Synechocystis sp. PCC6803/ΔpsaL mutant strain 

(PsaL) was used which, unlike both trimeric and monomeric PSI-containing wild type (WT) cells, 

contain only the monomeric form. The protein-to-lipid ratio remained unchanged in the mutant 

but, due to an increase in the lipid disorder in its thylakoids, the gel to liquid-crystalline phase 

transition temperature (Tm) is lower than in the WT. In thylakoid membranes of the mutant, 

digalactosyldiacylglycerol (DGDG), the most abundant bilayer-forming lipid is accumulated, 

whereas those in the WT contain more monogalactosyldiacylglycerol (MGDG), the only non-

bilayer-forming lipid in cyanobacteria. In PsaL cells, the unsaturation level of 

sulphoquinovosyldiacylglycerol (SQDG), a regulatory anionic lipid, has increased. It seems that 

merely a change in the oligomerization level of a membrane protein complex (PSI), and thus the 
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altered protein-lipid interface, can affect the lipid composition and, in addition, the whole 

dynamics of the membrane. Singular value decomposition (SVD) analysis has shown that in PsaL 
thylakoidal protein-lipid interactions are less stable than in the WT, and proteins start losing their 

native secondary structure at much milder lipid packing perturbations. Conclusions drawn from 

this system should be generally applicable for protein-lipid interactions in biological membranes.
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lipidomic analysis; infrared spectroscopy; PSI oligomers; PsaL mutant; Synechocystis; protein-
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1. Introduction

Synechocystis sp. PCC6803 (hereafter Synechocystis) is a unicellular mesophilic 

cyanobacterium and a popular model organism in photosynthesis research because its 

photosynthetic apparatus is very similar to that of higher plants (Stanier and Cohen-Bazire, 

1977). Their cell envelope is composed of an outer and a plasma membrane, separated by a 

peptidoglycan layer (Murata and Omata, 1988). Thylakoid membranes are the sites of 

oxygenic photosynthesis, they are located in the cytosol and are the most dominant 

membrane structures in the cell (Sakurai et al., 2006a) composed of lipids and 

photosynthetic protein complexes. The lipid matrix of these membranes consists of two 

uncharged galactolipids, constituting the majority of thylakoid membrane lipids: the non-

bilayer-forming monogalactosyldiacylglycerol (MGDG) and the bilayer-forming 

digalactosyldiacylglycerol (DGDG). They are synthesized consecutively in the same 

biosynthetic pathway. Additionally, thylakoids also contain two anionic lipids, 

sulphoquinovosyldiacylglycerol (SQDG) and phosphatidylglycerol (PG), which are also 

bilayer-forming lipids (Deme et al., 2014; van Eerden et al., 2015). SQDG and PG are minor 

lipids of thylakoid membranes but they play indispensable roles in various cellular functions, 

such as cell division and photosynthesis (Aoki et al., 2012; Kobayashi et al., 2017; Kobori et 

al., 2018; Sato, 2004; Sato et al., 2017). As intermediate in the MGDG and DGDG 

biosynthetic pathway a further non-bilayer-forming lipid, monoglucosyldiacylglycerol 

(MGlcDG) is also present in cyanobacterial thylakoids (Awai et al., 2014; Sato and Murata, 

1982; Shan et al., 2016), and it appears to be important for low-temperature survival 

(Yuzawa et al., 2014).

Lipid molecules can be found not only around the main photosynthetic complexes like 

Photosystem II (PSII) and Photosystem I (PSI), but they can also be their integral 

components, as has been shown by X-ray crystallography (Guskov et al., 2009; Jordan et al., 

2001; Kubota et al., 2010; Loll et al., 2005; Malavath et al., 2018; Umena et al., 2011) and 

by lipid analysis of purified complexes (Kobayashi et al., 2017; Kubota et al., 2010; Sakurai 

et al., 2006b). These lipid molecules have important roles in the structure and function of 

photosynthetic complexes (Domonkos et al., 2008; Kobayashi, 2016; Mizusawa and Wada, 

2012).

Within a lipid class, typified by specific hydrophilic headgroups, lipids can differ by acyl 

chain length and level of saturation. The desaturation pathway of fatty acids is well studied 
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in Synechocystis (Los and Mironov, 2015; Los and Murata, 1998; Yuzawa et al., 2014). It is 

known that under photoautotrophic growth conditions expression of the desaturase genes 

desA, desB and desD is enhanced in cells exposed to low temperature (Los et al., 1993), 

resulting in increased levels of membrane fatty acid desaturation (Wada and Murata, 1990). 

Lipid desaturation and concomitant alteration of fatty acyl chain disorder is one of the most 

important tool in adjusting membrane dynamics to the growth temperature (Laczko-Dobos 

and Szalontai, 2009; Los and Zinchenko, 2009; Murata et al., 1992; Nishida and Murata, 

1996; Sinetova and Los, 2016; Szalontai et al., 2003). The expression levels of lipid 

desaturase genes depend not only on temperature but also on the intensity (Kis et al., 1998; 

Ludwig and Bryant, 2011) and spectral properties of light (Mironov et al., 2014).

In Synechocystis thylakoids, PSI can be present in both monomeric and trimeric forms 

(Boekema et al., 1987; Grotjohann and Fromme, 2005), in contrast to higher plants where 

only PSI monomers are present (Chitnis, 1996). In some other cyanobacteria, dimers or 

tetramers of PSI can be found (Li et al., 2014; Watanabe et al., 2011; Zakar et al., 2018). In 

Synechocystis a small subunit of the PSI complex, the PsaL protein, is required for the 

trimerization (Chitnis and Chitnis, 1993; Chitnis et al., 1993). The PsaL mutant, obtained by 

inactivation of the psaL gene (Klodawska et al., 2015) contains exclusively PSI monomers. 

This was the mutant that we used in the present work.

The exact role of PSI oligomers is not elucidated yet. It has been shown that several factors 

can influence the oligomerization state of PSI, such as growth temperature, lipid and 

carotenoid molecules, as well as lipid unsaturation. Recently PSI trimerization was shown to 

be enhanced in Synechocystis cells grown at elevated temperatures (Klodawska et al., 2015). 

It was also demonstrated that lipid unsaturation can promote PSI oligomerization (Zakar et 

al., 2017). In the absence of PG molecules PSI oligomers disassemble to monomers 

(Domonkos et al., 2004). In a total carotenoid-less mutant no PSI oligomers could be 

detected (Sozer et al., 2010). It was recently shown that among carotenoids xanthophylls 

may have an important role in stabilizing PSI oligomers (Toth et al., 2015; Zakar et al., 

2017). Especially zeaxanthin and echinenone were found to be important in the fine tuning 

the assembly of PSI oligomers (Vajravel et al., 2017).

Here, we show that changing only the PSI trimers to monomers in cyanobacterial thylakoid 

membranes strongly alters the composition and unsaturation of lipids, resulting changes in 

physical parameters like lipid fatty acyl chain disorder and membrane dynamics. Lipid 

chemical changes were revealed by lipidomic analyses, whereas alterations in physical 

properties of the membranes by FTIR spectroscopy.

2. Materials and methods

2.1. Strains and growth conditions

Synechocystis WT and its PsaL mutant were grown photoautotrophically in BG11 medium 

(Allen, 1968) supplemented with 5 mM HEPES-NaOH (pH 7.5) under continuous white 

light illumination (40 μmol photons m−2 s−1) and aeration by a gyratory shaker operating at 

150 rpm. The mutant strain was grown in the presence of kanamycin and spectinomycin 

(both 40 μg ml−1). Cultures were cultivated for three days at temperatures 25°C (below 
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optimum), 30°C (optimum) and 35°C (above optimum). Throughout the text samples will be 

referred to with symbols derived from the names of the strains and their cultivation 

temperatures (e.g. WT25, PsaL35).

2.2. Isolation of thylakoids by sucrose gradient centrifugation

Thylakoids were isolated by the method of (Murata and Omata, 1988), with some 

modifications. The 0.2% lysozyme-treated (37°C, 2 h) and pelleted cells were disrupted with 

0.1 mm glass beads in a Bead Beater homogenizer (Biospec Products, Bartlesville, OK, 

USA) in the presence of 1 mM phenylmethylsulfonyl fluoride (PMSF) protease inhibitor. 

The disrupted cells were treated with 0.1% DNase for 15 min, and unbroken cells were 

removed by centrifugation (10 min, 7,000×g, 4°C). Membrane vesiculi were ultracentrifuged 

in a discontinuous sucrose density gradient (130,000×g, 16 h, 4°C). After flotation 

centrifugation thylakoids formed a green band at the interface between the 39% and 50% 

sucrose layers. The sucrose solution was removed and thylakoids were collected by another 

step of ultracentrifugation (162,000×g, 2h, 4°C). The pellet was resuspended in 10 mM TES 

buffer and stored at −80°C.

2.3. Fourier-transform infrared (FTIR) spectroscopy measurements

For infrared measurements, 100 μl thylakoid membrane suspension (from the −80°C stock) 

was diluted in 1 ml D2O-based PBS solution in an Eppendorf tube. For complete H2→D2O 

exchange thylakoids were collected by centrifugation (15,000×g, 7 min), re-suspended in 

D2O-PBS, and then collected again by centrifugation. The pellet was layered between CaF2 

windows separated by a 15 μm thick aluminum spacer and placed in a Bruker IFS66 Fourier 

transform infrared spectrometer using thermostated sample holder. The temperature was 

increased from 12°C to 85°C in 2°C steps. The accuracy of the temperature regulation was 

0.1°C. After absorption spectrum recording at a given temperature, the temperature was set 

to the next value and 7 min were left to reach the new temperature equilibrium. For each 

infrared spectrum 512 interferograms were collected (at 2 cm−1 spectral resolution) both for 

the background and sample single beam spectra (using a sample shuttle), from which the 

infrared absorption spectrum of the sample was calculated with the Opus software of Bruker. 

Frequencies of the vsymCH2 bands at around 2852-55 cm−1 were determined by fitting 

Lorentzian curves and a linear background to the spectra in the 2830-2865 cm−1 region. 

Details of the process can be found in (Kota et al., 1999). Gel to liquid-crystalline phase 

transition temperature was determined by fitting a Fermi function to the thermotropic 

response curve of the vsymCH2 frequencies. All data manipulations were performed by using 

the SPSERV software - © Bagyinka, Cs., BRC, Szeged, Hungary.

2.4. Singular Value Decomposition (SVD) analysis

Since in the infrared spectra there are distinct regions characteristic for lipids and proteins, 

studying the correlation between them upon a changing external parameter may reveal the 

nature and dynamics of their interactions.

For lipids we utilized the C-H stretching region between 3050-2800 cm−1, having 

contributions mostly from the fatty-acyl chains. To follow the secondary structure changes 

of the proteins we used the Amide-I region between 1700-1600 cm−1, which originates 
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mainly from the C=O stretching of the peptide bonds, thus reporting on secondary structure 

elements (α-helices, β-structures, etc.). For studying protein dynamics, and conditions at the 

protein-lipid interface, the Amide-II region (1580-1515 cm−1) was utilized. When put into 

deuterium-based solutions, the H of the NH peptide groups become deuterated. Since the 

frequency of the N-D deformation band is about 100 cm−1 lower than the 1550 cm−1 

frequency of the peptide N-H deformation band, this latter one gradually disappears. For the 

exchange D needs to penetrate into the interior of the protein, therefore the rate of this 

disappearance is a good measure of protein dynamics. In the case of membrane proteins, 

however, the H-D exchange rate depends not only on the protein dynamics but also on the 

accessibility of proteins through the membrane lipids, i.e. on the protein-lipid interface.

For analyzing the correlations singular value decomposition (SVD) (Henry and Hofrichter, 

1992), a non-supervised multivariant method was used, which did not require any a priori 
condition on the data. For details about the use of SVD on a similar problem and object, as 

well as its theoretical background, see Kóta et al., (1999). When a set of infrared spectra is 

collected as a function of an external parameter (in our case the temperature of thylakoid 

membrane samples, which was changed from 12 to 85°C in 40 steps), a large data matrix 

(D) is generated, in which the columns are the individual IR spectra and the rows contain 

intensities at specific wavenumbers as a function of temperature (the external parameter). 

Singular value decomposition (SVD) of the D data matrix is the factorization of D into the 

product of three matrices D = UWV T, where the columns of U and V are orthonormal and 

the matrix W is diagonal with positive real entries. The SVD is useful for the solution of 

many different problems. In our case we used one of its advantage, namely that if the 

effective rank (the number of the significantly non-zero eigenvalues) of the D data matrix is 

low, then it is useful to reduce the D matrix dimension. It will be a good approximation of 

the original data matrix. The rank of the D matrix can be estimated from the values of the W 

diagonal matrix, the values of which should be considered only until they decline close to 

the noise level. The actual effective rank of D depends on the given experiment, but 

practically never exceeds 10. Consequently, during the reduction of the D matrix in most 

cases less than 10 ui and vi vectors (corresponding columns of the U and V matrices) and 

wii diagonal values have to be considered in a reconstruction. We considered only the first 

two vectors in both matrices, namely u1 that describes the 'average' component spectrum, 

and u2 the largest spectral variation, which has to be combined with u1 during the 

reconstruction by using the v1 and v2 amplitude vectors. Of these v1 describes the intensity 

variation of the ‘average’ infrared spectrum, while v2 contains the intensity values of the 

largest spectral variation upon the increasing measuring temperatures. Results of the SVD 

analysis are given in the Discussion.

2.5. Lipid isolation and lipidomics

Total lipids were extracted from intact WT and PsaL mutant cells according to (Welti et al., 

2002) with small modifications, as described previously (Zakar et al., 2017). Mass 

spectrometry analysis of these total lipid extracts were performed at the Kansas Lipidomics 

Research Center Analytical Laboratory using tandem MS-based method (see: https://

www.kstate.edu/lipid/analytical_laboratory/lipid_profiling/index.html. The percentages of 

normalized signal intensity/mg dry weight of lipid species are averages of three independent 
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biological replicates. Double bond indices of total lipids and different lipid classes were 

calculated according to the following equation [Σ(% of normalized signal intensity/mg dry 

weight of lipid species × no. of double bonds)]/100, as described in (Falcone et al., 2004).

2.6. Statistics and reproducibility

All statistical analyses were carried out using OriginPro 8 and treated statistically by a t-test 

at significance level of at least p < 0.05, defined by GraphPad program. Significance levels 

in figures are designated as * p<0.05, ** p<0.01, *** p<0.005.

3. Results

3.1. Fourier-transform infrared spectroscopy of thylakoid membranes

To reveal the structure and dynamics of the thylakoid membranes FTIR spectroscopy was 

used. The main advantage of this non-invasive method is that different regions of the 

spectrum contain bands characteristic for proteins (1700-1500 cm−1) or lipids (3050-2800 

cm−1, and 1745-1720 cm−1), thus correlating changes always show real interactions between 

the components.

3.1.1. Protein-to-lipid ratios of thylakoids—Figs 1A and 1B show the FTIR spectra 

of thylakoids purified from WT and PsaL cells grown at below-optimal (25°C), optimal 

(30°C) and above-optimal (35°C) temperatures. In the 1800-1500 cm−1 region of the 

thylakoid infrared spectra there is a band at around 1745-1720 cm−1 assigned to the 

stretching vibration of the C=O group in the ester bond between the glycerol and the fatty 

acyl chains in the lipid molecules (Lewis et al., 1994). The other dominant signal in the 

Amide I region (1700-1600 cm−1) is the band at around 1650 cm−1. Since the former band 

originates exclusively from lipids, and the latter one only from proteins, any change in their 

relative intensity ratio reflects a change in the protein-to-lipid ratio of the thylakoid 

(Szalontai et al., 2003). As seen in Fig. 1, the relative lipid-to-protein ratios are the same in 

WT (Fig. 1A) and PsaL (Fig. 1B) thylakoids, and these ratios do not change beyond the 

experimental error within the 25-35°C temperature range. However, looking at the 

component bands of the Amide I region it can be seen that while these are very similar in 

WT and PsaL at 25°C and 35°C, the lower frequency component (at around 1638-46 cm−1) 

at 35°C is broader and thus more intense in the WT. This may indicate different structure of 

the PSI trimers, as compared to monomers, above the optimal temperature.

3.1.2. Thermotropic evolution of lipid fatty acyl chain disorders—To look for 

the consequences of having trimer/monomer PSI population in WT and exclusively 

monomeric PSI in the PsaL thylakoids the CH stretching region of their infrared spectra has 

been analyzed. It had been observed long time ago that the frequency of the vsymCH2 

stretching mode is sensitive for the conformation of the fatty acyl chains, and consequently, 

for their packing in the lipid bilayer (Casal and Mantsch, 1984). The higher is the frequency 

of vsymCH2, the higher is the amount of the gauche segments in the lipid fatty acyl chains, 

that is, the higher is membrane disorder (Kota et al., 1999).
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Differences between thermotropic responses of the vsymCH2 frequencies of thylakoids 

prepared from WT and PsaL cells grown at below-optimal, optimal, and above-optimal 

temperatures can reveal the consequences of their differing lipid and fatty acyl chain 

compositions on the membrane disorder (Fig. 2).

As seen in Fig. 2, the starting frequencies (reflecting more or less gel-phase lipids) decrease 

with increasing growth temperature. This means that at 12°C the less unsaturated lipids of 

the cells grown at 35°C are closer to the pure gel phase than the more unsaturated ones from 

cells grown at 25°C or 30°C. Upon increasing temperature, when the gel to liquid-crystalline 

phase transition is completed, there is a break-point in the thermotropic responses. Above 

this break-point the lipids are in liquid crystalline state, therefore further temperature-

induced gauche segments cause smaller disorder increase, the slope of the curves is less 

steep. These phenomena can also be observed in the mutant cells (Figs 2B-D). In these 

panels, for comparison, the thermotropic responses of the corresponding WT thylakoid 

lipids at each temperature are also plotted. Comparison of the WT and PsaL thermotropic 

responses reveals an additional difference, namely, at each temperature the lipid disorder is 

higher and the gel to liquid-crystalline phase transition completion temperature is lower in 

the PsaL than in the WT thylakoids.

3.2. Mass spectrometry analyses of isolated lipids

To reveal the biochemical basis of the observed FTIR spectroscopic differences between the 

WT and PsaL thylakoid membranes, high throughput mass spectrometry analysis was 

performed on lipids isolated from PsaL cells containing exclusively PSI monomers and from 

WT cells containing a mixture of PSI trimers and monomers. For lipid analyses we used 

extracts of whole cells rather than thylakoids in order to avoid even minor losses of some 

lipid molecules during thylakoid isolation. Thylakoids make up more than 90% of all cell 

membranes, and because other membranes contain similar lipids the obtained lipidomic data 

are practically those of the thylakoid membranes (Sakurai et al., 2006b). In this lipidomic 

section we always compare the PsaL mutant lipids with those of WT.

3.2.1. Changes in the lipid class distribution—The majority of the lipids identified 

in the WT and PsaL mutant belong to the MGDG and DGDG lipid classes, whereas PG and 

SQDG molecules are present to a lesser extent. In the PsaL cells grown at the optimal 

temperature (30°C) we can see a considerable decrease of MGDG and concomitant increase 

of DGDG level (Fig. 3B). We also followed the temperature effect on lipid class distribution. 

In the PsaL cells grown at 25°C (Fig. 3A) and 35°C (Fig. 3C) we could observe decrease in 

the level of MGDG and increase in that of DGDG. Interestingly, at temperatures above the 

optimum PsaL cells showed a marked drop in their SQDG level, too (Fig. 3C).

In the PsaL cells the ratio of the non-bilayer-forming MGDG versus the most abundant 

bilayer-forming lipid DGDG was lower than in the WT cells at each growth temperature (25, 

30, 35°C). This difference was largest at 30°C (Table 1).

3.2.2. Lipid species distribution within different lipid classes—MGDG lipid 

molecules from WT and PsaL cells showed a large variety of species. The most abundant 

ones were polyunsaturated species like 34:3, 34:4, 34:2 and monounsaturated ones like 34:1 
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(Fig. 4). At 30°C we observed less 34:3 species in PsaL (Fig. 4A). With higher growth 

temperatures the relative abundance of the 34:4 and 34:3 decreased but 34:2 increased, 

effects seen more intensely in PsaL cells. The 34:1 species also increased in both the WT 

and, somewhat more (see Figs 4A vs. 4C), the PsaL cells.

DGDG lipids are also rich in polyunsaturated species like 34:3, 34:4, 34:2 both in PsaL and 

WT cells (Fig. 5). In 30°C-grown PsaL cells we can see a decrease in the level of 34:2 

species (Fig. 5A). The level of four double-bond-containing 34:4 species was significantly 

higher in the PsaL cells (Fig. 5A). In samples grown at 35°C we can observe less 34:3 

species in PsaL (Fig. 5C). At 25°C we could not detect noticeable differences between the 

DGDG species distribution of PsaL and WT cells (Fig. 5B).

PG molecules exhibited less species variety than MGDG and DGDG. The dominant species 

were 34:2, 34:1, 34:3 and 32:1 (Fig. 6). In PsaL cells grown at 30°C we observed a major 

decrease of 34:1 and an increase of polyunsaturated 34:3 species levels (Fig. 6B). PsaL cells 

grown at 25°C showed less 32:1 species (Fig. 6A). Upon increasing growth temperatures the 

relative amount of the 34:3 decreased in both types of cells, and actually disappeared from 

the WT grown at 35°C.

In both strains 32:1, 32:0 and 34:3, 34:2, 34:1 were the most abundant SQDG species (Fig. 

7). Surprisingly, in cells grown at 30°C there is a remarkable difference between the 32:0 

and 34:2 species levels in PsaL and WT cells (Fig. 7B). We observed an increase in the level 

of 34:2 species with a parallel decrease of 32:0 species in case of PsaL. It is worth to note 

that at this temperature the three double-bond-containing 34:3 species were detected only in 

PsaL cells (Fig. 7B), though this lipid species appears in the WT at 25°C (Fig. 7A). At 25°C 

we observed decrease in the level of 32:1 and 32:0 species with concomitant increase of 34:2 

and 34:1 species in the case of PsaL cells (Fig. 7A). PsaL cells grown at 35°C showed 

dramatic changes in the species distribution, like decrease in 32:0 and increase in the level of 

34:2 and 34:1 species (Fig. 7C).

Taken together, these results show that the statistically significant, temperature-independent 

differences of PsaL, compared to WT, include (i) the decrease of MGDG and concomitant 

increase of DGDG content, and (ii) the decrease of SQDG 32:0 and PG 34:1 with 

concomitant increase of SQDG 34:2 and PG 34:3 contents.

3.2.3. Changes in the unsaturation level of fatty acids—To get an overview of the 

unsaturation level in cellular membranes we calculated the double-bond indices on the basis 

of lipid species percentage and total double bonds identified by lipidomics. Table 2 contains 

the double bond indices of total lipids and those of the different lipid classes originating 

from WT and PsaL cells grown at different temperatures (25°C, 30°C and 35°C). At 30°C in 

PsaL cells we could detect a significant increase (12%) in the unsaturation level of total 

lipids. As expected, changes in the growing temperature had also an effect on the 

unsaturation level of lipids in both WT and PsaL cells. The level of unsaturation increased at 

25°C, whereas at 35°C decreased in the WT and, to a lesser extent, also in the mutant. When 

comparing the WT and PsaL cells, there are no significant differences between the double 
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bond indices of MGDG, DGDG and PG. By contrast, there are significant double bond 

index increases for SQDG in the PsaL cells, as compared to those of the WT.

4. Discussion

The functional importance of PSI oligomerization has not been elucidated yet. 

Evolutionarily oligomeric PSI forms, up to tetramers, have only been found in 

cyanobacteria. In all eukaryotic photosynthetic organisms PSI is present exclusively in 

monomeric form. In Synechocystis, PSI is present in monomeric/trimeric forms. Growth 

temperature can influence the equilibrium of these forms, shifting it toward monomers at 

low (20°C), and toward trimers at high (37°C) growth temperatures (Klodawska et al., 

2015). PSI complexes are embedded in thylakoid membranes composed of lipids and require 

specific lipid environments, as revealed by crystal structures of trimeric (Malavath et al., 

2018) and monomeric PSI (Netzer-El et al., 2018) from Synechocystis and its PsaLHIS 

mutant, respectively. The trimeric PSI crystal structure contains 51 lipids (27 PG, 16 

MGDG, 7 SQDG and 1 DGDG), while monomeric PSI only 8 (4 PG, 2 MGDG and 2 

SQDG) of them. However, these results of X-ray crystallography could not provide direct 

information on the composition and properties of thylakoidal lipid compartments that are 

required for maintaining PSI in trimeric or monomeric form. The knowledge of both bulk 

lipid phase properties of the thylakoid lipid compartments and the specific solvating ability 

of individual lipids are equally important (Ernst et al., 2018).

In the present work we studied the effect of the PsaL mutation that results in the loss of the 

protein subunit required for the stabilization of PSI trimers. The lack of trimerization, 

however, has no effect on the photoautotrophic growth and photosynthetic activity of the 

mutant cells (Klodawska et al., 2015).

This system, beyond the point of view of photosynthesis research, is excellent as a model for 

studying fundamental problems of biological membranes, such as the role of the protein-

lipid interactions; the effect of the relative extent of protein-lipid interface (its tightness is a 

prerequisite for proper functioning of a biological membrane) on proper membrane 

dynamics, and on the structure of the embedded proteins.

The main difference between WT and PsaL thylakoids is the absence or presence of PSI 

trimers, therefore the mutation was expected to affect the relative amounts of lipids that are 

at the protein-lipid interface. In principle, a change in the extent of the protein-lipid interface 

could alter the protein-to-lipid ratio, as well. In our case, somewhat surprisingly, the protein-

to-lipid ratio did not change either between the WT and PsaL cells or in response to changes 

in the growth temperature (Fig. 1). Earlier we found very similar constancy over different 

growth temperatures (Laczko-Dobos and Szalontai, 2009). These findings may indicate a 

possible regulatory mechanism that controls the protein-to-lipid ratio of these membranes.

In addition to the unchanged protein-to-lipid ratios, the secondary structures of the proteins 

were also mostly similar. Only in the thylakoids of 35°C-grown cells (WT35) was observed 

a significant difference at the 164x, 165x cm−1 regions of the Amide I band (for the 

interpretation of these frequencies see Fig. 1), indicating altered secondary structures. This is 
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in good agreement with our earlier result (Klodawska et al., 2015) showing that the structure 

of WT PSI trimers prepared from cells grown at 37°C was different from those of cells 

grown at 15°C or 25°C.

When looking at the lipid fatty acyl chain disorder as revealed by the vsymCH2 frequencies, 

which increase with more gauche segments per fatty acyl chain, consistent differences can 

be observed between the WT and PsaL thylakoid membranes. A higher lipid disorder 

(higher vsymCH2 frequencies) prevails toward lower temperatures in the PsaL thylakoids, as 

compared to those of WT (Fig. 2B-D). Such a correlation between lipid unsaturation levels 

and their thermotropic frequencies has already been established (Szalontai et al., 2000). In 

our case explanation of the differences between the thermotropic responses of the WT and 

PsaL thylakoids (Fig. 2) would require the presence of more unsaturated lipids in PsaL. 

Indeed, this has been found by the lipid analysis (see total lipid double-bond indices in Table 

2).

The fact that, compared to the WT, the MGDG double-bond index did not increase in the 

PsaL mutant at any of the growth temperatures (Table 2) may indicate that MGDG 

molecules have direct contacts with PSI complexes at sites not masked by the 

oligomerization. The double bond indices did not change in DGDG, either, also indicating a 

possibly constant role in the PSI-lipid interaction. But an increased relative amount of 

DGDG in PsaL cells, and its essential presence in the PSI trimer (Netzer-El et al., 2018) may 

indicate that it is very important for interacting with a certain domain of the monomeric PSI. 

The non-bilayer-forming MGDG (having small headgroup) can be in greater demand at 

more intricate surfaces of trimeric PSI, therefore it is more abundant in WT cells. By 

contrast, in the case of monomeric PSI, which is more exposed to the lipid phase, membrane 

organization can make better use of the bilayer-forming DGDG that has higher level in PsaL 
cells. Such complementary roles of MGDG and DGDG would not considerably affect 

membrane dynamics since their fatty acyl chain compositions are very similar.

Along similar logic, the similar unsaturatin levels and only minor temperature-dependent 

double bond index differences between the WT and PsaL cells may also indicate that PG has 

a constant role in the protein-lipid interaction, most probably by interacting with specific 

protein surface domains that are not affected by the monomerization/trimerization of PSI.

Contrastingly, more abundant SQDG lipids exhibited large double bond index changes both 

upon increasing growth temperatures and between WT and PsaL cells (Table 2). This 

sensitivity may point to their prominent role in the organization of the lipid phase of the 

membrane.

A possible mode of action in the present case can be that reduced MGDG/DGDG ratio may 

cause bilayer instability and disorder in the hydrophilic bilayer region due to the twice larger 

headgroup of DGDG. The headgroup area/acyl chain area balance might be improved by 

increasing the acyl chain area of bilayer forming lipids like the anionic SQDG (e.g., 

decrease of 32:0 and parallel increase of 34:2 content for SQDG), which is the only lipid of 

which the double bond indices grew considerably between WT to PsaL cells. Rough 

estimation of such chain modification (Lee et al., 2006) could not induce hydrophobic 
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thickness increase. Given the lipid membrane characteristics of cyanobacterial and plant 

thylakoid membranes revealed by molecular dynamics simulations (van Eerden et al., 2015) 

the PsaL membrane lipid bilayer seems more similar to plant than to WT cyanobacterial 

lipid bilayers.

The study of the protein-lipid interactions and the possible correlations between their 

structural alterations was addressed by singular value decomposition (SVD), a non-

supervised multivariant analyzing method. SVD analyses were performed on each set of 

infrared spectra recorded as a function of measuring temperature (12-85 °C) for each 

thylakoid sample prepared from both WT and PsaL cells grown at 25, 30 and 35 °C. As a 

typical set of results the u1 and u2 components of the data set of WT25 thylakoids is shown 

in Fig. 8.

The u1 component represents the ‘average’ infrared spectrum of the analyzed region, to 

which, in the first approximation, the u2 component ‘the largest variation’ has to be mixed 

to obtain back the originally measured spectra (within the neglected experimental errors). 

The changing ‘need’ for mixing u2 to u1 is different at each temperature, due to the involved 

structural changes in the sample. The v2 amplitude vectors of the SVD analysis contain this 

‘need’ and they are plotted along the right axis in Fig. 8 as a function of the temperature (top 

axis). It can be seen that the shapes of the Amide I and II v2 vectors are similar but far from 

being the same, and that the lipid v2 vector is largely different from the protein-related v2 
vectors. Therefore, an analysis of the correlation between the lipid- and the protein-related 

structural changes may reveal effects of the PsaL mutation on the protein-lipid interaction 

and membrane organization. In Fig. 9 all variables are plotted against the lipid structural 

variations, i.e. as a function of the v2 vector obtained from the SVD analysis of the C-H 

stretching region of the given sample.

For visualizing the dependence of the absolute lipid disorder upon the SVD-determined lipid 

structural changes the vsymCH2 frequencies are also plotted for each sample (left axes). 

These plots show that the fitted vsymCH2 frequencies, i.e. the average lipid disorder in 

average is higher in the PsaL mutant. This is in agreement with their plots versus the 

measuring temperature shown in Fig. 2. Intriguingly, the structure-change dependence of the 

vsymCH2 frequencies in the WT cells is almost linear, while it strongly deviates from 

linearity (it is much steeper at low measuring temperatures) in the PsaL samples. This may 

point to a certain instability in the PsaL membranes at low temperatures. As regards the 

protein-related Amide I and II v2 vectors, in each case the Amide II v2 amplitudes start to 

increase at an earlier phase of the lipid structural changes than the Amide I v2 vectors. This 

is due to the fact that the disappearance of the Amide II band upon increase of the measuring 

temperature (shown by the u2 component in Fig. 8C) is the result of the penetration rate-

dependent H to D exchange at the NH groups. Enhanced penetration of D+ can be made 

possible by ‘loosen’ lipid environment, and this is an earlier event than the profound 

measuring temperature-induced protein structural change, manifested in changes in the 

Amide I band of the infrared spectrum.

Both Amide II and Amide I changes start at relatively lower extent of the lipid structural 

changes in the PsaL thylakoids, as compared to the WT ones. This means that the proteins 
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enjoy a less protective, less optimized environment in the PsaL mutant. It should be 

considered that if the protein/lipid ratio remains the same in the PsaL membranes as it is in 

the WT then the many PSI monomers require a much higher proportions of lipids for being 

accommodated in the protein-lipid interface. Therefore, the ‘lipid fitness’ can be less assured 

in PsaL than in WT membranes. The cells try to encounter this problem by changing their 

lipid composition and level of unsaturation but, as we saw, this compensation is not perfect.

Conclusions

We present a system allowing the study of photosynthetic membranes, a very complex 

environment, in which only the oligomerization potential of the PSI complex is altered. In 

WT Synechocystis this protein complex is in temperature dependent monomer/trimer 

equilibria, whereas in the PsaL mutant it occurs solely in its monomeric form. We 

demonstrate that the mutation-triggered monomerization of PSI complexes leads to profound 

alterations of the lipid composition and physical properties of thylakoid membranes. A 

schematic illustration of how the lack of PSI oligomerization results in the above described 

changes in the composition and properties of thylakoid membranes is given in Fig. 10.

The main observations concerning the physical properties of thylakoids and lipid content of 

WT and PsaL can be summarized as follows:

i. Protein-to-lipid ratios calculated from FTIR data do not indicate significant 

difference between WT and PsaL thylakoids.

ii. FTIR data of isolated thylakoid membranes revealed changes that occurred 

parallel with growth temperatures. With decreasing culture temperatures, the 

phase transition between gel and liquid-crystalline states also decreased. On the 

other hand, the PsaL mutant always showed 10-12°C lower phase transition 

temperatures as compared to those of the WT.

iii. Relative amounts of the two dominant lipids, the non-bilayer-forming MGDG 

and bilayer-forming DGDG, showed contrasting changes in WT and PsaL cells 

(MGDG decreased, DGDG increased). These lipids are synthesized 

consecutively in the same biosynthetic pathway, thus their amount can be 

regulated by a single trigger. While PSI trimers require more MGDG, in their 

absence the synthesis can go on toward DGDG, of which more is needed in the 

PsaL mutant.

iv. Only SQDG lipids showed a marked increase, not in their abundance, but in the 

level of unsaturation in the PsaL thylakoids. This fact may point to SQDG as a 

key player in the adaptation of the thylakoid lipid environment to the new 

conditions brought about by the increased protein-lipid interface resulting from 

solely monomeric PSI complexes.

v. Protein ‘fitness’ is considerably lower in the PsaL membranes. The somewhat 

altered lipid class composition and the more desaturated and thus less densely 

packed lipid fatty acyl chains of the less abundant lipid classes cannot fully 

compensate the perturbing effect of the elevated PSI level, which results in 
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increased protein surface exposed to lipids at an otherwise unchanged protein-to-

lipid ratio.

Supplementary Material
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DGDG digalactosyldiacylglycerol

FTIR Fourier-transform infrared

MGDG monogalactosyldiacylglycerol

MGlcDG monoglucosyldiacylglycerol

PG phosphatidylglycerol

PsaL Synechocystis sp. PCC6803/ΔpsaL mutant

PSI photosystem I

SQDG sulphoquinovosyldiacylglycerol

Synechocystis Synechocystis sp. PCC6803

WT wild type
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Highlights:

• Protein-lipid interactions are decisive in determining the structure of 

membranes

• PSI oligomerization affects physical properties and lipid composition of 

thylakoids

• PSI monomer-containing thylakoids show increased lipid disorder

• Monomer PSI favors DGDG-, whereas its trimeric form MGDG-rich 

membrane environment

• Increased unsaturation level of the anionic lipid SQDG supports PSI 

monomers
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Figure 1. 
Infrared spectra of wild type (WT) and PsaL mutant (PsaL) thylakoids prepared from cells 

grown at 25, 30 and 35 °C. Protein-to-lipid ratios were obtained by dividing the summed 

integrals of the protein-related 164x, 165x cm−1 of the Amide I band with the summed 

integrals of the lipid ester C=O band components (at 172x and 174x cm’1). The x indicates 

that in the individual free fits of the spectra there was a variation in the last digit of the 

obtained component bands at around 1636-48 cm−1, 1654-58 cm−1, and 1725 cm−1, 1740-45 

cm−1, respectively. Note that the protein-to-lipid ratios remained practically unchanged 

independently of mutation and of growth temperature (in agreement with earlier results of 

Laczko-Dobos and Szalontai, 2009)
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Figure 2. 
Thermotropic responses of the vsymCH2 frequencies in Synechocystis WT (Panel A) and 

PsaL mutant thylakoids, compared to responses of the WT grown at 25, 30 and 35°C. 

(Panels B-D). Tm: middle temperature of the gel-to-liquid crystalline phase transition. 

Errors of the Tm determinations are given in parentheses.
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Figure 3. 
Lipid-class distribution of wild-type (WT) cells and PsaL mutant (PsaL) grown at 25°C 

(panel A), 30°C (panel B) and 35°C (panel C). The most abundant lipid classes are: MGDG 

(monogalactosyldiacylglycerol) and DGDG (digalactosyldiacylglycerol). The minor lipids 

are: PG (phosphatidylglycerol) and SQDG (sulphoquinovosyldiacylglycerol). Significance 

levels in figures are designated as * p<0.05, ** p<0.01, *** p<0.005.
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Figure 4. 
Percentages of the most abundant lipid species belonging to the MGDG class from WT and 

PsaL cells grown at 30°C (panel A), 25°C (panel B) and 35°C (panel C). Lipid species are 

denoted as total carbon number:total double bond. Significance levels in figures are 

designated as * p<0.05, ** p<0.01, *** p<0.005.
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Figure 5. 
Percentages of the most abundant lipid species belonging to the DGDG class from WT and 

PsaL cells grown at 30°C (panel A), 25°C (panel B) and 35°C (panel C). Lipid species are 

denoted as total carbon number:total double bond. Significance levels in figures are 

designated as * p<0.05, ** p<0.01, *** p<0.005.

Kovacs et al. Page 23

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Percentages of the most abundant lipid species belonging to the PG class from WT and PsaL 

cells grown at 25°C (panel A), 30°C (panel B) and 35°C (panel C). Lipid species are 

denoted as total carbon number:total double-bond. Significance levels in figures are 

designated as * p<0.05, ** p<0.01, *** p<0.005.

Kovacs et al. Page 24

Biochim Biophys Acta Mol Cell Biol Lipids. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Percentages of the most abundant lipid species belonging to the SQDG class from WT and 

PsaL cells grown at 25°C (panel A), 30°C (panel B) and 35°C (panel C). Lipid species are 

denoted as total carbon number:total double bond. Significance levels in figures are 

designated as * p<0.05, ** p<0.01, *** p<0.005.
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Figure 8. 
Typical examples (from WT25thylakoids) for the result of the multivariant Singular Value 

Decomposition (SVD) analysis of u1 (the ‘average’) in blue, the u2 (the ‘largest change’) in 

red, and the amplitudes (v2 vectors) of the u2 components in dark red for the CH stretching. 

The analyzed regions of the infrared spectra were: Lipids – (3050-2800 cm−1), Amide I – 

(1700-1600 cm−1), and Amide II – (1575-1515 cm−1). Bottom and left axes correspond to 

u1 and u2 spectra, top and right axes to the v2 amplitudes. For details, see the text.
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Figure 9. 
Absolute fatty acyl chain disorders and protein ⇔ lipid structural change correlations in 

thylakoid membranes of WT and PsaL grown at 25, 30 and 35 °C. The left axes correspond 

to the vsymCH2 frequencies obtained by fitting a Lorentzian-shaped curve to each measured 

spectrum around the vsymCH2 band (2830-2860 cm−1); the right axes show the amplitudes 

of the Amide I and II v2 vectors (the amplitudes of the largest spectral changes) as a 

function of the largest lipid structural change (the v2 vectors of the C-H stretching region). 

The amplitude vectors were obtained from the SVD of sets of temperature dependent 

measurement of infrared spectra performed on thylakoid membranes. Samples are indicated 

as WT25,30,35 and PsaL25, 30, 35, respectively.
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Figure 10. 
Lipid-protein interactions and their effect on the physical properties and lipid composition of 

thylakoids in wild-type (WT) Synechocystis and its only PSI monomer-containing PsaL 
mutant. Mentioned lipid classes are: MGDG (monogalactosyldiacylglycerol), DGDG 

(digalactosyldiacylglycerol), SQDG (sulphoquinovosyldiacylglycerol).Up and down arrows 

indicate the directions of changes observed in the PsaL mutants compared to WT.
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Table 1.

MGDG/DGDG lipid ratios of WT and PsaL cells grown at 25°C, 30°C and 35°C.

Cyanobacterial strains,
MGDG/DGDG lipid ratio ± SD

Temperature (°C) WT PsaL

25 3,1±0,2 2.2±0,2

30 5,5±0,7 1,8±0,2

35 3,8±0,4 1,9±0,1

±SD values were calculated from three independent biological replicates.
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Table 2.

Double-bond indices of total lipids, as well as lipid classes, from WT and PsaL cells grown at 25°C, 30°C and 

35°C.

Lipid class Temperature (°C) Total double bond index of lipid species in
cyanobacterial strains

WT PsaL

25 3,09 3,02

MGDG 30 2,91 2,90

35 2,79 2,71

25 2,99 2,98

DGDG 30 2,76 2,96

35 2,73 2,74

25 0,97 1,40

SQDG 30 0,68 1,21

35 0,51 1,07

25 2,06 2,19

PG 30 1,78 2,01

35 1,75 1,83

25 9,12 9,58

Total lipid 30 8,13 9,09

35 7,78 8,35

Double-bond indices were calculated as described in the Materials and Methods. Main differences are highlighted in bold.
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