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ABSTRACT

Thylakoid membranes (TMs) of oxygenic photosynthetic organisms are flat membrane vesicles, which form highly organised, in-
terconnected membrane networks. In vascular plants, they are differentiated into stacked and unstacked regions, the grana and
stroma lamellae, respectively; they are densely packed with protein complexes performing the light reactions of photosynthesis
and generating a proton motive force (pmf). The maintenance of pmf and its utilisation for ATP synthesis requires sealing the
TMs at their highly curved regions (CRs). These regions are devoid of chlorophyll-containing proteins but contain the curvature-
inducing CURVATURE THYLAKOIDI1 (CURT1) proteins and are enriched in lipids. Because of the highly curved nature of
this region, at the margins of grana and stroma TMs, the molecular organisation of lipid molecules is likely to possess distinct
features compared to those in the major TM domains. To clarify this question, we isolated CR fractions from Spinacia oleracea
and, using BN-PAGE and western blot analysis, verified that they are enriched in CURT1 proteins and in lipids. The lipid phase
behaviour of these fractions was fingerprinted with 3'P-NMR spectroscopy, which revealed that the bulk lipid molecules assume
a non-bilayer, isotropic lipid phase. This finding underpins the importance of the main, non-bilayer lipid species, monogalacto-
syldiacylglycerol, of TMs in their self-assembly and functional activity.

1 | Introduction plants, TMs are organized into two main domains: the gra-
num, consisting of tightly stacked membranes, and the stroma

The thylakoid membranes (TMs) exhibit a complex archi- lamellae, which are unstacked membranes winding around the

tecture that accommodates the main protein components
performing the light reactions of oxygenic photosynthesis.
In chloroplasts, they form extended multilamellar networks
of flattened vesicles, separating the inner and outer aqueous
phases, the lumen and the stroma, respectively. In vascular

grana in a quasi-helical manner (Mustardy and Garab 2003;
Bussi et al. 2019). The protein composition in plant TMs dis-
plays lateral heterogeneity (Andersson and Anderson 1980;
Dekker and Boekema 2005; Trotta et al. 2025). Photosystem
IT (PSII) and its associated light-harvesting antenna complex
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(LHCII) are predominantly located in the appressed mem-
branes, while Photosystem I (PSI) and its light-harvesting
antenna, LHCI, along with the ATP synthase, reside in the
stroma lamellae. The cytochrome b6f complexes are distrib-
uted uniformly throughout the membrane system (Dekker
and Boekema 2005).

In addition to these two basic building units of TMs, a third
domain, the granum margin (GM), has been proposed to be a
compositionally, structurally, and functionally distinct region
(Albertsson 2001; Armbruster et al. 2013). However, different
experimental techniques yielded varying interpretations of
this membrane domain. On one hand, certain electron micros-
copy (EM) studies identified the GM as highly curved areas at
the periphery of grana, comprising roughly 5%-7% of the TM
area, while experiments employing mechanical fragmentation
isolated a 60nm wide margin annulus, revealing a significant
contact area between PSII and PSI domains (Albertsson 2001).
Recently, a detailed biochemical analysis using digitonin solu-
bilization of Arabidopsis TMs has demonstrated that GM seg-
regates in two distinct regions: (i) the connecting domain (CD),
which physically connects grana with stroma lamellae and hosts
both photosystems, and (ii) the domain containing curvature
particles, which are deficient in photosystems but are enriched
in CURT1 proteins (Trotta et al. 2025). This latter, highly puri-
fied CURT1-enriched domain, the curvature region (CR) frac-
tion, has been identified using a low concentration of digitonin
(0.4% or 0.25%); this fraction (aka loose pellet) is largely devoid
of chlorophyll-binding protein complexes (Trotta et al. 2019).
Hence, CR represents a subdomain of GM. It is noteworthy that
CR possesses approximately three times more lipids relative to
chlorophyll (Chl) and about twice as much relative to protein
than TMs (Koochak et al. 2019). This suggests that the genera-
tion of the CR domain, besides CURT1, depends on the organi-
zation of the lipid molecules.

Using mainly 3'P-NMR spectroscopy, a technique for finger-
printing the lipid phase behaviour of phospholipid-containing
assemblies in vivo and in vitro (Watts 2013), it has been doc-
umented that the bulk lipid molecules in plant TMs display
marked polymorphism: in addition to the bilayer or lamel-
lar (L) phase, they contain an inverted hexagonal (H;), and
at least two isotropic (I) lipid phases (Garab et al. 2022). The
non-bilayer propensity of TMs is evidently due to the presence
of their main (~50%) non-bilayer lipid species, monogalacto-
syldiacylglycerol (MGDG). It has also been clarified that the
lipid polymorphism in isolated granum and stroma TMs is
very similar to that in TMs, showing that the strikingly differ-
ent protein composition of these domains does not bring about
different lipid polymorphism (Dlouhy, Javornik, et al. 2021).
Experiments using lipases and proteases have revealed that
the non-bilayer lipid phases are found in different subdo-
mains of TMs, distinct from the bilayer domains enriched in
PSI and PSII supercomplexes. I phases were found in the lu-
menal compartment, where they form VDE:lipid assemblies
(Dlouhy et al. 2020), and were also proposed to be involved
in membrane fusion (Bode et al. 2024). (VDE, violaxanthin
de-epoxidase, a water-soluble lipocalin-like photoprotective
enzyme, the activity of which has been shown to require a
non-lamellar lipid phase (Goss and Latowski 2020).) Trypsin-
digestion experiments led to the inference that lipids in the H;

phase are associated with stroma-exposed proteins or poly-
peptides (Dlouhy et al. 2022). It is noteworthy that CURT1
proteins were shown to be susceptible to trypsin digestion
(Armbruster et al. 2013).

The aim of this work was to clarify the lipid phase behaviour of
the CR region isolated from Spinacia oleracea. To this end, we
have established that our CR preparation is enriched in CURT1
protein, as previously reported for Arabidopsis thaliana (Trotta
et al. 2025) and therefore, it is used here as a control for TM
fractionation. Using 3'P-NMR spectroscopy, we showed that the
bulk lipid molecules in CR do not form a bilayer (L) phase, but
are assembled into isotropic (I) phases.

2 | Materials and Methods
2.1 | Isolation of the Curvature Region

To isolate the curvature region (CR) or loose pellet, we followed
the step-by-step protocol described by (Suorsa et al. 2015).
Spinacia oleracea (hereafter spinach) leaves were homogenized
in ice-cold B1 buffer (50 mM HEPES/KOH (pH 7.5), 330 mM sor-
bitol, 5mM MgCl,, 2.5mM ascorbate, 0.05% (w/v) BSA), then
filtered through two layers of nylon mesh and centrifuged at
5000x g at 4°C for 4min. Then, we suspended the resulting sed-
iment in 30-40mL of B2 buffer (50 mM HEPES/KOH (pH?7.5),
5mM sorbitol, 5mM MgCl,) and centrifuged again at 5000x g
for 4min. We suspended the sediment in 30-40 mL of B4 buffer
(50mM HEPES/KOH (pH7.5), 100mM sorbitol, 5mM MgCl,),
which was followed by another centrifugation with the same
parameters, then we suspended the sediment again in a small
amount of B4 buffer. The volume was adjusted to 0.5 mg ChlmL~!
with B3 buffer (15mM Tricin (pH 7.8), 100 mM sorbitol, 10mM
NaCl, 5mM MgCl,) and digitonin (Sigma-Aldrich) at a final con-
centration of 0.4% (w/v). The suspension was stirred for 8 min
with a magnetic stirrer at room temperature and then centri-
fuged at 1000x g for 3min. The supernatant was centrifuged for
30min at 10,000x g to separate the core of grana; the superna-
tant was centrifuged at 40,000x g for another 30min and the
pellet containing the CD was collected. Following these steps,
the supernatant was centrifuged at 144,000 g for another 1h to
separate the solid sediment (containing the stroma lamellae) and
the loose pellet containing the CR. The fractions collected were
suspended in B4 buffer, and the suspension was stored at —80°C
until use. Arabidopsis thaliana (hereafter Arabidopsis) TM and
CR, obtained with 0.4% DIG, were isolated using the same pro-
cedure as in (Trotta et al. 2025).

2.2 | Enzymatic Treatments With Wheat Germ
Lipase and Trypsin

Isolated CR particles were treated with wheat germ lipase
(WGL)—a substrate nonspecific general tri-, di-, and mono-
glyceride hydrolase/lipase (Kublicki et al. 2021). WGL was pur-
chased from Sigma-Aldrich (Burlington) and was applied at a
concentration of 20U mL~%; the treatments and incubations
were performed at 5°C. Earlier, using thin-layer chromatogra-
phy, we verified that WGL digests the main TM lipid species,
MGDG (Dlouhy et al. 2022; Bode et al. 2024).
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For trypsin (T8003; trypsin from bovine pancreas; Sigma-Aldrich)
treatment, a stock of 300mgmL~! was dissolved in deminer-
alised water, and 33 uL per mL of sample was added for a total
concentration of 10mgmL~!. The suspension was thoroughly
mixed and kept at 5°C until the start of the measurements.

2.3 | 1pBN-PAGE and Western Blotting

Analysis of the pattern of TM protein complexes was performed
by large pore Blue-Native Polyacrylamide Gel Electrophoresis
(IpBN-PAGE) as described in (Sandoval-Ibafiez et al. 2021).
Analysis of the amount of PSI, PSII, and CURT1 proteins
was performed by immunoblotting as described in (Trotta
et al. 2025), by using PsaB antibody (for PSI, Agrisera www.agris
era.com catalogue numbers AS10695), CP47 antibody (kind gift
of Prof. Roberto Barbato) and CURT1A antibody (Armbruster
et al. 2013). Samples were loaded on a chlorophyll basis (5 ug for
IpBN-PAGE and 1 ug for immunoblotting).

2.4 | Scanning Electron Microscopy

The membrane fractions were fixed in 2.5% glutaraldehyde
for 2h, settled on poly-L-lysine—coated polycarbonate filter for
45min. After post-fixation in 1% OsO, for 50min, the samples
were dehydrated in aqueous solutions of increasing ethanol
concentrations, critical point dried, covered with 5nm gold by
a Quorum Q150T ES (Quorum Technologies) sputter, and ob-
served in a JEOL JSM-7100F/LV (JEOL SAS) scanning electron
microscope.

2.5 | 3'P-NMR Spectroscopy

3IP-NMR spectroscopy tracks the motion of bulk phosphatidyl-
glycerol (PG) molecules in the TM, serving as a sensitive inter-
nal probe of the lipid phase behaviour. This is justified by the
fact that PG displays no lateral heterogeneity among the bulk
phase of TM domains (Duchene and Siegenthaler 2000) and is
homogenously distributed in TM lipid mixtures (van Eerden
et al. 2015).

3IP-NMR spectroscopy was performed as described in (Dlouhy,
Javornik, et al. 2021). Briefly, the spectra were recorded at 5°C,
using an Avance Neo 600 MHz NMR spectrometer (Bruker) with
a BBFO SmartProbe that was tuned to the P-atom frequency. The
sample was loaded into 5mm diameter NMR tubes. For spec-
tra acquisition, 40° RF pulses with an inter-pulse time of 0.5s
were applied without 'H-decoupling, as in earlier experiments
(Krumova et al. 2008). As an external chemical-shift reference, an
85% solution of H,PO, in water was used. In the saturation trans-
fer (ST) experiments, we employed RF pulses with low power at
the designated frequency for a duration of 0.3s, followed by 40°
pulses with an acquisition time of 0.2s and a repetition time of
0.5s. The intensity of the pre-saturation pulse was adjusted based
on the intensity of the saturated peak. For the pre-saturation RF
pulses, the field strength was set to 40 Hz.

CR samples from two batches, with very similar features, were
averaged to improve the signal-to-noise ratio. For 3'P-NMR data

processing, TopSpin software (Bruker) was used. The figures
were plotted using MATLAB R2020b (MathWorks Inc.).

2.6 | Fourier-Transform Infrared Spectroscopy

To determine the lipid-to-protein ratios in TMs and CR,
we used FTIR spectroscopy (see Supporting Information).
Membrane fraction suspensions were washed in D,0-based
PBS (phosphate-buffered saline) solution for complete H,O
to D,0 exchange. The sample was layered between CaF,
windows, separated by an aluminium spacer, and placed
in a Bruker Vertex70 FTIR spectrometer. Spectra were re-
corded at 5°C between 4000 and 900 cm™, 512 interferograms
were collected for each spectrum, with a spectral resolution
of 2cm™!. The infrared absorption spectrum of the samples
was calculated from the background and the sample of single
beam spectra with Opus software of Bruker. For the analysis
of the structural properties of the membrane, the ester C=0
plus the amide I region, which in this paper will be referred
to as ‘Ester+Amide I’ region, was used between 1800 and
1595cm™!. To obtain the relative intensities of the ‘ester’ and
the ‘amide I' bands in the ‘Ester + Amide I’ region, a 3rd order
polynomial was fitted and subtracted as baseline. The area
under the curves was calculated by using built-in MATLAB
functions, after trimming the spectral regions corresponding
to the ‘ester’ and ‘amide I’ bands.

3 | Results

3.1 | Pattern of Protein Complexes in TM
Fractions Obtained by Digitonin Solubilization

The pattern of the protein complexes in spinach TM and the
fractions obtained by 0.4% digitonin solubilization were ana-
lyzed by IpBN-PAGE (Figure 1A). The typical pattern observed
in fractions obtained with the same procedure in Arabidopsis
was observed (Trotta et al. 2025). In particular, the 10k frac-
tion, enriched in grana core, contained the majority of the
PSII-LHCII supercomplexes (sc) and LHCII complexes (M-, L-
and monomeric LHCII). On the other hand, the 144k fraction
showed the typical pattern of stroma lamellae, being enriched
in PSI-LHCI and other PSI complexes, and depleted in LHCII.
The 40k fraction, enriched in CD, had somewhat intermediate
features. Considering the three strong pellet fractions (i.e., 10,
40 and 144 k), PSIT monomer and Cyt b f were mostly enriched
in the 10 and 40k fractions. However, the highest amount
of PSII monomer and Cyt bf, together with ATP synthase,
was present in the CR fraction, which was instead strongly
depleted of Chl-binding protein complexes (Figure 1A). A
similar pattern was visible in the Arabidopsis CR, which, in
line with expectations using 0.4% digitonin, contained Chl-
binding protein complexes to some extent (compare with
(Trotta et al. 2025)).

The analysis by immunoblotting confirmed the results obtained
with IpBN-PAGE that is, enrichment of PSII in 10k and of PSI
in 144k (Figure 1B). Consistent with previous results (Trotta
etal. 2025; Trotta et al. 2019) the CR fraction had the highest enrich-
ment in CURT1, indicating that, besides other proteins collected in
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the loose pellet due to digitonin solubilization, this was the fraction
where most of the curvature domain of the GM was collected.

3.2 | Morphology of Curvature Region

For the structural characterisation of CR, scanning electron
microscopy (SEM) was performed (Figure 2). The CR fraction
consisted of small particles with a tendency to create large self-
aggregates and/or smaller vesicle-like assemblies.

The observed particles are likely to originate from the highly
curved regions of the TMs, which are enriched in CURT1 pro-
teins. These structures are distinct from those observed in the
grana and stroma fractions; in the latter, predominantly spher-
ical membrane vesicles appear, as reported in previous studies
(Koochak et al. 2019; Dlouhy, Karlicky, et al. 2021). Notably, the

A Fractions obtained with
(A) 0.4% digitonin

Samples solubilized with
1% B-DM for IpBN-PAGE

At So 10k 40k 144k CR At
™ TM CR

L-LHCII

morphology of these particles does not appear to contradict the
observations of (Koochak et al. 2019) using TEM either.

3.3 | Lipid Phase Behaviour of CR Particles

As evidenced by the 3'P-NMR spectra shown in Figure 3, the
CR particles do not contain L and Hj; phases, which are pres-
ent in intact TMs and the granum and stroma subchloroplast
membrane particles isolated with the same procedure (Dlouhy,
Javornik, et al. 2021) (see also the 3'P-NMR spectrum of stroma
lamellae in the Supporting Information). Instead, the spectra
of CR preparations are dominated by well-discernible I phases
with peak positions at around 0.15 and 2.7 ppm. To probe the
spectral shapes and resolve overlapping phases, we applied
low power radiofrequency pulses at selected chemical shifts
(Krumova et al. 2008; Dlouhy, Javornik, et al. 2021). These

- B (B) SoTM
PSI-NDH-1 — ~
C,S,M,\] S =8 S
Cj%;l\s/lz— == f i S 8 S 10k 40k 144k CR
‘2] kg ——
C,S5— " PSI, PSII d.
PSI, PSI d. — “ —_—— “ ATP synth Pab
ATP synth. /] . Synin-
* g . —Ps! Cpa7
PSI o L-PSIl m. P
PSII m.— = —— ._"" Cyt bf
Cyt bf M-LHCII CURT1A
M-LHCII —— CP43-less

L-LHCII

LHCII m

LHCII m.

FIGURE1 | (A)IpBN-PAGE analysis of TM and fractions after solubilization with 0.4% digitonin of spinach (So) TM. At: Arabidopsis thaliana. (B)
immunoblot with PsaB, Cp47and CURT1A antibodies of the same TM and fractions as in (A). A cross-reactivity scale with So TM is shown on the left.

(B)

FIGURE2 | SEM micrographs of CR fractions showing bent membrane particles (A) which often coagulate (B).
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saturation transfer experiments confirmed the presence of these
two strongly overlapping phases, although other resonances with
smaller amplitudes could also be found in the band structure.

The resonance bands that originate from the lipid phases were
sensitive to WGL digestion (Figure 4A), similarly to what has
been observed in TMs and the granum and stroma subchloro-
plast particles (Dlouhy et al. 2022; Dlouhy, Javornik, et al. 2021).
This shows that the character of the I phases in CR closely re-
sembles those in intact TM and in the digitonin-fragmented
grana and stroma lamellae.

In contrast, trypsin treatment did not elicit any sizeable effect on
the spectra (Figure 4B). As we have previously shown (Dlouhy

(A)
4 T T T T T
—— Control
—SP 2.7 ppm
————— Difference
3 - -
ﬂ'o /
~ 2.7 (1.
= 2 ppm |l !’\. i
-] |
o i
(@) i ¢
|
1F I' i
P
A /.\/‘ ) el
0 g 1 AT
30 20 10 0 -10 -20 -30

Chemical shift (ppm)

et al. 2022), trypsin treatment selectively degraded the 3'P-NMR
detectable H,; phase of TMs, which revealed that this lipid phase
is associated with proteins or extrinsic protein domains protrud-
ing in the stromal aqueous side of TMs. Although CURT1 has
been shown to be susceptible to trypsin digestion, the absence of
the H;; phase and the trypsin-insensitive nature of the detected
non-bilayer lipid phases show that these proteins do not contrib-
ute to the formation of the H;; phase.

It is to be noted here that while plastoglobuli might contribute
to the composition of the CR fraction (Trotta et al. 2025), they
display no sizeable 3'P-NMR signal (Dlouhy et al. 2022); hence,
they are highly unlikely to participate in the isotropic organisa-
tion of the lipid molecules around CURT1 proteins.

4 T T T T T
——Control

——SP 0.15 ppm
————— Difference

30 20 10 0 -10 -20 -30
Chemical shift (ppm)

FIGURE3 | 3'P-NMR spectra of CR under control conditions, displaying also the effects of saturation pulses (SP) at 2.7 ppm (A) and 0.15 ppm (B).

The number of scans was 12,800.

(A) (B)
T T T T T 4 T T T T T
20k —— Control ] —— Control
——WGL 20U mL™" ——Trypsin 10 mg mL™"
3 - -
—~ 15 B 7] —~~
< <
o o
= =2f 1
S 10 18
(@] (@]
o o
5+ 1 7 I
0 1 1 1 Lo, 0 earnarlla 1 PAoNagdo ) O
30 20 10 0 -10 -20 -30 30 20 10 0 -10 -20 -30

Chemical shift (ppm)

Chemical shift (ppm)

FIGURE 4 | 3'P-NMR spectra of untreated (Control) and WGL-treated (20UmL™, 25,600 scans) (A) and trypsin-treated (10mgmL~, 19,200

scans) (B) CR samples.
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4 | Discussion

In this paper, we confirmed the presence of CURT1 in the CR
fraction of Spinacia oleracea, which corroborates the notion that
this protein plays the main role in generating membrane curva-
ture in various species (Armbruster et al. 2013; Heinz et al. 2016;
Sandoval-Ibafnez et al. 2021). Notably, the CURT1 protein was
detected using an antibody originally developed for Arabidopsis
thaliana, demonstrating its cross-reactivity and reinforcing the
evolutionarily conserved nature of CURT1 across taxa.

3IP-NMR spectroscopy—which tracks the motion of bulk PG
molecules in different lipid phase environments—has unveiled
that the CR fraction of TMs displays merely an intense and a
weaker isotropic (I) lipid phase. The lack of the lamellar (L)
phase in CR preparations is evidently the consequence of the
deficiency of PSII and PSI supercomplexes, which in TMs sta-
bilize the bilayer, similarly to that shown for LHCIE:MGDG
macroassemblies (Simidjiev et al. 2000). Note that the absence
of the L phase is unlikely to be caused by the usage of digitonin
since both the granum and the stroma TM subdomains—with
the same isolation procedure—preserve the bilayer (L) phase
(Dlouhy, Javornik, et al. 2021).

The presence of I phases in the CR might be attributed to curved
bilayers (Cullis and DE Kruijff 1979). However, the observed
inverse relationship between the insulation efficiency of TMs
and the intensity of I phase(s) renders this explanation unlikely;
with increasing I phase contributions at the expense of L phase,
the permeability of the membrane increases (Ughy et al. 2019).
Hence, the organisation of lipid molecules in CR evidently de-
viates from a typical “well-sealed” bilayer arrangement. It is in-
teresting to note here that, as argued by (Garab et al. 2025), the
lipid polymorphism of TMs does not necessarily conflict with
the efficient energisation of TMs and utilisation of pmf for ATP
synthesis. Also, as pointed out by (Goni 2014), “a membrane
composed solely of lamellar lipids would be an optimum insula-
tor, only non-compatible with cell function, that is, life.”

Overall, these findings strongly indicate that the lipids sur-
rounding CURT1 proteins are organized into isotropic arrays.
This means that the lipids surrounding the CURT1 protein
lack the inherent tendency to adopt a bilayer arrangement in
the highly curved CR of TMs. These data underline the role of
the major non-bilayer lipid, MGDG, of plant TMs in their self-
assembly, and in general, corroborate the fundamental impor-
tance of lipid polymorphism in these major, energy-converting
membranes.
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