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Abstract

The roles of lipid unsaturation and lipid-protein interactions in maintaining the physiologically required membrane
dynamics were investigated in a cyanobacterium strain, Synechocystis PCC 6803. The specific effects of lipid unsaturation on
the membrane structure were addressed by the use of desaturase-deficient (des4 ™ /desD™) mutant cells (which contain only
oleic acid as unsaturated fatty acid species) of Synechocystis PCC 6803. The dynamic properties of the membranes were
determined from the temperature dependence of the symmetric CH; stretching vibration frequency, which is indicative of the
lipid fatty acyl chain disorder. It was found that a similar membrane dynamics is maintained at any growth temperature, in
both the wild-type and the mutant cell membranes, with the exception of mutant cells grown at the lower physiological
temperature limit. It seems that in the physiological temperature range the desaturase system of the cells can modulate the
level of lipid desaturation sufficiently to maintain similar membrane dynamics. Below the range of normal growth
temperatures, however, the extent of lipid disorder was always higher in the thylakoid than in the cytoplasmic membranes
prepared from the same cells. This difference was attributed to the considerable difference in protein-to-lipid ratio in the two
kinds of membranes, as determined from the ratio of the intensities of the protein amide I band and the lipid ester C=0
vibration. The contributions to the membrane dynamics of an ab ovo present ‘structural’ lipid disorder due to the protein—
lipid interactions and of a thermally induced ‘dynamic’ lipid disorder could be distinguished. © 2000 Elsevier Science B.V.
All rights reserved.
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1. Introduction blies of lipids and proteins, perform multiple func-
tions in living organisms. They separate cells and cell
The membranes, which comprise delicate assem- compartments from their environment and provide

an effective barrier against a large variety of com-

. . pounds. On the other hand, the membranes also
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portant additional function of the membranes is to
mediate to the cell machinery the external signals
arriving at the cell surface. This permits the adapta-
tion of the cells to the ever-changing external condi-
tions. For all these functions, a biological membrane
has to form a physically solid, yet dynamic entity,
establishing dynamic equilibria between its constitu-
ents and between itself and its environment.

In cyanobacteria, the growth temperature deter-
mines the level of unsaturation of glycerolipids in
the cell membranes, more unsaturated fatty acyl
chains being present at lower growth temperatures.
The physical and biochemical characteristics of
membrane lipids depend on the level of unsaturation
of their fatty acids, while the physical state of the
lipids in biological membranes plays an important
role in the various functions of the membranes [1].
For appropriate functioning, membrane constituents
require the membrane lipids to be in a liquid-crystal-
line state where rotational transmembrane move-
ments of the lipid and protein molecules are possible.
It has been demonstrated in model membranes that
the characteristic temperature of the liquid-crystal-
line— gel phase transition depends on the level of
saturation of the membrane glycerolipids [2], and
that the physiological activities change drastically at
the phase transition temperature [3]. In photosyn-
thetic membranes, the phase behavior of glycerolip-
ids is similarly regulated by the level of their unsatu-
ration, by fatty acid desaturases [4] which introduce
double bonds directly into the fatty acids of the glyc-
erolipids. It has been shown that the desaturase ac-
tivity level plays a crucial role in the responses of the
organisms to changes in the ambient temperature,
such as an enhanced tolerance to low-temperature
stress, by modulating the phase transition tempera-
ture of the lipids in the cytoplasmic membrane [5].

Synechocystis PCC 6803 is a transformable cyano-
bacterium strain that has been used extensively as a
model for the chloroplasts of higher plants [4]. The
photosynthetic (chloroplast) membranes of higher
plants or cyanobacteria contain high levels of lino-
lenic glycerolipids, and the phase transition of these
lipids in a model system should therefore be far be-
low room temperature. However, the photosynthetic
membranes of cyanobacteria contain high amounts
of proteins [6], which results in a higher phase tran-
sition temperature of lipids [7]. Moreover, Wada et

al. [8] found that the phase transition temperature of
cytoplasmic membranes is lower than that of thyla-
koid membranes.

Fourier transform infrared (FTIR) spectroscopy
can be used successfully to study lipid conformation-
al order in both model [9,10] and biological mem-
branes [11,12]. As regards the very short time scale
of molecular vibrations (107 s), it should be noted
that the picture provided by FTIR spectroscopy is an
average of all molecules present in the system in any
conformation at that moment. There is no selectivity
according to the dynamics of whole molecules, as can
be observed with spin-labeled electron spin resonance
(ESR) or fluorescence anisotropy techniques, for in-
stance. Nevertheless, the ability to monitor endoge-
nous molecules [13] or molecules that are isotopically
labeled in situ [14], rather than chemically quite dis-
tinct probe molecules, is an important feature and in
many cases a distinct advantage of FTIR spectrosco-
py.

In model systems, FTIR spectroscopy has been
widely used to investigate acyl chain conformations
in phospholipid bilayers [15]. The infrared spectro-
scopic parameter most often utilized in these systems
is the frequency of the symmetric CH, stretching
mode near 2851 cm~'. This frequency has been
shown to increase by 2-5 cm™! at the gel — liquid-
crystalline phase transition temperature. The temper-
ature dependence of this frequency shift is a sensitive
measure of lipid conformations [9]. We recently dem-
onstrated that the underlying mechanism of the ap-
parent shift of the vy, CH» frequency is the compe-
tition of two close-lying bands at around 2851 and
2856 cm™!, assigned to trans and gauche segments of
the fatty acyl chains, respectively [16].

FTIR spectroscopy is one of the major techniques
for the determination of protein secondary structures
(for a review, see [17]). Thus, FTIR spectroscopy
offers unique possibilities for the simultaneous study
of protein and lipid structures and dynamics in bio-
logical membranes.

In this paper we analyze the changes that occur in
both the lipid and the protein moieties of thylakoid
and cytoplasmic membranes in consequence of
changes in growth temperature and/or alterations in
the level of lipid desaturation, by site-directed muta-
genesis with the strain Synechocystis PCC 6803. The
thermotropic response curves of the veymCH, fre-
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quency revealed how wild-type cells change the level
of unsaturation in the fatty acyl chains of the mem-
brane lipids, in order to optimize the physical prop-
erties of their membranes at different growth temper-
atures. In mutant cells defective in lipid desaturation,
it was further shown how the lack of polyunsaturat-
ed glycerolipids in the membranes is compensated to
match the dynamics required for the membranes in
wild-type cells. A comparison involving the behavior
of thylakoid and cytoplasmic membranes pointed to
the previously often neglected influence of the pro-
tein-to-lipid ratio on the membrane structure. The
FTIR spectra of the membranes were utilized to de-
termine the changes in the protein-to-lipid ratio.

2. Materials and methods
2.1. Sample preparations

Thylakoid and cytoplasmic membranes were pre-
pared by the method of Murata and Omata [18]. The
desA™ ldesD™ mutant was generated by Tasaka et al.
[19]. Cells were grown at 25°C or 35°C. For simplic-
ity, we applied the following abbreviations for the
eight different membranes used in this paper: W,
wild-type cells; M, desA™ /desD™ mutant cells; T,
thylakoid membrane; C, cytoplasmic membrane;
25, cells grown at 25°C; 35, cells grown at 35°C.
Thus, WT25 means wild-type thylakoids from cells
grown at 25°C; MC35 indicates cytoplasmic mem-
branes from desA /desD~ mutant cells grown at
35°C; etc.

2.2. FTIR measurements

For FTIR measurements, membrane suspensions
were centrifuged in a Beckman TL100 centrifuge at
75000 rpm for 20 min at 4°C, then resuspended in
identical but D,O-based buffer. The 0.4 unit shift
between pH and pD was taken into account. FTIR
measurements were carried out on a Nicolet Magna
560 and a Philips PU9800 FTIR spectrometer at
2 cm~! spectral resolution. For each background
and sample spectrum, 128 interferograms were accu-
mulated. Temperature-dependent experiments were
carried out by repeating the following measurement
cycle: sample spectrum— background spectrum—

new temperature setting— waiting for 10 min for
the new thermal equilibrium to be attained — reading
the actual temperature. With this sequence, the sam-
ple was kept in the dark until the new thermal equi-
librium set in. The temperature was increased in 2-
3°C steps by using a water-thermostated sample
holder. The stability of the adjusted temperature
was about 0.1°C.

Data analysis was carried out with SPSERV soft-
ware (Bagyinka, Szeged, Hungary). Prior to data
analysis, no manipulations were carried out on the
spectra. Spectral regions of interest were fitted with
Lorentzian components. All component parameters
(frequency, bandwidth and intensity) were freely
optimized by the program. The accuracy of compo-
nent band frequency determination was better than
0.1 cm™! in the C-H stretching region and about
2 cm~! in the amide I and II regions.

3. Results

3.1. Analysis of the C—H stretching region of the
FTIR spectrum

Fig. 1A shows the C-H stretching region of thyla-
koid membranes prepared from Synechocystis PCC
6803 grown at 35°C. The frequency of the indicated
CH, symmetric stretching vibration was determined
with high accuracy by curve fitting, and the thermo-
tropic response of this frequency was used to char-
acterize the lipid fatty acyl chain structure in the
membranes.

At the bottom of Fig. 1A, the residual curve of the
fit is depicted. At near 2850 cm™!, the fit has a slight
but systematic error around the v¢,mCH> band when
it is fitted with one component. The v, CH, band
can be fitted more accurately with two components
(Fig. 1B), and the assignments of these two compo-
nent bands are important as concerns an understand-
ing of the information provided by FTIR spectros-
copy on the lipid structure of the membranes. The
apparent upward shift observed in the vy, CH, band
as the temperature is raised is actually a result of the
changes in intensity of the two component bands
under its contour, as shown in Fig. 1B [16]. The low-
er-frequency component band at around 2851 cm™!
was assigned to CH; groups on trans (ordered) seg-
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Fig. 1. Analysis of the C-H stretching region of the FTIR spec-
tra of thylakoid membranes prepared from wild-type cells of
Synechocystis PCC 6803 grown at 35°C. Circles indicate mea-
sured data points. The continuous line through the circles is the
sum of the fitted Lorentzian components, which are displaced
for clarity. The vgymCH, components discussed in this paper
are drawn with thicker lines. (A) Fit with one component for
the vgymCH, band (note the systematic error in the residual
curve at the bottom of the figure). (B) The vg,nCH, band is fit-
ted with two components (observe the disappearance of the sys-
tematic fitting error in the residual curve under the compo-
nents). For details, see text.

ments of the fatty acyl chains, while the higher-fre-
quency component band at around 2856 cm~! was
assigned to CH, groups situated on gauche (disor-
dered) segments of the fatty acyl chains.

For example, if a temperature elevation causes the
amount of gauche segments to increase, there is an
accompanying increase in the intensity of the 2856
cm~! component band. Since the total number of
CH; groups in the sample is constant, the number
of trans segments and consequently the intensity of
the 2851 cm ™! component band decrease. As a result,
the whole CH, symmetric band will shift upfield as
the temperature increases.

The apparent frequencies of the symmetric CHj;
vibration obtained from peak frequency determina-
tions [20-24] are most often used as a measure of
lipid order in the literature; accordingly we too use
this parameter to characterize the membrane lipid
states, bearing in mind, however, that the higher
the v¢ymCH, frequency, the higher the proportion
of gauche segments in the fatty acyl chains of the
membrane lipids.

3.2. Membrane lipids in wild-type cells

The thermotropic responses of Vg, CH, of thyla-
koid and cytoplasmic membranes prepared from
wild-type cells grown at 25°C or 35°C are illustrated
in Fig. 2. A higher degree of disorder could be ex-
pected for both thylakoid and cytoplasmic mem-
branes from the cells grown at 25°C (Fig. 2A), in
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Fig. 2. Thermotropic responses of the vg,yCH> frequencies in
thylakoid (WT) and in cytoplasmic (WC) membranes from
wild-type cells. (A) Cells grown at 35°C; (B) cells grown at
25°C. the dashed line indicates the level of lipid disorder found
at around the corresponding growth temperature. This level is
identical in the membranes prepared from cells grown at either
25°C or 35°C.
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accordance with the higher amount of polyunsaturat-
ed fatty acyl chains in these membranes as compared
with that in the cells grown at 35°C (Fig. 2B).

At around and above the growth temperatures, the
cytoplasmic and thylakoid membranes had very sim-
ilar and converging degrees of fatty acyl disorder, as
was expected at temperatures high enough to ‘fluid-
ize’ the fatty acyl chains in the membranes more and
more.

It is surprising, however, that at temperatures low-
er than the growth temperatures the fatty acyl chains
of the cytoplasmic membranes were more ordered (as
reflected by their lower vg,CH, frequencies) than
those of the thylakoid membranes prepared from
the same cells (Fig. 2). Since the fatty acid composi-
tions of the cytoplasmic and thylakoid membranes in
Synechocystis PCC 6803 are very similar [25], the
observed difference in lipid order cannot be a result
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Fig. 3. Thermotropic responses of the vy, CH, frequencies in
membranes prepared from desA™ /desD~ mutant (M) cells. (A)
Mutant cells grown at 35°C; (B) mutant cells grown at 25°C.
For the meaning of the abbreviations of the sample names, see
Section 2. The dashed lines indicate the level of disorder found
in membranes prepared from wild-type cells, as shown in Fig. 2.

of the different levels of unsaturated fatty acyl chains
in the cytoplasmic and thylakoid membranes. The
situation is further confused by spin-labeled ESR
spectroscopic data from which it was concluded
that the cytoplasmic membrane has a lower gel-to-
liquid-crystalline phase transition temperature than
the thylakoid membrane of the same cell [8]. Evi-
dently, factors other than the fatty acid composition
of the membranes have to be taken into account to
resolve this discrepancy (e.g., protein-to-lipid ratios,
vide infra).

It must be noted, however, that at around the
corresponding growth temperatures the vgm CH, fre-
quency, i.e., the level of lipid disorder (the propor-
tion of gauche segments to trans) has the same values
for the thylakoid and cytoplasmic membranes pre-
pared from cells grown at either 25°C or 35°C. In
Fig. 2A and B, this identical level of disorder is in-
dicated by a horizontal dashed line. This agreement
may mean that these membranes require the same
levels of lipid disorder for their functioning, and
that in this temperature range the changes in lipid
fatty acid composition achievable through acyl lipid
desaturases are sufficient to maintain the physiolog-
ically required membrane dynamics.

3.3. Membrane lipids in desA™ ldesD™ mutant cells

In order to study the effect of the unsaturation in
the glycerolipids on the membrane structure, we used
a mutant strain generated by insertional mutagenesis.
In the desA™ /desD™ strain, the desA and desD genes
for A'"> and A® desaturases, respectively, were dis-
rupted by an antibiotic resistance cartridge [19]. In
desA™ IdesD™ cells, therefore, oleic acid is the only
unsaturated fatty acid that the cells can use in com-
bination with saturated fatty acid molecular species
so as to regulate the dynamic properties of their
membranes.

Thermotropic responses obtained for mutant cells
grown at 25°C or 35°C are depicted in Fig. 3. When
the membranes prepared from the mutant cells (Fig.
3) are compared with the membranes from the wild-
type cells (Fig. 2), it can be seen that MT35 and
MC35 (Fig. 3A) exhibit similar degrees of fatty
acyl chain disorder at 35°C to those of the corre-
sponding WT35 and WC35 (Fig. 2A) membranes.
In contrast, MT25 and MC25 (Fig. 3B) fail to reach
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the level of disorder of their wild-type counterparts
at around 25°C (Fig. 2B). The degree of disorder
observed for the membranes from the wild-type cells
is indicated by the same dashed line in Fig. 3A and
B.

It should be added that the growth rate of the
mutant cells is lower than that of the wild-type cells
at 25°C [19] and growth is not possible below this
temperature. Additionally, these cells are very sensi-
tive to light at low temperatures (for details of these
phenomena, see [19,26]). It has been shown that dur-
ing low-temperature photoinhibition the regeneration
cycle of the D1 protein, a component of the photo-
synthetic reaction center, is blocked at the step of
processing the newly synthesized preD1 to D1 pro-
tein in the photosynthetic membrane. The presence
of polyunsaturated glycerolipids in the membrane
seems to be the key factor for the restoration of
functioning D1 proteins in the thylakoid membranes
of desA™ IdesD™ mutant cells growing at 25°C [27].

It may be seen in Fig. 3B that the lipid fatty acyl
chain dynamics of the membranes prepared from the
mutant cells grown at 25°C is very different from
that for the membranes obtained from the wild-
type cells grown at the same temperature. A joint
consideration of our membrane dynamics data, the
findings from the low-temperature photoinhibition
experiments and the physiological difficulties of cul-
turing desA™ /desD™ mutant cells at 25°C suggests
that the MT25 and MC25 membranes are function-
ing at their ‘dynamic limit’. If anything such as the
necessary exchange or processing of D1 proteins
were to require major local rearrangements, even
temporarily, these membranes could provide no
‘structural buffer’ for any extra dynamics.

3.4. Protein-to-lipid ratios

A further important factor affecting the membrane
structure and dynamics is the amounts of proteins
and lipids in these membranes. Conventionally, these
amounts are determined by biochemical techniques,
which give absolute values but with rather large ex-
perimental errors, inherent to the methods applied.

From the FTIR spectrum, a precise protein-to-lip-
id ratio can be derived by dividing the relative inten-
sity of the amide I protein band at around 1650
cm™!, by that of the carbonyl stretching bands of
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Fig. 4. Amide I region of thylakoid (A) and cytoplasmic (B)
membranes prepared from wild-type Synechocystis PCC 6803
grown at 35°C. Note the much higher amide I to ester C=0
band intensity ratio for the thylakoid membrane. Circles indi-
cate experimental data points (for better visibility, only every
second point is displayed). The continuous curve through the
circles is the result of the fit obtained by using the depicted
component bands. Component bands are displaced for clarity.
Component bands drawn with dashed-dotted lines correspond
to protein amide I bands, and those drawn with thicker lines to
ester C=0 vibrations. The ratio of these two types of compo-
nent bands was used to determine the ‘spectroscopic’ protein-
to-lipid ratio.

the ester bonds connecting the fatty acids to the glyc-
erol backbone of the lipids at around 1725-1740
cm™!. Since the absorption coefficients may be differ-
ent for the two bands, their intensity ratios cannot
give absolute values. These changes in their relative
intensities, however, do furnish realistic measures of
differences in protein-to-lipid ratios from one mem-
brane to another.

To illustrate the process of ‘spectroscopic’ protein-
to-lipid ratio determination, the 1800-1350 cm™! re-
gions of the WT35 (Fig. 4A) and WC35 (Fig. 4B)
membranes are shown. Both spectra can be fitted
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very well with Lorentzian component bands. Here, a
sufficient fit was sought which could be achieved by
using only two components for the amide I region.
Similarly, two components were used for the fit of
the ester carbonyl band. Prior to curve fitting, the
background due to the CaF, windows was sub-
tracted. Subsequently, only a constant baseline was
allowed during component band fitting.

This approach implies the neglect of the very
broad but weak combination band of D,O which
also contributes to this region. The problem with
D,0 spectrum subtraction is that the shape of the
deformation band at around 1210 cm™! (which could
otherwise be a good candidate for the calibration of
subtraction) is different in pure D,O from that found
in the extremely concentrated membrane suspensions
(not shown), and therefore subtraction cannot be
perfect. Since the broad D,O combination band
overlaps with the whole amide I region, in this case
we cannot trace even the changes in its band shape.
A reliable subtraction of the D>O combination band
by calculating its contribution via a pure D,O spec-
trum by curve fitting is therefore not possible. Thus,
we rather have chosen to compromise by retaining
the slight and invariant distortion effect of the broad
D,0 combination band on the protein-to-lipid ratio.

Table 1

Spectroscopically measured and calculated weight/weight pro-
tein-to-lipid ratios in wild-type and desA™/desD~ mutant cell
membranes

Protein-to-lipid ratio Proportion of proteins

(spectroscopic) (weight/weight),
I(amidefl)/[‘(lesler Cc-0) Conv. fact= 6.1b
Thylakoid Plasma Thylakoid Plasma
WT35 11.9 67%
WC35 24 29%
MT35 10.5 63%
MC35 22 29%
WT25 13.1 68%
WP25 2.6 29%
MT25 13.0 68%
MC25 3.0 33%

4The largest error of the ratio determination is 15%. The errors
of the ratios were calculated from the fitting errors of the rele-
vant component bands shown in Fig. 4.

PThe conversion factor between the spectroscopic and the
weight/weight protein-to-lipid ratios was calculated on the basis
of the biochemical protein/lipid ratio determinations of Tasaka
et al. [19]. For details see text.

‘Spectroscopic’ protein-to-lipid ratios were calcu-
lated by dividing the sum of the amide I component
band intensities by the sum of the intensities of the
lipid ester carbonyl component bands. These data are
shown in the first two columns of Table 1 for thyla-
koid and cytoplasmic membranes prepared from
wild-type and mutant cells grown at 25°C or 35°C.
It may be noted that the protein-to-lipid ratios are
very similar in all thylakoid and in all cytoplasmic
membranes, regardless of the growth temperatures
and the origin of the membranes (wild-type or mu-
tant cells).

For ‘spectroscopic’ protein-to-lipid ratios to be
linked to absolute weight/weight values, the pro-
tein-to-lipid ratio must be known from a biochemical
determination for at least one type of these mem-
branes. Tasaka et al. [19] found weight/weight pro-
tein-to-lipid ratios of 2.3 and 2.0 for WT25 and
MT25 membranes (see Table 1). From these data,
we calculated conversion factors between spectro-
scopically and biochemically determined protein-to-
lipid ratios for the two membranes. We obtained 5.7
for WT25 and 6.5 for MT25. Assuming that the lipid
and protein absorption coefficients do not vary from
membrane to membrane, we took the average (6.1)
of these two values as a conversion factor. The con-
tents of proteins in weight/weight percentages are
given in Table 1 for the eight different membranes
studied.

4. Discussion
4.1. The effect of the proteins on the lipid structure

The effect of the presence of different amounts of
proteins to the lipid chain order has been studied
earlier in model systems. The incorporation of in-
creasing amounts of glycophorin into dimyristoyl-
phosphatidylcholine multilayers abolished the pre-
transition, broadened the gel-to-liquid-crystal
transition and increased the bandwidths of the
vCH, vibrations of the lipids [28]. Similar results
were obtained with Ca?>t-ATPase and bacteriorho-
dopsin, under the phase transition the amount of
gauche isomers augmented with the presence of in-
creasing amount of proteins in dipalmitoylphospha-
tidylcholine vesicles [29].
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The protein-to-lipid ratios in the thylakoid and the
cytoplasmic membranes differed markedly (Fig.
4A,B). The protein content is around 68% in the
thylakoid and 29% in the cytoplasmic membranes
of Synechocystis PCC 6803 (Table 1). These values
are in good agreement with those obtained by Omata
and Murata [6] (1983) for another cyanobacterium
strain, Synechococcus PCC 6301 (Anacystis nidulans).
The difference in protein-to-lipid ratio in the thyla-
koid and cytoplasmic membranes has important con-
sequences as concerns the interpretation of the lipid
disorder data. A higher amount of membrane pro-
teins means that there is a higher proportion of lipids
in the close vicinity of proteins with somewhat bro-
ken fatty acyl chains to maintain optimal lipid—pro-
tein interactions. There are therefore more gauche
conformers in the lipids of the membranes with
high protein content.

Since these gauche segments come from the struc-
tural constraints of the biological membranes, we
refer to them as ‘structural’ disorder. At low temper-
atures, this ‘structural’ disorder prevails; it maintains
a population of gauche segments in the fatty acyl
chains of the lipids in the biological membranes. At
the same low temperatures, these gauche segments
would disappear from a pure lipid system where
bulk lipids can freeze into a gel phase with trans
segments along the fatty acyl chains. Consequently,
the apparent frequency of the vgynCH, band, which
is a good measure of the gauche segment population
in the fatty acyl chains [16], is higher in biological
membranes than in pure lipids. Thus, the higher
veymCH, frequencies observed at low temperatures
can be attributed to the ‘structural’ disorder imposed
on the lipids by the protein-lipid interactions in the
membranes. This parameter should therefore exhibit
a strong correlation with the protein-to-lipid ratio.

The fatty acid compositions of the thylakoid and
cytoplasmic membranes prepared from the same cells
are similar [25]; accordingly the higher protein-to-
lipid ratio (Table 1) may explain the higher frequen-
cies observed for the v¢ynCH> bands at low temper-
atures in both WT25 and WT35 thylakoids as com-
pared with the corresponding WC25 and WC35
cytoplasmic membranes (Fig. 2). The situation is
similar in the case of mutant cells (Fig. 3).

All wild-type cell membranes exhibited similar
veymCHy frequencies at their growth temperatures

(Fig. 2). The increase from the different low-temper-
ature starting values to these uniform ones is due to
the growing number of temperature-induced gauche
segments in the fatty acyl chains as the temperature
is elevated. This additional upshift of the veymCH,
frequency is considered a consequence of increasing
‘dynamic’ lipid disorder.

We are aware that this argument would likewise
hold on taking into account v, CH, frequencies at
temperatures lower than that of the gel — liquid-crys-
talline phase transition of the given membrane. Since
we wished to avoid the addition of any freeze-pro-
tecting material to the membrane suspensions and
the risk of fracturing membrane lipids from the pro-
teins, we accepted a ‘mixed’ starting state at around
5°C.

4.2. Membrane dynamics

It is of interest that the extent of lipid disorder is
roughly identical in all membranes at their physio-
logically relevant growth temperature, regardless of
their protein-to-lipid ratio (Fig. 2). As discussed
above, this lipid disorder is comprised of two com-
ponents: (i) the disorder due to protein-lipid inter-
actions (‘structural’ disorder) and (ii) that due to the
temperature-induced lipid dynamics (‘dynamic’) dis-
order. This could mean that there is an absolute level
of lipid disorder in functioning membranes, to which
all lipids contribute, either at protein—lipid interfaces
or in bulk lipid matrices. For functioning, a mem-
brane requires certain barrier properties, a certain
mobility for the proteins, and certain physical char-
acteristics. It is probable that, although in different
manners by the different lipid classes, all these re-
quirements are met by an overall lipid disorder,
which is well characterized by the vg,CH, fre-
quency.

It should be mentioned that ESR and fluorescence
anisotropy spectroscopy indicated a higher probe
mobility in cytoplasmic membranes as compared to
thylakoids [8], and it was concluded from the data
that cytoplasmic membranes have a higher fluidity
than that of thylakoids. Accordingly, lower phase
transition temperatures have been demonstrated for
cytoplasmic membranes [8,30,31]. It should be re-
membered, however, that FTIR spectroscopy in-
volves a very different energy range from that for
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labeling ESR or fluorescence spectroscopy. In the
FTIR spectra, elementary movements of segments
of all molecules present in the system can be seen,
whereas movements of whole labeled molecules are
measured with the other two techniques. Accord-
ingly, in consequence of the much higher protein-
to-lipid ratios, the rotation of a ‘lipid-like’ labeled
molecule is liable to be more limited in thylakoids
(even among more disordered lipids) than in the
large (and possibly more ordered) lipid matrices of
cytoplasmic membranes with low protein content.
There is therefore no discrepancy between our con-
clusions and the data obtained by other techniques;
the conditions of the experiments should merely be
specified more thoroughly. (A systematic study of the
relationship of the information provided by FTIR
and spin-labeling ESR spectroscopy on the state of
lipids in biological membranes is under way in our
laboratory.) Our present study highlights that the
actual protein-to-lipid ratios in the system under in-
vestigation should be known whenever techniques
are employed that are designed to furnish data on
membrane structures and dynamics.

4.3. Membranes at extreme temperatures

The extreme temperatures at both ends of the
physiological temperature range pose a lethal threat
for cells. At the low-temperature end, the acyl-lipid
desaturase system is induced [1]. However, the ques-
tion remained open as to whether modulation of the
level of unsaturation in the membrane lipids alone is
sufficient for protection, or other factors, e.g., pro-
teins and pigments, are also necessary.

Our structural investigations demonstrate (Figs. 2
and 3) that the changes initiated in the level of lipid
unsaturation by acyl-lipid desaturases are sufficient
to protect the cells at low temperatures. In wild-type
cells, via tuning of the fatty acid composition, a sim-
ilar membrane dynamics is maintained over the
whole physiological temperature range (Fig. 2).
Any major role of proteins in the acclimation can
be excluded, since the protein-to-lipid ratio was the
same within experimental error in any type of mem-
brane studied, independently of the growth temper-
ature and mutation (Table 1).

The crucial role of the membrane dynamics in the
acclimation of cells is most evident in the case of the

lipid desaturase-deficient mutant, which could not
attain the required membrane dynamics at low tem-
peratures because of the lack of polyunsaturated lip-
ids in its membranes (Fig. 3A). The importance of
lipid desaturation diminishes toward higher temper-
atures, where temperature-induced motions in the
saturated fatty acid chains can substitute for the
higher “fluidity’ of the unsaturated fatty acids (Fig.
3B).

In the high-temperature range, the thermotropic
curves of all membranes converge toward similar val-
ues (Figs. 2 and 3). This is to be expected, since at
higher temperatures more lipids will melt, and the
melted lipids will be more similar to each other, re-
gardless of their differences at the level of fatty acyl
chain saturation/unsaturation. As regards the alarm-
ing of the cells at high temperatures, several possible
signaling mechanisms have been proposed, one in-
volving changes in the physical state of the bulk lip-
ids. Our experiments suggest that ‘fluidity’ changes in
the bulk lipid parts of the membranes do not act as
primary sensors of the temperature. If there is any
signaling mechanism in the membrane at all, it could
be triggered either by alterations in specific micro-
domains of the lipids, or by changes in the lipid-
protein interactions, in the proteins, or in other com-
ponents of the membranes.

In conclusion, it may be stated that the lipid dis-
order in the thylakoid and cytoplasmic membranes,
as represented by the upshifted frequency of the
VsymCHy vibration, is a resultant of the cumulating
‘structural’ and ‘dynamic’ lipid disorder. The contri-
bution of the ‘structural’ disorder to the upshift in
the vyymCH, frequency correlates strictly with the
protein content of the membranes. In the wild-type
cells, regardless of the protein-to-lipid ratio, the
VeymCHy  frequencies were similar at around the
growth temperatures in the thylakoid and cytoplas-
mic membranes, indicating that a certain membrane
dynamics is required for the membrane functions.
When all polyunsaturated lipids were eliminated
from the membrane by using lipid desaturase-defi-
cient mutant strains, it was shown that the regulation
of the level of unsaturation is more important in the
low-temperature acclimation than in that at high
temperatures.

On introduction of a precise protein-to-lipid ratio
determination method involving the FTIR spectra of
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the membranes, it was found that the protein-to-lipid
ratio is about five times higher in the thylakoid mem-
branes than in the cytoplasmic membranes. It was
concluded that the actual protein-to-lipid ratio in
the membrane should be taken into account for a
correct interpretation of data obtained by any tech-
nique applied to study membrane structure/dynam-
ics. Accordingly, in the future, membrane proteins as
entities and as partners in protein-lipid interactions
must be investigated in a more detailed way if the
aim is a deeper insight into the dynamics of biolog-
ical membranes.
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