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Abstract. The functional significance of the lipid-protein
interface in photosynthetic membranes, mainly in thy-
lakoids, is reviewed with emphasis on membrane struc-
ture and dynamics. The lipid-protein interface is identi-
fied primarily by the restricted molecular dynamics of its
lipids as compared with the dynamics in the bulk lipid
phase of the membrane. In a broad sense, lipid-protein in-
terfaces comprise solvation shell lipids that are weakly
associated with the hydrophobic surface of transmem-
brane proteins but also include lipids that are strongly and
specifically bound to membrane proteins or protein as-
semblies. The relation between protein-associated lipids
and the overall fluidity of the thylakoid membrane is dis-
cussed. Spin label electron paramagnetic resonance spec-
troscopy has been identified as the technique of choice to

characterize the protein solvation shell in its highly dy-
namic nature; biochemical and direct structural methods
have revealed an increasing number of protein-bound
lipids. The structural and functional roles of these pro-
tein-bound lipids are mustered, but in most cases they re-
main to be determined. As suggested by recent data, the
interaction of the non-bilayer-forming lipid, monogalac-
tosyldyacilglycerol (MGDG), with the main light-har-
vesting chlorophyll a/b-binding protein complexes of
photosystem-II (LHCII), the most abundant lipid and
membrane protein components on earth, play multiple
structural and functional roles in developing and mature
thylakoid membranes. A brief outlook to future directions
concludes this review.
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Introduction

Life on earth depends on photosynthesis, the conversion
of light energy to chemical energy. In higher plants, algae
and cyanobacteria, photosynthesis takes place in the thy-
lakoid membranes, the internal membranes of chloro-
plasts and cyanobacteria [1]. In chloroplasts, these mem-
branes — a unique assembly of protein, pigment and lipid
molecules — accommodate all light-harvesting and en-
ergy-transducing functions. In most higher plants, thy-
lakoid membranes are differentiated into grana and
stroma regions, also known as stacked and unstacked re-
gions, respectively. Cylindrical stacks of about 10-20
layers with a diameter of 300—600 nm are interconnected
by single thylakoid membranes of several hundred
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nanometres in length, which are helically wound around
the granum (for recent review, see [2]). This fascinating
complex organization reflects a compositional and func-
tional differentiation between the two regions: photosys-
tem II (PSII) and its main chlorophyll a/b light-harvesting
complex, LHCII, are found predominantly in the stacked
membranes; this region is largely deficient in PSI and
LHCI, which are enriched in the stroma membranes [3].
Despite this remarkable differentiation and heterogeneity,
the thylakoid membrane system is formed from one con-
tinuous membrane that is organized into a three-dimen-
sional network. It also encloses one interior aqueous
phase, the thylakoid lumen. The continuity of the mem-
brane between the stacked and unstacked regions is war-
ranted by interconnections, via slits on the side of the
granum thylakoids. The fusion of two (or more) stroma
membranes at their edges ensures continuity for the entire
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chloroplast. The continuum of the membrane system is
important for the diffusion of mobile components be-
tween the two regions. The contiguity of inner and outer
aqueous phases is essential for the formation of uniform
(‘delocalized’) transmembrane electric field and the pH
gradient, which are generated by primary charge separa-
tions in the reaction centre complexes and the vectorial
electron and proton transport system. The reaction cen-
tres are supplied with energy by light-harvesting antenna
complexes. In granal chloroplasts, LHCII accounts for
about half of the protein and Chlorophyll (Chl) content of
the thylakoid membranes, and thus it is the most abundant
membrane protein in the biosphere. In addition to their
primary, light- harvesting function, these proteins also act
as structure proteins. In particular, they have been shown
to stabilize the granum ultrastructure and to participate in
cation-mediated stacking of membranes [4, 5], and are in-
volved, via electrostatic and osmotic forces, in lateral or-
ganization of the complexes [6]. Furthermore, they also
participate in multilevel regulatory mechanisms that pro-
tect plants against strong light and elevated temperatures
[7, 8]. These regulatory processes require sizeable reor-
ganization in the membrane, and thus — in addition to, and
together with a structural stability — a substantial degree
of structural flexibility [9].

Similar to other energy converting membranes, thylakoid
membranes exhibit very high protein:lipid ratios [10].
This is probably required for the large number of cooper-
ative interactions, and — as suggested recently — is most
likely adjusted, with a self-regulatory mechanism, by
nonbilayer lipids: the high nonbilayer propensity of the
thylakoid lipid mixture prevents ‘dilution’ of membranes
[11]. The high protein concentration of thylakoid mem-
branes dictates a large degree of protein-protein contacts.
The stoichiometric composition of spinach thylakoid
membranes allowed the determination of mean molecular
areas occupied by the main membrane constituents [12].
From these data, the lipid phase diffusion space, the frac-
tion of lipids located in the first protein solvation shell
(boundary lipids) and the plastoquinone concentration
have been derived. The high boundary lipid fraction
found in granum thylakoids (60 %) suggests that protein
complexes are to be found in large assemblies, which are
spaced by lipids, in agreement with the macrodomain or-
ganization of the granum membranes [9, 13].

The lateral segregation of the two photosystems, ‘sort-
ing’, has also been shown to be governed by the
macrodomain organization of LHCII and LHCII-PSII [6,
9]. The formation of large, ordered arrays is evidently fa-
cilitated by the two-dimensional lipid matrix, which pre-
vents unspecific aggregations. As shown in a theoretical
study, lipid-mediated interactions, i.e. specific lipid-pro-
tein interactions may, in part, also be responsible for the
nonuniform distribution of PSI and PSII in the thylakoid
membrane [14]. In contrast to PSI- and PSII-associated
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proteins, glycerolipids appear to be evenly distributed
within the plane of the thylakoid membrane, and show no
indication of lateral heterogeneity [15].

In photosynthetic membranes, the major lipids are polar
glycerolipids, such as glycolipids (galactolipids) and
phospholipids [16]. In thylakoid membranes of green
plants, monogalactosyldiacylglycerol (MGDG) accounts
for ~50% of the total lipid content. The membranes also
contain digalactosyldiacylglycerol (DGDG) (~30%),
sulfoquinovosyldiacylglycerol (SQDG) (~5-12%) and
phosphatidylglycerol (PG) (~5-12%) [10]. Because of
its high concentration in the thylakoid membranes,
MGDG is the most abundant polar lipid species in na-
ture [17].

In all biomembranes there are lipids that, when isolated,
prefer to assume nonbilayer structures such as the re-
versed hexagonal (H;) phase [18—21]. MGDG, cardi-
olipin (CL, diphosphatidylglycerol) and phosphatidyl-
ethanolamine (PE) are common examples [22]. The
structural and functional roles of these lipids are still
somewhat enigmatic, and are of great interest [11, 23,
24], also because the energy-transducing functions of
thylakoid membranes depend heavily on the bilayer prop-
erties. As will be outlined, nonbilayer lipids can play mul-
tiple structural-functional roles in thylakoid membranes.
Intrinsic membrane proteins are stabilized primarily by
noncovalent, hydrophobic and electrostatic interactions
with their neighbouring lipids. These lipids do not only
passively host and solvate membrane proteins, but, being
structurally exposed to the photosynthetic machinery,
they most certainly play defined and specific roles be-
yond their basic function as a matrix in the bilayer mem-
brane; this will be shown through several examples.
Bound lipids have recently been identified in crystal
structures of several photosynthetic membrane proteins.
Specific lipid-protein interactions have also been deter-
mined with the aid of biochemical methods and genetic
engineering techniques. These protein-associated lipids
evidently influence the overall membrane fluidity. How-
ever, we point out that the exact determination of the pa-
rameters of the lipid-protein interface and membrane flu-
idity by different spectroscopic techniques, such as spin
label electron paramagnetic resonance (SL EPR) and
Fourier transform infrared (FTIR) spectroscopy, requires
a cautious approach.

The light-induced biogenesis of the plastid, the matura-
tion of thylakoid membranes during greening, and related
structural reorganization, as well as the response of ma-
ture thylakoids to different stress factors, such as extreme
temperatures or intense light, are active areas in photo-
synthesis research. The defined array of the pigment-pro-
tein-lipid assemblies develop in a coordinated manner. As
it will be shown, studying the development of these as-
semblies is a way to better understand the nature and
functional role of lipid-protein interactions.
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In this review, we selected recent examples, which show
the importance of lipid-protein interactions, but must
point out that our understanding concerning the roles
played by lipids in these processes are still rudimentary.
The synthesis, structure, function and genetic aspects of
lipids in photosynthesis are covered in detail elsewhere
(see e.g., [1, 10]). Various other aspects and examples of
lipid-protein interactions in different membranes and the
physical principles of lipid bilayers are treated thoroughly
in the literature (see, e.g., [21, 22, 25-28]).

Membrane fluidity and the lipid-protein interface

The most often used, and sometimes misused, character-
istic of biological membranes is their fluidity. There is a
great deal of inconsistency and confusion in using the
term ‘membrane fluidity’ and how and what different
techniques report on this parameter. Strictly speaking,
fluidity is reciprocal viscosity normalized to unit density.
The density of biomembranes varies little as compared
with viscosity; hence fluidity is primarily determined by
viscosity. Viscosity on a molecular scale cannot be de-
fined and measured as macroscopically but can be tested
by molecular probes, of which rotational diffusion is
measured at a given temperature and the Stokes-Einstein
relation can then be used to calculate the effective viscos-
ity. This can be done in biomembranes with, e. g., a small
stable free radical since its rotational correlation time can
be directly calculated from EPR spectra [29—-31]. This
method, however, is unable to explore the vertical mobil-
ity gradient, which means increasing fluidity towards the
centre of the bilayer. Spin-labelled lipids carry a small
doxyl group bearing the EPR active nitroxyl, which
probes the rotational mobility of the lipid chain segment
at any desired vertical position along the acyl chain
[31-33]. Hence, the most detailed studies on membrane
fluidity and changes therein have been made with SL
EPR technique [34—36]. The simple reason is that the
timescale of the technique, which is ~107-10""" s [37,
38], covers the biologically relevant timescales of acyl ro-
tational isomerization and the rotational and translational
diffusion of lipid molecules [38]. FTIR is too fast relative
to the timescale of molecular motions that contribute to
fluidity. Nonetheless, acyl CH,-stretching vibration mea-
sures membrane fluidity indirectly, because the acyl
chain disorder increases upon chain melting, which is de-
tected as an up-shift in the maximum of the correspond-
ing vibration band (see, e.g., [39]). Fluorescence tech-
niques, in particular steady-state and time-resolved fluo-
rescence anisotropy, detect rotational diffusion of the
probe, which is dependent on the overall membrane flu-
idity [40], but are also unable to resolve the vertical mo-
bility gradient due to the bulkiness of the fluorescent
probe. The rate of lateral diffusion of membrane-embed-
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ded particles or probes is an indirect measure of mem-
brane fluidity [41].

The above definition of membrane fluidity based on lipid
chain rotational dynamics is the one closest to the
(macroscopic) physical definition. In addition, it is this
physical characteristic of the biomembrane that is the
principal determinant of the mobility of various mem-
brane constituents ranging from small ions or molecular
oxygen over plastoquinones to proteins or protein-cofac-
tor assemblies (e.g., [41]). It is this characteristic that ap-
pears to be maintained and regulated by the photosyn-
thetic organism within the physiological range under nor-
mal conditions. This involves enzymes that tailor lipids in
order to ensure optimal mobility for membranous mole-
cules, and hence optimal efficiency of the membrane-as-
sociated photosynthetic processes [36, 42].

It was recognized that the overall fluidity of the mem-
brane cannot be simply predicted from the saturated fatty
acid contents and phase transition temperatures of the
component lipids [43]. Membrane fluidity also depends
largely on lipid composition. For instance, following a
decrease in the growth temperature of Dunaliella salina
from 30 to 12°C, the MGDG/DGDG ratio decreased
from 3.5 to 2.1 [44]. Vigh and co-workers compared
changes in the lipid compositions of thylakoid and plasma
membranes, in a sensitive and in a hardy variety of wheat,
induced by frost hardening [45, 46]. In the frost-sensitive
variety, the ratios MGDG/DGDG (2.3) and PE/phos-
phatidylcholine (PC) (0.35) were hardly changed. In con-
trast, in the resistant variety the same ratios underwent
dramatic changes: the MGDG/ DGDG and PE/PC ratios
changed from 3.4 to 1.4 and from 0.36 to 0.19, respec-
tively. (In this context, it is important to point out that
MGDG and DGDG are readily interconvertible, cf. [44]).
Although these changes can bring about significant shifts
in phase-transition temperatures, it seems more likely that
they are important in allowing the incorporation of more
lipids in the membrane, via decreasing the nonbilayer
propensity of the membranes [11].

Membrane lipids and integral membrane proteins possess
very different rotational and translational mobility,
mainly because of the big difference in their mass, giving
rise to frictional forces at their colliding molecular inter-
face. This great difference in dynamics between lipids
and proteins is certainly required to maintain tight mole-
cular packing, hence a continuous permeability barrier,
since fluid lipids can instantaneously match any packing
irregularities arising during lateral and rotational move-
ments as well as conformational rearrangements of pro-
teins. The lateral mobility gradient leads to the solvation
shell of lipids around integral membrane proteins: lipids
suffer motional restriction by interaction with the protein
that drives them in the slow motion limit of SL EPR. For
instance, the EPR spectra of different spin labels in PSII-
enriched membranes showed that the majority of the
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lipids in these preparations was strongly motionally re-
stricted [47], whereas more than 60% of the total thy-
lakoid lipids were in a fluidlike phase at room tempera-
ture [48]. It has been found that the first shell (i.e. solva-
tion shell) lipids have distinctly lower mobility than lipids
even just one layer further away from the protein surface
[38]. Obviously, the concentration of these less-mobile
protein-solvating lipids is a very important structural pa-
rameter of lipid-protein interaction in membranes with
embedded proteins. Lipids exchange between the interfa-
cial and bulk sites. The on-rate is limited by the rate of
lipid lateral diffusion (the diffusion hopping rate is in the
order of ~107 s! in fluid membranes), while strongly
bound lipids have slower off-rates or do not exchange at
all with bulk lipids [49—51]. These strongly bound lipids,
embedded in protein structures or protein assemblies,
represent unique and specific functions but are mostly
unavailable for techniques that address the solvation
shell.

Since photosynthetic organisms are exposed to perma-
nently changing temperature, there are mechanisms to
control the membrane fluidity (see, e.g., [52]). When for
instance the temperature decreases, cyanobacteria in-
crease the amount of polyunsaturated fatty acids by ex-
pressing and activating fatty acid desaturases, provided
the photosynthetic machinery is functional [53]. Due to
the lateral mobility gradient pointing away from the pro-
tein, lipids experience mobile and immobile environ-
ments with durations depending on the lipid:protein ratio,
lipid specificities and the rate of lateral diffusion of
lipids. Therefore, in addition to lipid and acyl chain com-
position, overall membrane fluidity depends, on the
lipid:protein-ratio, as also pointed out above. Recent re-
sults suggest that in general, in addition to lipid composi-
tion, the role of protein-solvating interfacial lipids needs
further attention in low-temperature adaptation (see, €. g.,
[54]). Interfacial lipids possess slower rotational dynam-
ics than those in the bulk phase [38]; hence, the overall
membrane fluidity depends on the size of the lipid-pro-
tein interface and consequently on the size of membrane
protein assemblies. Their acyl conformational disorder
largely depends on molecular details and the three-di-
mensional structure of the protein-lipid interface and can,
in principle, be higher or lower than that of the bulk lipid
phase [39, 54, 55]. The fractional increase of interfacial
‘rigidifying’ lipids [38] and accumulation of (poly)unsat-
urated ‘fluidizing’ lipids (see, e.g., [52, 56]) have an op-
posite effect on overall membrane fluidity. We shall see
below how rigidification by increased lipid-protein inter-
face is compensated by increasing the fatty acid double
bond index, e.g. during greening. An extensive study to
clearly demonstrate and quantitate the differences in sen-
sitivity of different techniques of ‘seeing’ protein-solvat-
ing lipids and membrane fluidity is underway in our lab-
oratory.

The lipid-protein interface in thylakoids

Spectroscopic view of the lipid-protein interface

The molecular interactions in the lipid-protein interface
are mostly noncovalent. Following the above definition of
fluidity, interfacial lipids are less fluid than those in the
bulk phase irrespective of their acyl chain conformation.
As pointed out above, these lipids are best explored di-
rectly by techniques that are sensitive to rotational diffu-
sion on the right timescale, i.e. 1077—1071%s [38]. Because
of the relatively bulky probes, Fluorescence anisotropy
data provide limited information on the lipid-protein in-
terface. The protein-associated lipids are not readily re-
solved in any nuclear magnetic resonance (NMR) exper-
iment as a second component either, because the lipid-
protein exchange rates are fast on the timescales typical
of NMR experiments [55, 57].

SL (EPR) and FTIR spectroscopies have proven to be
particularly informative techniques in studying thylakoid
membranes also in relation to the lipid-protein interface
[48, 58—61]. These techniques complement each other
since EPR detects only the spin label introduced into the
membrane and has a time window (107—10"'" s) that is
optimal for lipid chain dynamics [38, 62], while FTIR de-
tects all vibrations simultaneously. FTIR spectroscopy is
a noninvasive technique that has proven to be powerful in
studying protein secondary structure [63—65] and lipid
chain conformational order in model [39, 66, 67] and
biological membranes, including thylakoids [39, 54, 60,
68]. The protein-associated lipids are not directly re-
solved in FTIR of acyl CH,-stretching vibration because
FTIR, as an optical absorption technique, has a very fast
timescale (~107'#s) [65]. Therefore, protein-associated
and bulk lipids with the same conformational disorder
absorb at the same frequency as the bulk lipids irrespec-
tive of their rotational mobility.

It appears that the most successful technique in identify-
ing protein-solvating lipids of reduced mobility is again
the SL EPR technique [38]. Protein-solvating first-shell
lipids can be detected as an immobile component in EPR
spectra of spin-labelled lipid analogues. For a detailed de-
scription of the structure, dynamics and composition of
the lipid-protein interface as seen by this technique, we
point the reader to an in-depth review by Marsh and
Horvath [38]. Lipid stoichiometry, lipid headgroup selec-
tivity and exchange dynamics at the lipid-protein inter-
face can be determined, in addition to information on the
configuration and rotational dynamics of protein-associ-
ated lipid chains. Stoichiometry and selectivity are di-
rectly related to the intramembranous structure and de-
gree of oligomerization of integral proteins and can be
used to study the state of assembly of such proteins in the
membrane. In the work by Marsh and Horvath [38], nu-
merous examples of the application of SL EPR in differ-
ent membranes are shown, but not any in photosynthetic
membranes. SL EPR studies on native thylakoid mem-
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branes are discussed below. Although the technique pro-
vides most detailed data in reconstituted systems, which
usefully complement direct structural studies (see, e.g.,
[69]), we are not aware of such SL EPR studies on pro-
teins isolated from photosynthetic membranes.

In early spin-labelling studies it was found in thylakoid
preparations from various plant sources that overall mem-
brane fluidity decreases with chilling-sensitivity, but it
was not determined by bulk fluidity alone because lipid-
protein interactions also played an important role [70]. In
chilling-sensitive thylakoids, spin-labelled MGDG and
PG were found to have lower mobility in the bulk lipid
phase, and at the same time a higher proportion of lipids
were associated with proteins. It was also concluded that
MGDG in thylakoid membranes also played a non spe-
cific structural role [48].

In our combined FTIR and SL EPR study we found that
heavy metals, while exerting a nonspecific rigidifying ef-
fect on the thylakoid membrane, also altered membrane
proteins and the lipid-protein interface in such a way that
heat-induced protein aggregation became more limited
[59]. The extent of these effects on lipids and proteins
correlated and was dependent on the heavy metals. It was
found that those metal ions (Pb, Cu, Zn) that were able to
inhibit electron transport also prevented heat-induced
protein aggregation and increased the solvation fraction
of the lipids, suggesting that the site of action was in part
the lipid-protein interface.

Lipid-protein associations in various PSI- and PSII-en-
riched subthylakoid preparations from higher plants, pea
and maize, studied by SL EPR [71], revealed a clear cor-
relation between the immobile EPR fraction of spin-la-
belled lipids and the protein:lipid ratio of the prepara-
tions. In delipidated preparations and timed-labelling ex-
periments, two sets of solvation sites were resolved: a
well-defined population of solvation sites exhibited rapid
exchange rates with laterally diffusing membrane lipids,
whereas lipids in other solvation sites exchanged much
more slowly or did not exchange at all. These latter sites
constituted ~30% of all the available solvation sites.
FTIR analysis of protein secondary structure, in combi-
nation with oxygen electrode polarography, revealed that
DGDG exhibited the ability to stimulate oxygen evolu-
tion in PSII core complex, which was accompanied by
changes in the structures of the proteins [72]. It was also
observed that hydrogen-bonding interactions existed be-
tween DGDG molecules and PSII proteins [73].
Although both fluidity and acyl chain disorder increases
upon lipid chain melting in pure membranes [66], these
characteristics are not in general interchangeable in the
presence of proteins [54]. However, conformational dis-
order caused by chain melting and by lipid-protein inter-
actions could be separated in the symmetric stretching vi-
bration band of CH, groups if the component frequencies
are sufficiently different or have markedly different tem-
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perature dependence, provided that the disorder of bulk
lipids vanishes while the disorder of protein-associated
lipid acyl chains, and other factors influencing acyl chain
disorder, do not change upon cooling to low tempera-
tures. These conditions may not hold generally. It was
found with deuterium NMR of lipid acyl chains that the
mean conformational order of bulk and protein-associ-
ated lipids was essentially the same for a range of differ-
ent membrane proteins [55, 57] (see also the chapter by
D. Marsh in this issue). Nevertheless, FTIR could identify
protein-associated lipids indirectly. Based on an analysis
of the temperature dependence of acyl CH, vibrations in
thylakoids, it was suggested that protein-solvating lipids
influence the overall membrane dynamics [54], and the
authors concluded that the characteristic, which was
maintained (by fatty acid desaturases), at a constant opti-
mum level in cyanobacteria grown at different tempera-
tures, was the overall lipid (acyl) disorder. Following this
hypothesis, it was further argued that a higher protein:
lipid ratio increased the amount of overall acyl chain dis-
order (due to the solvation shell). Therefore, a higher or-
dering of bulk lipid chains was desirable and vice versa.
It remains to be shown in further studies with various
techniques whether this astounding phenomenon is a gen-
eral one or specific to cyanobacteria.

In more recent work on a filamentous cyanobacterium
grown at low temperature (25°C), no protein-associated
component was resolved in the lipid CH, vibration band.
Instead, membrane patches with low dynamics, meaning
high acyl chain order, and rich in polar carotenoids were
identified by the same authors [74]. It appears therefore
that the lipid-protein interface is manifested differently in
different cyanobacteria in the fast FTIR timescale, and it
is also subject to experimental conditions and the model
used for data analysis. Using the same technique, it was
found indirectly that the lipid-protein interface was in-
volved in the low temperature adaptation of the cyano-
bacterium, i.e. via light-induced desaturase gene expres-
sion, which provided specific polyunsaturated fatty acids
for the lipid-protein interface [75].

Lipid-protein interactions revealed by genetic
engineering and biochemical methods

The physical and (bio)chemical characteristics of mem-
brane lipids depend on the level of unsaturation of their
acyl chains [22, 76]. Genetic manipulation of fatty acid
desaturase genes and of other lipid-tailoring enzymes is
an elegant and powerful tool to study the roles of specific
lipids and fatty acids [77—80]. The level of desaturase ac-
tivity plays an important role in the adaptation and re-
sponse of photosynthetic organisms to low-temperature
stress (see, e.g., [52, 81—-84]). It has been recognized that
fatty acid desaturation is not only the primary tool for
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regulation of the overall membrane fluidity but might be
important through specific lipid-protein interactions,
which result in structural and functional alterations (see,
e.g., [78, 85]). The relationship between lipid unsatura-
tion and functioning of the photosynthetic apparatus ex-
posed to elevated temperatures has recently been dis-
cussed in [86].

Fatty acid desaturation is one of the crucial steps in
cyanobacterial cells in the acclimation processes to low-
temperature conditions (see, e.g., [52]). It was found that
homeoviscous adaptation [42] via fatty acid desaturation
is functional only during photosynthetic activity but not
in the dark, suggesting that metabolic or energetic factors
of photosynthesis are involved in activating fatty acid de-
saturase [53]. Unsaturated fatty acids in membrane lipids
can also protect the photosynthetic machinery against
salt-induced damage [87], and it appears that trienoic
fatty acids are required for low-temperature recovery
from photoinhibition in Arabidopsis [88]. The 32-kDa
herbicide-binding D1 subunit of the PSII reaction centre
in the thylakoid membrane has a high turnover rate dur-
ing illumination, which involves photoinhibition, degra-
dation, synthesis and insertion [24]. It was found that in-
creasing the level of lipid desaturation did not influence
the inhibition process but accelerated recovery [79, 89].
A further direct functional role of lipids with unsaturated
fatty acids was that the lack of unsaturation of fatty acids
at precise positions, in cyanobacteria with different de-
saturase-deficient mutants, blocked the ability of photo-
synthetic membranes to couple a bioenergetically compe-
tent protonmotive force to the ATP formation mechanism
at temperatures below 5 °C [90]. These experiments point
to direct structural-functional involvement of certain un-
saturated lipids in the process, rather than a mechanism
based solely on changes in overall membrane fluidity, be-
cause the effect was only observed in the absence of the
unsaturation of fatty acids in the A(12) and A(6) posi-
tions. In relation to light-driven changes in cyanobacteria,
it was found that the fatty acids a-18:3 and -18:4 were
needed for adaptation of the photosynthetic apparatus to
lower temperatures, and fatty acid desaturation was
demonstrated to regulate the overall membrane disorder
and provide special fatty acids for lipid-protein interac-
tions [75].

In addition to weak forces between membrane proteins
and lipids, certain lipid-protein pairs undergo very spe-
cific and often strong interactions (table 1). The plant thy-
lakoid ATP synthase was found to be tightly associated
with sulfolipids [91]. More recently it was found that
SQDG was also indispensable for PSII activity in
Chlamydomonas by maintaining PSII in its proper state
[92]. In higher plants it was found that this sulfolipid, to-
gether with PG, contributed to maintaining a negatively
charged lipid-water interface, which was thought to be re-
quired for proper function of photosynthetic membranes

The lipid-protein interface in thylakoids

[93]. Preparations of the PSII reaction centre contained
high amounts of MGDG [94] which appeared to be asso-
ciated with certain chlorophyll protein complexes. LHCII
had PG strongly linked to the complex, while many galac-
tolipids were lost during the same purification proce-
dure [95].

PG was demonstrated to be essential for the functionality
of the PSII reaction centre. Cyanobacterial mutant cells
with 90 % decrease in PG content suffered a 50% loss of
photosynthetic oxygen-evolving activity [96]. In search-
ing for the mechanism, the authors found that the func-
tion of the secondary plastoquinone acceptor Q(B) was
inhibited by PG deprivation and suggested that PG was
indispensable in maintaining the structural integrity of
the Q(B) binding site of the PSII reaction centre. PG was
found to be essential also for the development of thy-
lakoid membranes in Arabidopsis [97, 98]. These find-
ings provide a clear in vivo identification of a specific
functional site of PG in the photosynthetic reaction cen-
tre [99]. A functional role of this lipid was also demon-
strated in vitro by phospholipase A2 treatment (which
cuts PG molecules at the sn-2 position) of purified PSII
core dimers, the formation of which, as revealed by elec-
tron crystallography, depends on PG [100]. An array of
evidence showed that PG is involved in the dimerization
of PSII. An MGDG-deficient Arabidopsis mutant showed
a 50% lower Chl level and striking defects in chloroplast
ultrastructure, strongly suggesting a unique role for
MGDG in the structural organization of plastidic mem-
branes [101]. The structural role of MGDG will be ad-
dressed in detail in the final section.

Structural view of lipid-protein interactions

Strongly bound lipids in general cannot be detected with
SL EPR techniques, because these lipids do not exchange
with the exogenous spin label. However, biochemical
methods (as discussed above) and direct structural meth-
ods identified certain lipids that are tightly associated
with or bind to certain thylakoid proteins. These lipids are
likely to be delivered via the lipid-protein interface but do
not belong to it in the dynamic sense. Although there are
already a number of high-resolution structures of mem-
brane proteins available, relatively little is known about
the structural details of their interaction with the lipid en-
vironment. The situation is rapidly improving with the
advance of X-ray and electron crystallography [13, 28,
102—-104]. These techniques provide a static picture of
lipid-protein interactions at atomic resolution; hence,
they are most promising in studying strongly bound lipids
that are both less mobile and tend to co-crystallize with
proteins (see also the chapter by D. Marsh in this series).
The examples identified by X-ray or electron crystallo-
graphy, summarized in table 2, further demonstrate the
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Table 1. Examples of specific lipid-protein interactions and their functional role identified by spectroscopic techniques, genetic engineer-
ing and biochemical methods.

Protein Lipid Organism Function Technique Reference
(assemblies)
Overall PG, MGDG? plant structural role, lipid specificity SL EPR [48]
Overall PG plant structural: nonexchanging lipids SL EPR [71]
Overall polyunsaturated CB adaptation to low temperature GE, FTIR, activity ~ [75]
glycerolipids assays
overall, LHCII® polyunsaturated plant improved thermal stability, assembly, GC, SDS-PAGE, [124]
MGDG overall fluidity SL EPR, FTIR
LHCII® lipid extracts, plant large-scale assembly with chiral order, CD, EM [142, 147]
MGDG structural flexibility, dissipation of
absorbed light energy
PSII solvation shell site of heavy ~ metal action FL, FTIR, SL EPR  [59]
lipids plant
PSII (CC) DGDG plant 0, evolution, H bonding FTIR, polarography [72, 73]
ATP synthase specific polyun- CB required for coupling proton-motive GE, ATPase activity [90]
saturated glycero- force to ATP synthesis assays
lipids
D1 subunit of specific polyun- CB enhancing insertion, processing and GE, GLC, O, [79, 89]
PSIIRC saturated glycero- assembly of D1 electrode,
lipids SDS-PAGE
LHCII PG plant not addressed protein and lipid [95]
purification
PSII core proteins  MGDG, PG plant not addressed protein and lipid [94, 95]
purification
PSII RC PG CB integrity of plastoquinon Q(B) GE, PS activity [96, 99]
binding site assays, FL, TL
PSII PG plant dimerization of PSII prot. purification, [100]
phospholipase A2
treatment, SEC,
TLC, EM
PSII SQDG algae structural, PSII activity activity assays, poly- [92]
peptide and lipid
analysis
overall MGDG plant Chl accumulation, chloroplast GE, EM [101]

ultrastructure

2 Abbreviations (local to the table): CB, cyanobacterium; CD, circular dichroism; D1, herbicide-binding subunit of photosystem-II reaction
centre; EM, electron microscopy; FL, fluorescence; TL, thermoluminescence; GE, genetic engineering; GC, gas chromatography; GLC,
gas-liquid chromatography; SEC, size exclusion chromatography; TLC, thin-layer chromatography. ® Discussed in the final two sections.

functional role of lipids and lipid-protein interactions in
photosynthetic membranes.

Recently, X-ray crystallography was used for the purpose
of examining the structural details of an interaction be-
tween a lipid (CL) and a protein [the photochemical re-
action centre (RC) of the photosynthetic bacteria
Rhodobacter sphaeroides)] [103]. The reaction centre it-
self is structurally well characterized since it is one of the
most-studied integral membrane proteins by this tech-
nique. CL, which has four acyl chains and a negative
charge at neutral pH, has been shown to be important for
optimal activity for a number of membrane proteins, most
strikingly for cytochrome c oxidase [105—107]. For the
bacterial reaction centre, it was found that binding of CL
to RC, close to the transmembrane helix of subunit H, in-

volves both ionic interactions between the protein and the
lipid headgroup and van der Waals interactions between
the lipid tails and the hydrophobic surface of the protein
[103]. Sidechain and backbone groups on the protein as
well as bound water molecules contribute to the electro-
static interaction in the headgroup region, whereas the
lipid tails sit in hydrophobic grooves in the irregular sur-
face of the protein. The headgroup of CL comes into
close contact with all the three subunits of RC. The
residues interacting with CL are well conserved among
the sequences of the M subunit of bacterial reaction cen-
tres. More recent sequence comparison and molecular
modelling showed that the size, shape and charge distrib-
ution of the site of interaction with CL are well preserved
in the reaction centre over a wide range of photosynthetic
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Table 2. Specific lipid-protein interactions resolved in the crystal structure of photosynthetic membrane proteins and the ultrastructures of

photosynthetic membranes.

Protein Lipid Binding, association  Function Technique Reference
Bacterial RC? CL strong stabilizing subunit assembly (?) X-ray, 1QOV® [103]
Bacterial RC PE strong not addressed X-ray, IEYS [109]
Bacterial RC CL, PC (PE®), CL: strong, GGDG, interaction with cofactors X-ray, IM3X [104]
GGDG PC (PE): weak causing asymmetry of electron
transfer
Bacterial PSI PG, MGDG strong (?) not addressed X-ray, 1JBO [111]
Plant LHCII MGDG strong crystallization trimer formation EM [102, 113]
PG strong
LHCIT¢ MGDG weak macroarrays, assembly EM [11, 143]

2 Abbreviations (local to the table): EM, electron microscopy; GGDG, glucosylgalactosyldiacylglycerol.

b Protein Data Bank accession codes, if available.
¢ Both PC and PE were detected, but PE in much lower quantity.
4 Discussed in the final section.

bacteria [108]. This suggests a structural role of CL,
which, nevertheless, has yet to be determined.

The crystal structures of the reaction centre of photosyn-
thetic bacteria and the high-potential iron-sulfur protein
from Thermochromatium tepidum (a purple bacteria with
high temperature stability of its RC) were reported re-
cently [109]. A phosphatidylethanolamine (PE) was iden-
tified as being bound by electrostatic interaction and hy-
drogen bonds in one of the clefts between certain trans-
membrane helices of the H, L and M subunits of the RC.
This binding site is different from that of CL-binding
cleft found in the above study [103]. A more recent work
on the same protein shed further light on the interaction
of the reaction centre proteins with membrane lipids
[104]. In addition to CL, glucosylgalactosyldiacylglyc-
erol (GGDG) and PC (and smaller amounts of PE at the
same location) were resolved in the crystal structure.
These lipids were found to bind to the surface of the pro-
tein. They interacted predominantly with hydrophobic
amino acids, in particular aromatic residues. In contrast
to CL, PC (PE) and GGDG were in close contact with the
cofactors. GGDG shields the active bacteriochlorophyll
monomer. Electrostatic interactions between the phos-
phate atom of the PC (PE) and inactive bacteriopheo-
phytin may contribute to electron transfer involving this
cofactor. The lipids are asymmetric on the protein sur-
face, which suggests that lipid-cofactor interactions con-
tribute to the difference in the energetics for two branches
of cofactors causing the asymmetry in electron transfer
[110]. The lipids span a vertical distance of ~30 A that is
consistent with a membrane bilayer. The above study is a
remarkable demonstration of the lipid-protein interface,
by a high-resolution technique, as the ‘inner shell’ of
lipids around membrane proteins that is critical for the
function of the reaction centre complexes [104]. Struc-
tural aspects of lipid-protein interactions in the purple
bacterial RC have been reviewed recently [28].

Four lipids have been resolved in the crystal structure of
cyanobacterial photosystem-I (PSI): three phospholipids
with a PG headgroup with less well defined acyl chain
composition, and one MGDG [111]. The headgroups
were hydrogen bonded to central and peripheral subunits
of PSI in the stromal side of the membrane plane. The lo-
cation of at least one phospholipid and the single MGDG,
which were close to the core of PSI, and binding of an an-
tenna Chla by another phospholipid suggested that these
lipids were important both structurally and functionally.
Crystals of the plant light-harvesting complex have also
been examined to study lipid-protein interactions with
electron microscopy. The structure of LHCII is known both
from electron microscopy and electron diffraction
[112—114]. LHCII contains DGDG and more tightly
bound PG [95, 102]. Although DGDG can be easily re-
moved by detergents, the complexes can form two-dimen-
sional crystals only in the presence of this lipid, suggesting
that DGDG facilitates interactions between the complexes
and a role in the structural integrity of the complex. PG is
more tightly bound and can only be removed by crude
treatments, suggesting that PG is bound specifically to the
N-terminal domain of the LHCII apoprotein whereby sta-
bilizing LHCII in the trimeric state. Although DGDG and
PG are not required for LHCII formation in vitro, both
lipids, together with MGDG, stabilize reconstituted LHCII
towards thermal denaturation [115].

The conformation of lipids resolved in the crystal struc-
tures of a number of diverse transmembrane proteins are
being characterized in detail (unpublished results [116]).

Rearrangements of the lipid-protein interface
in developing thylakoid membranes

If a leaf is grown in darkness, proplastids develop into
etioplasts, which contain the Chl precursor protochloro-
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phyll(ide) instead of Chl and a remarkably high amount
of MGDG [24, 117, 118]. When exposed to light, early
events that are related to the conversion of protochloro-
phyll(ide)s to Chl, the disorganization of the prolamellar
bodies and formation of planar thylakoid membranes
(primary lamellae) [119-121] are relatively fast
processes. These are followed by assembly of the key
components of the photosynthetic machinery. The assem-
bly of PSI and PSII supercomplexes, which contain light-
harvesting and core complexes, and the organization of
PSII and LHCII in extended arrays occur at a slower
timescale. It may last for days until mature thylakoids ap-
pear [117]. Assembly of LHCII initially occurs via pig-
mentation of the apoproteins that form monomeric com-
plexes, followed by oligomerization and assembly with
the already functional core complex (CC) at later phases
of greening [122]. By definition, greening is character-
ized by chlorophyll accumulation, which is generally
used as the parameter to describe the time course of this
process [123]. Recently, we studied greening in dark-
grown barley seedlings, using biochemical methods, and
FTIR and SL EPR spectroscopic techniques [124].
Using a spectral subtraction technique [37, 48, 125] aided
with least-squares optimization, the spin label spectra
could be decomposed into mobile and immobile compo-
nents. As discussed above, these were assigned to protein
solvation and bulk lipids as in other studies [58, 59, 70,
71]. The big, nonmonotonic change in the immobile com-
ponent observed during greening, at relatively constant
lipid:protein ratio and lipid headgroup composition
[117], indicated big changes in the size of the lipid-pro-
tein interface which could be quantitated using a simple
model [125, 126]. In view of data on gross changes in the
secondary structure of membrane proteins, conforma-
tion, composition and dynamics of lipid acyl chains,
SDS-polyacrylamide gel electrophoresis (PAGE) pattern
and thermally induced structural alterations, thylakoid
development could be consistently interpreted as a se-
quence of correlated molecular events grouped into three
phases: onset, rearrangement and maturation [124]. The
process of reorganization of membrane protein assem-
blies and the lipid-protein interface was also manifested
in these phases. Figure 1 schematically represents changes
in the size of protein assemblies and the amount protein-
solvating lipids, calculated from the EPR spectra, during
greening together with other physical parameters. Bear-
ing in mind that greening is subject to many uncontrolled
factors [123], it should be noted that considerable agree-
ment exists with other experiments on the same [122,
127] and other [128] plant species concerning the time
course of greening.

Membrane fluidity was lowest in the rearrangement
phase, which may have been caused initially by a conver-
sion/disassembly of protein assemblies to smaller units
which were subsequently replaced by larger assemblies of
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Figure 1. Rearrangement of the lipid-protein interface during onset
(A), rearrangement (B) and maturation (C) phases of greening (re-
drawn according to [124]). The larger objects are protein assem-
blies, and the lipids are shown with small circles. The lipid-protein
interfaces (solvation shell lipids) are shown as black lipids. The size
of the lipid-protein interface, the protein:lipid ratio and the size of
membrane protein assemblies reflect relative changes that are ob-
served experimentally. The different patterns for the protein assem-
blies refer to changes in their composition, increasing amount of
a-helical and S-sheet forms and improving thermal stability during
greening. The patterns for the lipids indicate monotonic increase in
linolenic (18:3) acid content.

newly synthesized proteins, thus resulting in larger and
smaller protein-lipid interface, in the rearrangement and
maturation phases, respectively, relative to the onset
phase. The more than two-fold increase of the linolenic
(18:3) acid content appeared to be compensation for the
increase in interfacial rigidifying lipids and in protein
content. This compensation was probably required to
maintain mobility of membrane components. The time
course of the accumulation of LHCII (measured by SDS-
PAGE), the Chl and the 18:3 fatty acids suggested that the
activity of the related fatty acid desaturases [16, 53, 129],
Chl synthesis and expression of certain proteins were
synchronized. Photosynthetic functions, as revealed by
fluorescence induction kinetics, showed good correlation
with the above structural rearrangements [130]. It should
be noted that the synthesis of various xanthophylls,
known to protect and stabilize LHCII assembly [131],
followed a time course similar to that of LHCII accumu-
lation [132].

At any phase of greening, heating of thylakoid prepara-
tions caused significant changes in protein secondary
structures and the '"H->H exchange kinetics in deuterated
buffer followed by a transition assigned to the exclusion
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of nonbilayer lipids from the thylakoid at higher temper-
ature [59, 133—135]. Both the thermal stability and
amount of thylakoid proteins with well-defined sec-
ondary structure increased monotonically during green-
ing as seen by FTIR. A structural coupling between non-
bilayer lipids and LHCII assemblies was suggested by the
significant reduction of the difference of the midpoint
temperatures between these thermal events and the simi-
lar greening profile of xanthophyll accumulation [132]
and oligomerization of LHCII [122] during the re-
arrangement and maturation phases [124]. The decrease
in the lamellar-to-H;; transition temperature was in agree-
ment with an increase in the nonbilayer propensity of
MGDG [136] with progressing desaturation during
greening. In pea thylakoid membranes, an even closer
correlation between heat-induced partial protein unfold-
ing and formation of the H,, phase was observed [59]. In
addition, the characteristic temperature of these changes
agreed with the temperature at which destacking of grana
took place in thylakoids [133]. Notably, the lamellar-to-
H,, transition followed a similar temperature dependence
as the loss of oxygen-evolving activity in spinach PSII
particles [137], again suggesting an important structural-
functional role of these lipids (see also [138]).

The lipid-protein interaction and the fluidity of the thy-
lakoid membrane is determined to a large extent by non-
monotonic changes in protein assemblies and monotonic
progression of fatty acid desaturation during greening.
The latter affects overall membrane fluidity and increases
the nonbilayer propensity of MGDG. The above data
strongly imply that as part of a concerted mechanism, the
interface between the major protein and lipid components
plays a key role in the process of greening such that it al-
lows improving protection against elevated temperature
and provides a suitable lipid environment that serves both
structural flexibility and stability for lateral organization
and the rearrangement of thylakoid proteins.

Interactions between the major lipid and protein
components of the thylakoid membrane: the role of
nonbilayer lipids

The fact that non-bilayer lipids are precisely regulated
implies that they are of considerable functional impor-
tance [44—46, 139, 140] (see also the section on mem-
brane fluidity). The nonbilayer H;, form is retained when
purified thylakoid lipids are mixed, and lamellae can only
be observed in galactolipid mixtures if the MGDG con-
tent is decreased substantially [136]. The lamellar struc-
ture of the thylakoid membranes on the one hand and the
nonlamellar structure assumed by thylakoid lipid extracts
on the other argue that specific lipid-protein interactions
are of paramount importance in these membranes. In-
deed, it has been suggested that structural rearrangements
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seen by electron microscopy [136] are due to dissociation
of LHCII and the exclusion and phase-separation of non-
bilayer-forming lipids from the thylakoid membrane
[141]. This is a further indication that the specific lipid-
protein structural balance responsible for keeping nonbi-
layer lipids in lamellar structures can be lost upon heat
treatment, as shown also by our recent results [124, 135].
Indeed, the physical and functional properties of these
membranes depend greatly on lipid-protein interactions,
and it is generally assumed that photosynthetic light-har-
vesting proteins suppress the formation the of H;, phase
[136] in native membranes via lipid-protein interactions
(see also [23]) and due to protein aggregation [11]. The
temperature of the lamellar-to-H;; transition is known to
decrease with increasing double-bond content [22, 134,
136], but protein-lipid interactions may have an opposite
effect by stabilizing MGDG in the bilayer [11, 23]. It has
been shown that lamellar aggregates of LHCII are capa-
ble of incorporating substantial amounts of different
thylakoid lipids, including MGDG [142]. With the incor-
poration of lipids, the long-range order of the chro-
mophores, i.e. the chiral organization of macrodomains,
was retained, while the ultrastructure of the lipid-protein
macroaggregates could be modified significantly. The in-
verted hexagonal structure was destroyed by LHCII
[143], evidently for the high self-aggregation ability of
the proteins, which ‘absorbed’ a high amount of MGDG,
more than the thylakoid membranes (calculated on pro-
tein basis), and forced them into bilayers [11, 142] (fig.
2). These examples also show the significance of the
lipid-protein interactions on the gross ultrastructure of
membranes. In particular, MGDG resulted in an onion-
like stacked multilayer structure, which differed signifi-
cantly from the initial lamellar sheets, and was retained in
the presence of PG and SQDG — and from the stacked
vesicle structure that was obtained upon the addition of
DGDG. Further, the effect of MGDG on the structure has
also been tested in Escherichia coli cells, which became
elongated upon overexpressing the enzyme responsible
for synthesis of the foreign nonbilayer lipid [144]. The
key structural role of these nonbilayer lipids, especially in
stabilizing membrane proteins via protein-lipid interac-
tion, has been also suggested and investigated in recon-
stituted membrane-protein systems with the SL EPR
technique (see, e.g., [48, 107, 145]).

In our earlier studies, loosely stacked lamellar macro-
aggregates of LHCII were shown to be capable of under-
going light-induced reversible structural changes and
changes in photophysical pathways which resembled
those in thylakoid membranes exposed to excess light
[146]. This structural flexibility of LHCII was found to
depend critically on the lipid content of the preparations
[147] and was absent in delipidated LHCII preparations,
e.g. in LHCII microcrystals. In intact thylakoid mem-
branes pigment molecules with long-range chiral order
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Figure 2. Electron micrograph of negatively stained MGDG-
LHCII aqueous dispersions obtained by adding saturating amounts
of MGDG to freshly prepared lamellar aggregates of LHCII (cour-
tesy of Drs I. Simidjiev, S. Stoylova and A Holzenburg; reproduced
from [11] with permission of Elsevier Science Ltd.). The lamellar
and inverse hexagonal H;; phase (arrowheads and arrows, respec-
tively) of MGDG can be identified, as well as the interaction of
LHCII in the lamellar phase with MGDG in the H;; phase (lower left
arrow). The interaction leads to the destruction of the H; phase,
shown by small-angle X-ray scattering [ 143], and the ‘uptake’ of the
lipids in the lamellar phase.

[147] displayed high stability below 40°C, but these
macrodomains were gradually disassembled between 50
and 60°C [148]. Addition of thylakoid lipids to lamellar
aggregates of LHCII significantly enhanced the ability of
the complexes to undergo light-induced structural
changes. It has also been shown that these structural
changes are given rise by fast local thermal transients, a
thermooptic effect [149]. The lipid-protein interface
around LHCII complexes probably plays a significant
role in determining the structural flexibility of the
macroaggregates. Involvement of specific lipid-protein
interactions cannot be ruled out, since both the macroor-
ganization and the trimeric structure depend on lipids
(see above). However, it is equally possible that the main
role of lipids is to provide a structurally flexible matrix
which transduces the local heat effect to the protein,
where it can cause longer-lasting effects. Lipid vesicles
have been shown to be very sensitive to small variations
in temperature [150].

Detailed understanding of the functional and structural
role of nonbilayer lipids and the mechanism of their ac-
tion on membrane proteins and vice versa is beginning to
emerge. In addition to their roles in membrane fusion and
the formation of junctions, via transient nonbilayer struc-
tures, and specific interactions with certain proteins (re-
viewed in [21]), these lipids — for their conical shapes —
are responsible for membrane curvatures [145, 151]. Ina
recent theoretical model, derived from flash photolysis
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data on bovine rhodopsin reconstituted in membranes
containing nonbilayer lipids, it was suggested that match-
ing the spontaneous curvature of the lipid bilayer to the
mean curvature of the lipid-water interface adjacent to
the protein balances lipid-protein solvation energy [152].
As discussed above, nonbilayer lipids also facilitate pack-
ing of membrane proteins [23, 24, 107, 126, 145], as also
shown for LHCII [143]. At the same time aggregation of
proteins spatially inhibits formation of nonbilayer struc-
tures under normal conditions [11, 107], but allows adap-
tation and rearrangement of the protein-protein and lipid-
protein interface during development or under stress con-
ditions, including protection against elevated temperature
and intense light [124, 148]. This fine interplay and reg-
ulation of the lipid:protein ratio [11] ensures both the
structural flexibility and stability hypothesized long ago
[48, 70]. The structural balance between LHCII and
MGDG can be lost upon, e. g., elevated temperature when
the proteins suffer structural changes [59, 124, 133, 135].
This thermal unfolding is only partial, since LHCII un-
folds at a much higher temperature [153]. It probably oc-
curs in the relatively loose loop regions between the trans-
membrane a-helices. This suggests that MGDG-LHCII
interaction in the region of the membrane-water interface
is of great significance.

Conclusion and outlook

A number of examples of specific, weak and strong,
lipid-protein associations in photosynthetic membranes
have been shown. Such an inventory cannot be complete,
but it clearly demonstrates that the lipid-protein interface
not only seals proteins in the membrane and motionally
couples them with the dynamic bulk lipid environment
required for the function of the complex photosynthetic
machinery, but is a very important site of specific modu-
lation of protein function. Since the heterogeneity of lipid
and fatty acid composition of photosynthetic membranes
is high, with potentially numerous interacting lipid-pro-
tein pairs that are still unknown, as compared with as-
signed functions, there is clearly room for research in this
field, and we expect that new functions of particular lipid-
protein interactions will be explored.

The results on greening demonstrate the promises of
combining techniques (FTIR and SL EPR in particular)
and further substantiate the applicability of the protein-
solvating lipid concept in studying photosynthetic mem-
branes [59, 124]. The role of fatty acid desaturation and
in particular the molecular details of the mechanism of its
action in adaptation and other processes is likely to re-
main in the focus of research. For instance, What is the
molecular basis of selective dependence on the precise
site of the desaturation of fatty acids of some processes
[90]? In addition, the fact that the nonbilayer-forming
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propensity of MGDG depends on the level of unsatura-
tion [56] has received little attention so far in in vivo stud-
ies. Also, the hypothesis that nonbilayer lipids are essen-
tial in determining the dynamic properties of thylakoid
membranes such as dynamic release and uptake of lipids
upon, e.g., heating or changes in the physicochemical en-
vironment of the membrane [11] require detailed investi-
gations.

A useful approach to explore the molecular details of the
interaction of nonbilayer lipids with membrane proteins,
and the role of the degree of acyl chain unsaturation,
might be studies in reconstituted systems. In these, struc-
turally more relevant data on the lipid-protein interface
can be obtained [38]. In addition, lipid-protein interac-
tions can also be tested in genetically engineered and site-
specifically spin- or fluorescent-labelled proteins com-
bined with molecular modelling (see, e.g., [154—156]).
In view of recent advances in two- and three-dimensional
crystallization of membrane proteins [143, 157-162],
new high-resolution structures of thylakoid membrane
proteins, also from photosynthetic bacteria, and lipid-re-
constituted molecular assemblies are expected to appear
that will most certainly explore important details of the
lipid-protein interface in photosynthetic membranes.
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