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SUMMARY

Thylakoid membrane (TM) of land plants is organized into an appressed domain (grana), enriched in photo-

system (PS) II and a non-appressed domain (stroma lamellae) enriched in PSI. This ultrastructure controls

the exciton spillover from PSII to PSI. The bulky machinery required for the biogenesis and repair of TM pro-

tein complexes is located in the non-appressed membranes. Thus, the connecting domain (CD) between

grana and stroma lamellae is the key player in both the structural and functional integrity of the photosyn-

thetic machinery. In addition, both the grana domain and the stroma lamellae are highly curved at their

edges due to the action of the CURVATURE1 (CURT1) proteins, forming a domain distinct from the CD,

called the curvature. Here we elucidate the biochemical properties and proteome composition of different

thylakoid domains. To this end, the TM of Arabidopsis thaliana (Arabidopsis), isolated both in the natural

stacked configuration and in an artificially unstacked configuration to induce a homogeneous protein com-

position, was solubilized and fractionated, using the mild detergent digitonin (DIG). Using mass

spectrometry-based proteomics, we characterize composition, distribution and interaction of proteins

involved in TM function in grana, CD and stroma lamellae domains. We find that a subset of thylakoid pro-

tein complexes are readily solubilized into small vesicles by DIG and accumulate in a loose pellet (LP)

together with CURT1. By combining an extensive biochemical and proteome characterization of the TM frac-

tions we provide an optimized protocol and proteome maps that can be used as a basis for experimental

design in photosynthesis research.

Keywords: Arabidopsis thaliana, thylakoid proteomics, thylakoid ultrastructure, thylakoid domains, digito-

nin solubilization.

INTRODUCTION

The thylakoid membrane (TM) of land plant chloroplasts

houses the photosynthetic machinery capable of

light-driven oxidation of water in photosystem (PS) II and

subsequent reduction of NADP+ by PSI, with concomitant

generation of a proton gradient across the TM for produc-

tion of ATP. The major protein complexes, PSII, PSI,

light-harvesting complex (LHC) I and II, Cytochrome (Cyt)

b6f and ATP synthase are heterogeneously distributed

between the two main domains of the TM: the appressed

(stacked) grana membranes and the non-appressed

stroma-exposed membranes (SEM). This organization,

among other things, controls the spillover of excitons from

PSII to PSI, which are mainly located in the appressed

stacked membranes and the non-appressed SEM, respec-

tively (Anderson, 2012; Anderson et al., 2012; Andersson &

Anderson, 1980). Grana are organized as stacked discs sur-

rounded by right-handed helices of stroma lamellae (SL)

which in turn are connected to grana membranes by sev-

eral fret-like structures per disc (Bussi et al., 2019), defined

here as connecting domains (CD). The flat TM sacks end

with highly curved stroma-exposed structures, defined

here as curvature domains (Figure 1a). This domain is

found at the periphery of all grana discs (Daum & Kuhl-

brandt, 2011; Rantala et al., 2020; Raven, 2021), but also

at the periphery of the SL and wherever the TM sacks
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are highly curved, such as the aqueous conduits for dif-

fusion of stromal proteins formed by the left-handed

helical structures observed in the SL (Bussi et al., 2019).

The three domains, SL, CD and curvature, together with

the end membranes on the grana disks (Figure 1a), form

the SEM.

Advances in electron tomography have definitively

shown that the periphery of the same grana disc is formed

� 2025 The Author(s).
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by alternating domains of curvature and CD (Bussi

et al., 2019; Daum & Kuhlbrandt, 2011). Biochemical TM

fractionation, however, has generally made no distinction

between these two structural domains (curvature and CD in

frets) and they have been collectively referred to as grana

margins (GM) (Figure 1a). In fact, the definition and compo-

sition of the GM has long been debated with no broad con-

sensus reached (Anderson, 2012; Dekker & Boekema, 2005;

Mazur et al., 2021; Rantala et al., 2020; Raven, 2021). Histori-

cally, the GM has been defined as the protein-free, highly

curved domains at the periphery of the grana discs (Dekker

& Boekema, 2005; Murphy, 1986), which cannot accommo-

date large membrane-spanning protein complexes, accord-

ing to initial cryo-EM and tomography studies (Anderson

et al., 2012; Daum et al., 2010). However, parallel research

based on mechanical TM fractionation assigned a specific

TM domain also as a GM, which instead contained large

protein complexes (Danielsson & Albertsson, 2009; Wollen-

berger et al., 1994). Such a GM cannot coincide with the

highly curved region (curvature, Figure 1a) at the periphery

of the grana discs, due to both the steric hindrance of

the large protein complexes and the lack of continuity

with the stroma lamellae, where the ribosomes and the rest

of the translation machinery can be located (Yamamoto

et al., 1981). To avoid these nomenclature problems, we

have marked GM in Figure 1(a) to contain both the curva-

ture and the connecting (CD) domains. The CD represents a

site where the assembly and repair machinery are closest

to the final location of their substrates (i.e., PSII, LHCII and

Cyt b6f), and can be defined as the functional domain of the

GM (J€arvi et al., 2015; Rantala et al., 2020). One of the best

functional examples in CD is the PSII repair cycle: upon

photodamage to the D1 protein of PSII in the grana core,

the PSII-LHCII complexes are disassembled and the PSII

monomer gains access to the CD, where a new copy of D1

is co-translationally inserted into the CP43-less PSII mono-

mer (hereafter: CP43-less) (J€arvi et al., 2015; Lu, 2016; Theis

& Schroda, 2016; Zhang et al., 2000).

In grana stacks, the strong curvature of the grana

discs is maintained by the action of the CURT1 proteins

(Armbruster et al., 2013) (Figure 1a, curvature domain).

The CURT1 containing curvature domain was isolated by

detergent-based fractionation of the TM, using the

sterol-based saponin digitonin (DIG) (Koochak et al., 2019;

Puthiyaveetil et al., 2014; Trotta et al., 2019), or the syn-

thetic glycodiosgenin (Maeda et al., 2022; Nishioka

et al., 2021). Sterol-containing detergents such as DIG, cho-

late and CHAPS have been instrumental in the isolation

and purification of thylakoid protein complexes such as

ATP synthase and Cyt b6f (Hurt & Hauska, 1981; Nelson &

Neumann, 1972; Pick & Racker, 1979). Due to the weak

interaction of sterol-based detergents with

cholesterol-poor biological membranes (Fan & Heerk-

lotz, 2017; Sudji et al., 2015), their effect on the solubiliza-

tion of specific protein complexes is not fully understood.

Nevertheless, the use of DIG in the pioneering work of Emil

Smith initially led to the discovery of thylakoid domains

enriched in PSII and PSI activities (Smith, 1988 and refer-

ences therein). Subsequently, the application of ultracentri-

fugation steps at increasing speeds (10 000 g [10k],

40 000 g [40k] and 144 000 g [144k]) allowed the separa-

tion of TM fractions characterized by increasing chloro-

phyll (chl) a/b ratios, from PSII-LHCII enriched appressed

membranes via CD to PSI enriched in SL (Anderson &

Boardman, 1966; Anderson & Vernon, 1967). The loss of

lateral heterogeneity of the TM, achieved by depletion of

Mg2+ and K+ which leads to unstacking of the appressed

domains, results in a similar chl a/b ratio of the light

(144k), medium (40k) and heavy (10k) fractions (Anderson

& Vernon, 1967). This is consistent with the randomization

of the protein complexes after linearization of the TM,

resulting in the spillover of excitation energy from PSII to

PSI (Anderson & Vernon, 1967; van der Weij-de Wit

et al., 2007). The protocol for the separation of the 10k, 40k

and 144k fractions, which are assumed to be enriched in

grana core, CD and SL, respectively, has been widely used

by researchers based on the experimental design devel-

oped by Kyle et al. (1984). The 40k fraction was defined as

CD by (Kettunen et al., 1992; Rantala et al., 2020) because it

has an intermediate protein composition and chl a/b ratio

Figure 1. Thylakoid membrane (TM) model and experimental procedure.

(a) Simplified scheme of the interconnections between appressed and non-appressed domains of the TM, represented as one granum (green discs) connected

by fret-like structures (connecting domains, CD, purple) to one stroma lamella (SL, light blue) wrapping around the granum in a right-handed fashion. A fourth

domain, the curvature, is present at the periphery of each grana disc, where the disc is not connected to SL via CD, and in any other place of the TM where the

bilayer is highly curved. The CD and curvature domains are collectively called as grana margin (GM), due to historical reasons (see Introduction). The grana core

is enriched in PSII-LHCII, while the stroma thylakoid is enriched in PSI-LHCI. CD hosts both photosystems and the PSI-LHCII complex. ATP synthase is present in

all stroma-exposed membranes (SEM), while Cyt b6f is roughly equally present in grana core, CD and SL. The membranes of the upper most and lower most

grana discs directly exposed to stroma (end membranes) have the same composition of SL. In the proposed model, the strict heterogeneity in intact TM (magni-

fication box in the right bottom corner) is lost upon TM linearization and, consequently, the micro-domains of grana core, CD and SL get mixed.

(b) Experimental procedure to isolate different TM domains and to dissect the interaction of the detergent digitonin (DIG) with the TM protein complexes. Iso-

lated intact TMs (control) were washed six times in the presence (stacked) or absence (linearized) of Mg2+, followed by solubilization with several different [DIG].

Each [DIG]-solubilized TM was then fractionated with increasing centrifugation speed into unsolubilized pellet (1000 g, 1k g), grana (10k), connecting domain

(40k) and stroma lamellae (144k). A loose pellet (LP), containing the curvature, was also harvested at 144k. The color coding on the top of each column, indicat-

ing both the [DIG] used and the TM status (stacked or linearized), are the same in all figures to help the orientation of the reader when examining other figures.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17259
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with respect to 10k and 144k, similar to a fraction obtained

after TM sonication and fractionation by two-phase parti-

tioning (Danielsson et al., 2006; Wollenberger et al., 1994).

However, several recent publications have collected the CD

and the grana core together in a single step at 40k.

Although the structural details of the TM architecture

can be conveniently studied by electron tomography, this

technique does not provide details on the distribution and

localization of most proteins and protein complexes in dif-

ferent TM domains. For this purpose, the best approach

would be to apply proteomics to the vesicles obtained by

mechanical fractionation of the TM, but unfortunately this

method has not been successful in Arabidopsis, which has

one of the best annotated genome databases among the

model plant species. On the other hand, the enrichment of

proteins and protein complexes in different TM domains

by detergent fractionation, the most popular fractionation

method, is prone to contamination due to the fusogenicity

of membrane vesicles (Dlouh�y et al., 2021) and various

interactions between detergents and lipid microdomains

surrounding the membrane protein complexes, which

must be considered when interpreting the results.

In this work, we have thoroughly investigated the lat-

eral heterogeneity and domain composition of the TM

using the DIG solubilization followed by the differential

centrifugation method. We have paid particular attention

to the distinction between the TM ‘curvature’ and the TM

‘connecting domain’ (CD) (collectively referred to here as

the grana margin, GM, for historical reasons – see above)

in terms of their functional role and location in the laterally

heterogeneous TM. Our results provide an explanation for

the puzzling solubilization of protein complexes such as

Cyt b6f or PSII monomer complexes. Furthermore, we pro-

vide a detailed map of the distribution of more than 800

proteins in the fractions isolated by an optimized protocol

using DIG. This database will not only highlight the spe-

cific functional role of the CD, but will also serve as a refer-

ence for plant scientists to localize their proteins of interest

in the widely used DIG-based fractionation protocol of TM.

RESULTS

Overall pattern of pigment protein complexes from

stacked and linearized TMs

Since thylakoid stacking is a native property to segregate

the pigment-protein complexes into different TM domains,

we first evaluated the overall composition of TM protein

complexes in light-acclimated Arabidopsis plants grown

under a low light intensity (see “Materials and Methods”

section), both directly after TM isolation (control) and after

repeated washes in the presence (stacked) or absence (lin-

earized) of MgCl2 (Figure 1b), followed by TM solubiliza-

tion with 1% DIG or 1% b-dodecyl-n-maltoside (b-DM) and

separation of the protein complexes by lpBN-PAGE

(Figure 2a). Despite the presence of the same protein com-

plexes in these three TM preparations, the DIG solubiliza-

tion quantitatively revealed a higher abundance of PSII

monomer, as well as L-LHCII and M-LHCII (Rantala

et al., 2020), in linearized thylakoids compared to stacked

thylakoids (Figure 2a, first three lanes). On the other

hand, b-DM solubilized thylakoids were largely depleted of

PSII-LHCII supercomplexes (sc) in linearized TM compared

to stacked TM (Figure 2a, last three lanes). Notably, the

PSI-LHCII complex, present only in DIG solubilized TM,

was not appreciably affected by thylakoid linearization, in

agreement with previous reports based on analysis of the

fluorescence emission spectra at 77 K (van der Weij-de Wit

et al., 2007).

Subfractionation of linearized and stacked thylakoids

produces different patterns of protein complexes

Stacked and linearized thylakoid preparations were then

subjected to fractionation using 0.25% DIG solubilization to

examine the separation of thylakoid proteins (complexes).

This [DIG] was lower than generally used in previous

reports (Kyle et al., 1984; Trotta et al., 2019), due to the fact

that the purity of the CURT1-containing fraction increases

by decreasing [DIG] (Trotta et al., 2019). Here, in addition

to the strong pellets obtained after centrifugation steps at

Figure 2. Analysis of thylakoid membrane (TM) protein complexes and their interaction in stacked and linearized TM.

(a) Representative lpBN-PAGE of TM protein complexes solubilized with either 1% DIG or 1% b-DM (at Chl concentration of 0.25 mg ml�1). Solubilization was

performed for non-washed TM (control) and after several washings in the presence or absence of Mg2+ (stacked and linearized TM, respectively), the volume

corresponding to 5 lg of chl was loaded per lane. The major protein complexes are indicated next to the gels.

(b) Separation in lpBN-PAGE of the protein complexes fractionated from stacked (left) and linearized (right) thylakoids. Before fractionation, the thylakoids were

solubilized with 0.25% DIG and then fractionated by centrifugation to 10k g, 40k and 144k strong pellets and to the LP at 144k. For loading on the gel, all pelleted

fractions and LP from stacked and linearized thylakoids were solubilized with 1% DIG and volumes equivalent to 5 lg of chl were loaded on each well. The chl

a/b ratio of each sample is indicated at the bottom of each lane. Lane T indicates intact thylakoids. The major protein complexes are indicated next to the gel. A

PSI supercomplex (PSI sc), corresponding to a PSI dimeric complex, visible in 2D BN/SDS-PAGE in Figure S2, is indicated in 40k and 144k fractions. PSI-LHCII

complex is indicated by blue arrows.

(c) Separation in lpBN-PAGE of the protein complexes from the fractions obtained at 1k g, 10k, 40k, 144k and the LP at 144k, after solubilization of thylakoids

with 0.25% DIG from stacked (left) and linearized (right) thylakoids. Before loading on the wells (5 lg of chl per lane), each sample was solubilized with 1% b-
DM. The major protein complexes are indicated next to the gels. A PSI supercomplex (PSI sc), corresponding to a PSI dimeric complex is indicated as in (b).

(d) Fluorescence emission spectra recorded at 77 K from stacked (light green) and linearized (pink) intact thylakoids (T), and from the corresponding fractions

obtained from stacked and linearized T at 1k g, 10k, 40k, 144k and the LP at 144k after solubilization with 0.25% DIG. The peaks at 680 nm corresponding to

detached LHCII, at 685 nm to PSII subunit CP47, at 695 nm to PSII subunit CP43 and at 733 nm to PSI are highlighted by vertical lines throughout the graphs.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17259
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1000 g (unsolubilized thylakoid pellet, or 1k), 10k (grana

core), 40k (connecting domain, CD) and 144k (stroma

lamellae, SL), a loose pellet (LP) was also collected at 144k

(Figures 1b and 2; Figure S1, see below).

The chl a/b ratio of the different fractions obtained

from linearized thylakoids hardly differed from each other,

ranging between 3.0 and 3.2, close to that of intact stacked

thylakoids (Figure 2b, bottom of the lpBN-PAGE), due to

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17259
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the homogeneous redistribution of PSII-LHCII and PSI-LHCI

complexes along the linearized TM (Figure 2). Instead, a

classical increase from 2.5 (10k fraction) to 5.3 and 6.0 (40k

and 144k fractions, respectively) (Kyle et al., 1984; Trotta

et al., 2019) was observed in the corresponding fractions

from stacked thylakoids (Figure 2b), indicating strong lat-

eral heterogeneity of PSII, LHC and PSI.

Consistently, the composition of protein complexes

from linearized TM was very similar in 10k, 40k and 144k

fractions, in contrast to the highly heterogeneous distribu-

tion in fractions from stacked TM of, for example, the PSII-

LHCII, the M- and L-LHCII complexes, all of which were

depleted in 40k and 144k fractions (Figure 2b,c; Figures S2

and S3). However, consistent with the chl a/b ratio, the 40k

fraction from stacked TM contained M- and L-LHCII com-

plexes to some extent, indicating that this fraction origi-

nated from SEM closer to grana with respect to 144k.

Notably, the PSI-LHCII complex, which is highly visible in

intact thylakoids, was partially lost during the fractionation

procedure (Figure 2b; Figure S3). However, the highest per-

centage of residual PSI-LHCII was found in the 40k fraction

(enriched in CD) of stacked thylakoids and, to a lesser

extent, in the 144k fraction (enriched in SL) as well as in

the 1k fraction (unsolubilized pellet) (Figure 2b and indi-

cated by blue arrows in Figures S2 and S3).

As a consequence of TM linearization (Figure 2b;

Figure S3), several PSI bands (PSI-LHCII complex, PSI* and

PSI-LHCI, see blue arrows in Figure S3) were visible in the

10k fraction in addition to those in the 40k and 144k frac-

tions. Distinct PSII-LHCII sc were also visible in the strong

pellets from linearized thylakoids, probably corresponding

to C2S, C2S2 and C2SM complexes (Caffarri et al., 2009)

(Figure S3). Notably, the PSI-LHCII complex was not visible

in the LP fractions from either linearized or stacked thyla-

koids (Figure 2b; Figure S3) (see below).

Structural analysis of the TM subfractions

Characterization of the fractions obtained with 0.25% DIG by

transmission electron microscopy (TEM) revealed the pres-

ence of vesicles of similar shape but different size in the 10k,

40k and 144k fractions of linearized TM (Figure 3; Figure S4).

Higher magnification showed the possible presence of ATP

synthase in all fractions from linearized TM, confirming the

randomization of protein complexes (Figure 3). In contrast,

the 10k fraction from stacked TM contained the highest per-

centage of largest vesicles (Figure S4), representing grana

core as previously observed (Kou�ril et al., 2013), while the

40k contained smaller vesicles, which were often bent, and

the 144k contained even smaller vesicles (Figure S4), which,

in contrast to 10k and 40k, showed the presence of ATP

synthase complexes (Figure 3).

The fluorescence emission spectra recorded at 77 K

were almost identical in all strong pellets of linearized TM,

and very similar to those of the corresponding intact

linearized TM (Figure 2d). Conversely, the strong pellets

from stacked TM showed an enrichment of the PSII signal

(peaking at 685 and 695 nm) in 1k and 10k fractions,

whereas the PSI signal (peaking at 733 nm) was enriched

in 40k and 144k fractions (Figure 2d). These results (Fig-

ures 2 and 3) further confirmed that linearization of the TM

leads to randomization of the chl-binding protein com-

plexes and consequently to energy spillover from PSII to

PSI (van der Weij-de Wit et al., 2007).

Effect of DIG concentration on separation of Cyt b6f, ATP

synthase and PSII subcomplexes in LP

In sharp contrast to the uniform distribution of protein com-

plexes observed in the 10k, 40k and 144k fractions of linear-

ized thylakoids, the corresponding LP showed marked

differences, being particularly depleted in PSII-LHCII sc and

PSI (Figure 2b,c; Figures S3 and S5). Furthermore, thylakoid

linearization did not alter the strong accumulation of ATP

synthase, PSII monomer, Cyt b6f and CP43-less PSII in the

LP fraction, which similarly characterized the LP obtained

from stacked thylakoids (Figure 2b,c; Figures S3 and S5a).

The 77 K fluorescence spectra of LPs showed a strong pres-

ence of PSII monomer (685 nm) and detached LHCII

(680 nm), the latter being more prominent in LP from

stacked TM (Figure 2d). The visualization with TEM of LP

from stacked TM revealed a strong predominance of very

small (<3000 nm2) vesicles (Figure S4), many of which may

contain ATP synthase (Figure 3). In contrast, the LP from lin-

earized TM was a mixture of very small vesicles

(<3000 nm2) and larger vesicles (3000–11 750 nm2), which

could harbor the M- and L-LHCII complexes observed in

BN-PAGE (Figure 2b,c; Figure S3b).

Semi-quantitative immunoblot analyses further con-

firmed that the distribution of PSI, PSII and LHCII in the 1k,

10k, 40k and 144k fractions from linearized thylakoids was

more homogeneous along the TM compared to the corre-

sponding fractions from stacked thylakoids (Figure 4a,b).

However, the other major protein complexes, that is, Cyt

b6f and ATP synthase, together with the CURT1 proteins

(CURT1A and 1B), were mostly concentrated in the LP from

both the stacked and linearized thylakoids (Figure 4a,b). A

similar differential separation was obtained by solubilizing

the stacked thylakoids with 0.4% DIG (Figure 4a;

Figure S5b). However, comparing the two LPs obtained

with 0.4% and 0.25% DIG by 2D-lpBN/SDS-PAGE, it turned

out that the relative abundance of CURT1 protein, PSII

monomer, CP43-less, Cyt b6f and ATP synthase was lower

at 0.4% DIG (Figure 4c). Since SDS-PAGE is loaded on a chl

basis, this effect is due to increased contamination/

accumulation of chl-binding protein complexes such as PSI

and LHCII in the LP upon use of higher [DIG] to solubilize

thylakoids (see Trotta et al., 2019).

The above results regarding the LP fraction, are in

apparent contradiction with the idea that linearization of

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17259
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stacked TM leads to a uniform distribution of all protein

complexes in all fractions or TM domains (Figure 1a)

(Anderson & Vernon, 1967). These discrepancies suggest

that the composition of the protein complexes in the LP

fraction probably does not only reflect that of the curvature

domain but is also influenced by specific interactions

between DIG and the annular lipids of individual protein

complexes, resulting in accumulation of specific protein

complexes in the LP. The interaction of DIG with mem-

branes such as cholesterol-free TM has been postulated

to involve only the penetration of the outer leaflet of

lipid bilayers. This results in the disruption of TM into

smaller vesicles to re-equilibrate the asymmetric curvature

created by the insertion of DIG molecules into one of the

two layers (Figure 4d) (Fan & Heerklotz, 2017; Sudji

et al., 2015). However, some TM protein complexes were

clearly solubilized in DIG micelles, as indicated by the

bands resolved in our BN-PAGE (Figures 2a,b and 4d) and

by the small size of a part of the vesicles observed by TEM

(Figure 3; Figure S4).

To visualize which protein complexes are easily solu-

bilized by DIG, the stacked TM was solubilized with either

0.4% DIG or 1% DIG before loading on the BN-PAGE. As

shown in Figure 5(a), the PSII monomer, Cyt b6f and ATP

10k

40k

144k

LP

500 nm

100 nm

100 nm

500 nm

500 nm

100 nm

500 nm

100 nm

stacked linearized stacked linearized

100 nm

100 nm

100 nm

500 nm

500 nm

500 nm

500 nm 100 nmF1

Figure 3. Analysis of thylakoid membrane (TM) fractions by transmission electron microscopy.

The stacked and linearized thylakoid fractions collected at 10k, 40k, 144k and LP (collected at 144k) were negatively stained and photographed with TEM. The

same magnification pictures of all fractions (on the left two columns, scale bars: 500 nm) and higher magnification of featured structures in each fraction (on

the right two columns, Scale bars: 100 nm) are shown. The average size of the F1 sector of spinach ATP synthase (Daum et al., 2010) is provided in the index.

Arrowheads point to structures assigned as ATP synthases.
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synthase were already solubilized by the micelles at 0.4%

DIG and resolved in clearly visible bands. In contrast,

PSII-LHCII sc, PSI sc and LHCII were only visible at 1%

DIG. This result is consistent with the fact that proteins

from different TM domains are more prone to be solubi-

lized even by [DIG] as low as 0.25% (Figure S5c) (Trotta

et al., 2019).

To further investigate the solubilization of TM protein

complexes by DIG, both stacked and linearized thylakoids

were solubilized lowering [DIG] to 0.1%, which has been

shown to still separate the appressed and non-appressed

domains (Benz et al., 2009), and the fractions were col-

lected as in Figure 1(b). The chl a/b ratio of the fractions

obtained from the stacked thylakoids showed the typical

increase from 10k to 144k observed at [DIG] ≥0.25%
(Figure 5b; Trotta et al., 2019). Accordingly, from the

stacked TM, the PSII and LHCII accumulated in the 10k frac-

tion and PSI in the 40k and 144k fractions (Figure 5c). On

the contrary, while ATP synthase was enriched in the 40k

and 144k fractions, the Cyt b6f was almost equally present

in all fractions (Figure 5c), in agreement with the results

obtained by mechanical fractionation of spinach TM (Tikka-

nen et al., 2008). Similar behavior of Cyt b6f and ATP

synthase was also observed in linearized thylakoids solubi-

lized with 0.1% DIG (Figure 5c). Importantly, the CURT1

proteins, although still predominantly present in the LP,

were partially distributed along all fractions (Figure 5c).

Analysis by lpBN-PAGE (Figure 5d; Figure S5d) showed

that the PSII monomer, either from the stacked or from the

linearized TM, no longer accumulated mainly in the LP but,

together with CP43-less, was equally present in all frac-

tions from the linearized TM (compare Figure 5d with

Figure 2b,c). Thus, when the interaction of DIG with TM

was limited by low DIG concentration, the solubilization

and segregation of the Cyt b6f, ATP synthase and PSII sub-

complexes changed significantly. This suggests that at

least these three protein complexes interact differently

with DIG than other protein complexes such as PSII-LHCII

and PSI.

Residual DIG in LP fraction modulates the properties of

protein complexes

To investigate whether the presence of residual DIG and/or

thylakoid lipids modulates the properties or distribution of

thylakoid proteins and protein complexes in the LP frac-

tion, we re-examined the 144k strong pellet (i.e., the

SL fraction) and the co-isolated LP. Samples were homoge-

nized to 0.25 mg chl/ml in the presence or absence of b-
DM (as in Figure 2d) and loaded on BN-PAGE (Figures S6a

and S7). As expected, the strong 144k pellet without b-DM
did not even enter the stacking part of the BN gel, whereas

the LP sample mostly entered the gel and was separated

into several protein complexes (Figures S6a, right gel, and

S7). Analysis by 2D BN/SDS-PAGE of the LP fraction with

and without b-DM revealed that, in addition to the high

MW band composed of PSI, PSII, LHCII and ATP synthase,

two other protein complex bands were clearly resolved:

PSII monomer and Cyt b6f (Figure S6a,b), and to some

extent also ATP synthase (Figure S7b). On the contrary, no

protein complexes could be seen from the strong 144k pel-

let without solubilization by b-DM (Figures S6a and S7a). A

likely explanation is that the protein complex bands in LP

(Figure S6a,b) represent the smallest vesicles observed by

TEM in LP (Figure 3), which might contain residual DIG. To

test this hypothesis, the LP sample was re-centrifuged at

178 000 g (178k), to form a strong pellet, and loaded onto

a lpBN-PAGE without prior solubilization with b-DM
(Figures S6c and S7b). As a control, the original LP was

loaded alongside, either solubilized (first lane) or not (sec-

ond lane) with b-DM (Figures S6c and S7). Indeed, when

the LP became a strong pellet, it could no longer enter the

BN-gel (Figure S6c), and no traces of Cyt b6f and PSII

monomer could be found in 2D-lpBN/SDS-PAGE

(Figure S7b). Furthermore, pelleting of LP at 178k resulted

in a shift of the 77 K fluorescence emission peak from 680

(corresponding to free LHCII) to 685 nm (corresponding to

PSII CP43) (Figure S6d), indicating that the presence of

residual DIG interfered with the LHCII trimer structure

Figure 4. Effect of different [DIG] on protein accumulation in LP.

(a) Immunoblot analysis of the distribution of the major TM protein complexes (PsaB for PSI, CP47 for PSII, PetA for Cyt b6f, LHCB2 for LHCII, AtpF for ATP

synthase and CURT1B and CURT1A for CURT1) in different TM domains obtained by ultracentrifugation at the indicated speeds after solubilization of stacked

TM with 0.25% (left) or 0.4% (right) DIG. Lowering [DIG] from 0.4% to 0.25% resulted in accumulation of CP47, PetA, AtpF and CURT1 proteins in LP, and con-

comitant decrease of PsaB and LHCB2. Samples were loaded on chl basis, each corresponding to 0.5 lg of chl. Antibody reactivity scale using 50, 100 and 200%

of an intact TM sample is provided on the left.

(b) Immunoblot analysis of the distribution of the same proteins as in A upon solubilization of linearized TM with 0.25% DIG, followed by ultracentrifugation at

the indicated speeds. PetA, AtpF and CURT1 proteins accumulate in LP, whereas the other protein complexes show nearly even distribution in the 10k, 40k and

144k fractions. Samples were loaded as in (a).

(c) Analysis by 2D-lpBN/SDS-PAGE of the subunit composition of the TM protein complexes accumulated in the LP fractions obtained by TM solubilization with

0.4% and 0.25% DIG. Samples corresponding to 5 lg of chl were loaded on lpBN-PAGE. Protein spots separated in the second dimension were stained first with

Pro-Q Diamond (gel on the left) for phosphoprotein detection, and subsequently with Sypro to detect all proteins (gel on the right). The names of ATP synthase,

PSI, PSII, Cyt b6f and LHCII subunits are indicated according to previous publications (Aro et al., 2005; Gerotto et al., 2019; Grebe et al., 2019; Suorsa et al., 2015)

A protein supercomplex (ATP s. sc) corresponding to an ATP synthase dimer (Daum et al., 2010) is highlighted by a purple dash oval.

(d) Schematic representation of the mode of action of DIG on TM. In the absence of cholesterol in the lipid bilayer, such as the TM, DIG partitions into the outer

leaflet bringing to cracking the membrane in smaller vesicles of different sizes, originating from the different TM domains. Some protein complexes, such as

PSII monomer and Cyt b6f, are solubilized instead by DIG micelles. See text for details.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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and/or association with PSII, as was recently described

(Grac�a et al., 2021). Thus, pelleting removed the disruptive

effect of DIG, but did not induce aggregation of the protein

complexes, which indeed separated in a pattern similar to

that of the original LP upon solubilization with 1% DIG

prior loading (Figure S7c). This latter result provided evi-

dence that the PSII monomer and Cyt b6f segregate into LP

due to a different interaction with the DIG micelles com-

pared to other protein complexes. This effect was strongly

attenuated by lowering [DIG] to 0.1%, as seen by running

the corresponding LP in lpBN-PAGE without prior solubili-

zation with 1% DIG (Figure S5d) where the PSII and Cyt b6f

bands are not visible.

To test whether PSII monomer and Cyt b6f segregate

into lighter vesicles (LP) at any centrifugation speed, we

collected the LP already formed at the 40k centrifugation

step (CD LP) (Figure 1b; Figure S1), as well as the strong

pellet and LP formed at the next 144k step (named as S0

and LP0, respectively) and compared them with the stan-

dard 144k and LP fractions (144k and LP) (Figure S8a). Sim-

ilar to the control LP collected at 144k, both PSII monomer

and Cyt b6f were clearly enriched in the CD LP fraction

(Figure S8b), indicating that they are excised by DIG from

TM vesicles and accumulated as the lightest fraction (the

LP) at any speed. In addition, two spots of CURT1A and

CURT1B were clearly visible in the CD LP (Figure S8b).

Figure 5. Limiting [DIG] differentially solubilizes the TM protein complexes.

(a) Pattern of the TM protein complexes separated by lpBN-PAGE (5 lg of chl per lane) after solubilization with 0.4% (left lane) or 1% (right lane) DIG. The major

protein complexes are indicated next to the gel.

(b) Comparison of the chl a/b ratios in the 1k, 10k, 40k, 144k fractions and the LP collected at 144k after solubilization of stacked TM with 0.1% (light green),

0.25% (green) and 0.4% DIG (dark green) and linearized TM with 0.1% DIG (light pink).

(c) Immunoblot analysis of the distribution of the same proteins as in Figure 4(a,b) in different TM domains obtained by ultracentrifugation at the indicated

speeds after solubilization of stacked TM (left) and linearized TM (right) with 0.1% DIG. Cyt b6f (PetA) is almost equally distributed in all fractions, whereas the

CURT1 proteins are still mostly accumulated in the LP collected at 144k. Samples were loaded on chl basis (0.5 lg of chl per lane). Antibody reactivity scale

using 50, 100 and 200% of an intact TM sample is provided on the left.

(d) Analysis by lpBN-PAGE of the protein complexes accumulated, after solubilization of stacked (left) and linearized (right) thylakoids with 0.1% DIG, into the

fractions obtained by differential centrifugation at 1k g, 10k, 40k, 144k and the LP at 144k. Each fraction was solubilized with 1% b-DM and 5 lg of chl loaded per

lane. The major protein complexes are indicated next to the gels. A PSI supercomplex (PSI sc), corresponding to a PSI dimeric complex is indicated as in

Figure 2.

� 2025 The Author(s).
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Interestingly, the 77 K fluorescence spectrum of CD LP

showed the detached LHCII peak around 680 nm similar to

that in LP and LP0 (Figure S8c), confirming that this peak is

due to interference from residual DIG in the sample (see

Figure S6d).

Proteome composition of thylakoid subfractions after

0.25% DIG solubilization

The biochemical characterization of the LP fraction showed

a different tendency of thylakoid protein complexes and/or

domains to be solubilized by 0.25% DIG (Figures 2 and 3).

Based on the results presented so far, it could be assumed

that the fractions obtained at 10k, 40k and 144k g repre-

sented from heavier to lighter membrane vesicles derived

from stacked and stroma-exposed TMs (Figure 4d). To

determine how much they are enriched in the functional

domains (grana core, CD, SL and curvature), the relative

abundances of the proteins from the three fractions,

together with LP and the intact thylakoids, were evaluated

by quantitative proteomics (Figure 6). A total of 1122 pro-

teins identified with at least two peptides were found in all

fractions, of which 821 were plastidial or possibly plastidial

(see legend in Data S1), while 301 were contaminants from

other cellular compartments (Figure 6a; Data S1). Approxi-

mately 86% of the plastidial accessions were partially or

fully characterized proteins that could be categorized by

their association with protein complexes, metabolic path-

ways or functional categories (see legend in Data S1 for

detailed description). The localization of the majority (69%)

of the plastidial proteins was in the TM (membrane span-

ning or associated with membrane protein complexes),

while smaller fractions could be localized in the chloroplast

envelope (11%), thylakoid lumen (7%), plastoglobuli (4%)

and the remaining (9%) were stromal proteins associated

with carbon and amino acid metabolism (Figure 6a, pie

chart 1).

Subsequent quantification of the relative abundance

of the proteins, with respect to the intact thylakoids,

revealed a strong enrichment of the majority of identified

plastidial proteins in the LP (Figure 6b). This was not sur-

prising considering that: (i) the TM fractions were quanti-

fied on the basis of chl and (ii) the procedure (reduction of

[DIG] to 0.25%), which led to the accumulation of CURT1

as a kind of signature of ‘purified’ curvature in the LP,

resulted in a very low yield of chl-binding proteins in the

LP (Figure 4; Trotta et al., 2019). Therefore, by digesting

the proteins based on the same [chl] in all samples, it is

highly conceivable that the non-chl-binding proteins were

overrepresented in the CURT1-containing LP fraction

(Figure 6b). However, a relative quantification of the pro-

tein amounts in the thylakoid fractions based on the

protein content, which includes non-plastidial contami-

nants, would also have biased the results, but in the oppo-

site direction. To dissect the content of the CURT1-

containing fraction (curvature domain), the identified plas-

tidial proteins were further sorted into functional catego-

ries related to chloroplast metabolic, biosynthetic and

repair processes (Figure 6a, pie charts 2 and 3; Data S1).

A large number of proteins/complexes (Figures 6b

and 7; Figure S9; Data S1) showed the highest enrichment

in the grana core fraction – 10k (e.g., PSII core, LHCII com-

plexes, PSBS and STN8; for the full name of the proteins

mentioned hereafter refer to Data S1). The SEM collected

as a CD fraction (40k) showed on average the highest

enrichment in PSI, LHCI belt, NDH-1 complex and FTSH

protease complexes. Interestingly the thylakoid formation

1 (THF1) protein co-localized at 40k with a similar relative

abundance to the FTSH protease complex (Figures 6b and

7; Figure S9; Table 1). The SPPA peptidase, which may

have overlapping functions with Clp and FTSH (Nishimura

et al., 2017), was also mostly enriched in the 40k and 144k

fractions (Table 1). Proteins from another functional cate-

gory – the chloroplast translation machinery (ribosomes

and associated proteins) – showed the highest enrichment

in either the 40k or 144k fraction, but a clear depletion in

the LP, with some exceptions such as RPL16, a component

of the chloroplast ribosomal large subunit, which segre-

gated in the LP (Data S1). In addition to ribosomes, the

SEM collected as the SL fraction (144k) also showed

the highest average enrichment of pyruvate dehydroge-

nase complex (PDC) and VESICLE-INDUCING PROTEIN IN

PLASTIDS 1 (VIPP1), involved in membrane remodeling

(Gupta et al., 2021; Zhang et al., 2012).

The LP fraction, which accumulated the CURT1 pro-

teins as a fingerprint (Figures 6b and 7; Figure S9), was

also highly enriched in Cyt b6f and ATP synthase com-

plexes, in line with the immunoblot results (Figures 4 and

5), as well as the STN7 kinase, while the counteracting

phosphatase TAP38 (Rochaix et al., 2012) was enriched in

the 40k and 144k. LP also contained most of the proteins

related to thylakoid architecture, such as RIQ2, the

photoprotection-related protein SOQ1 and the chloroplast

lipocalin (CHL), as well as most of the proteins involved in

tetrapyrrole metabolism or associated with plastoglobuli

(Figures 6b and 7; Figure S9; Table 1; Data S1). More spe-

cifically, the proteins of the tetrapyrrole biosynthetic path-

way that are physically associated with the TM (Wang &

Grimm, 2021) were indeed found to be enriched in the LP,

whereas the other proteins that do not directly interact

with the TM were essentially lost during fractionation

(Data S1), with notable exceptions. CHLG, which converts

chlorophyllide (chlide) to chlorophyll and contains a trans-

membrane domain (TMD), was enriched in both 144k and

LP. CAO, which converts both chlide and chl a to chl b

(Wang & Grimm, 2021), was enriched in 10k and LP. The

transmembrane spanning FLU was equally enriched in all

SEM fractions, whereas its interactors CHL27, Glu-TR and

POR were only enriched in LP.

� 2025 The Author(s).
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A number of auxiliary proteins involved in PSII

assembly/repair processes at different levels (J€arvi

et al., 2015; Lu, 2016; Nickelsen & Rengstl, 2013) were

highly enriched in the LP. These include the DEGP

proteases, which are involved in D1 degradation, and the

chaperones HCF244 and OHP1/2, which are associated with

pre-D1 co-translational insertion into the TM (Figures 6b

and 7; Figure S9). On the other hand, several other pro-

teins, which are involved in assisting PSII repair and/or

insertion of PSII subunits into the TM (such as HHL1,

MPH2, HCF107, HCF173, PAM68, TRXM-4, PDF1B, ALB3,

TERC and PSBN) were enriched or partially enriched (such

as LPA1 and cpSRP54) in the 40k and 144k fractions

(Figure 6b; Figure S9; Table 1; Data S1). Curiously,

although the insertase ALB3 interacts with the cpSEC1 TM

translocase machinery, the components of the latter, that

is, SCY1 and SECA1/AGY1 were mainly enriched in LP, as

was SECE1, which was also partially enriched in 40k. The

components of the cpTAT pathway HCF106, TATA and

TATC/APG2, which are involved in the translocation of

folded proteins, were all enriched in LP.

Among the proteins involved in PSII assembly/repair

and other processes, several are lumenal proteins that

were not enriched in any fraction or were rather lost during

fractionation (CTPA, FKBP20-2, PLASTOCYANIN 1 and 2,

PSBP and PSBQ, CYP38, HCF136 and DEGP8). Others, how-

ever, were found instead at 10k (PSBO) or 40k (TL20.3),

while many soluble proteins naturally present in the thyla-

koid lumen or loosely associated with the TM on the stro-

mal or lumenal side, were often segregated with LP

(DEGP1, DEGP5, VDE, ZEP, CHL and PPL1) (Figure 6b;

Figure S9; Table 1; Data S1).

The 10k fraction also contained several proteins asso-

ciated with the membrane-bound transcriptionally active

chromosome (TAC) (Figure 7; Figure S9; Table 1; Data S1).

These included most of the subunits of the plastid-encoded

RNA polymerase (PEP) (Figure 7), the PLASTID TAC (PTAC)

proteins (-3, -5, -6, -10, -11/WHIRLY3, -12, -14 and -16), the

PEP-interacting protein MurE (Garcia et al., 2007) and a

partial enrichment of associated proteins such as FLN1,

FLN2, TRX-Z and FSD2 (Wu et al., 2024) (Figure 7). Interest-

ingly, the protein pTAC5, as well as SULFITE REDUCTASE

(SIR), which, in addition to its enzymatic activity, also

binds nucleoids and interacts with PTAC10 (Jeon

et al., 2012), both showed a strong enrichment at 40k

(Table 1). Another protein with moonlighting activity like

SIR, that is, the E2 subunit of the pyruvate dehydrogenase

complex (PDC) which binds psbA mRNA (Watkins

et al., 2020), was instead enriched in the 144k fraction. A

further set of mRNA-binding proteins, the pentatricopep-

tide repeat (PPR) proteins, which are involved in mRNA

processing with high specificity (Meng et al., 2024), were

found to be associated with the TM (Figure 6b; Figure S9;

Data S1). These include AT5G13770, SVR7 (involved in

ATP synthase accumulation), MRL1 (involved in Rubisco

accumulation), PPR4 and CRP1 (involved in Cyt b6f subunit

accumulation), and the psbA mRNA binding protein

HCF173, all of which were enriched in the 40k and 144k

fractions. Further two RNA binding proteins, that is,

CSP41B (which, like HCF173, is a member of the short

dehydrogenase-reductase (SDR) family) and SOT1, which

is involved in rRNA processing, were instead mostly pre-

sent in the 10k fraction (Figure 6b; Figure S9; Table 1;

Data S1).

DISCUSSION

Advances in bioimaging technologies used to study TM

architecture have revealed a higher complexity than previ-

ously expected in the composition, distribution and

dynamics of the photosynthetic machinery (Bussi

et al., 2019; Daum & Kuhlbrandt, 2011). Such complexity

requires dedicated biochemical approaches to investigate

the 3D heterogeneity of the TM (Figure 1a), both structur-

ally and functionally. Mechanical fractionation of the TM

would probably be the most optimal approach for this pur-

pose but has not yet been successful in the model plant

Arabidopsis. The main thylakoid domains, that is, the

appressed grana membranes (10k fraction) and the

non-appressed SL (144k fraction), have been extensively

studied (Andersson & Anderson, 1980; Danielsson &

Albertsson, 2009; Tomizioli et al., 2014). Conversely, the

composition, location and function of the enigmatic thyla-

koid domain known as the grana margin (GM) has

remained controversial (Anderson, 2012; Koochak

et al., 2019; Puthiyaveetil et al., 2014; Rantala et al., 2020;

Tomizioli et al., 2014; Trotta et al., 2019), despite the critical

Figure 6. Identification by mass spectrometry and sorting of plastidial proteins.

(a) Pie charts depicting sorting of the 1123 proteins identified by at least two peptides. Upper pie chart, on the left: sorting according to subcellular localization.

Lower pie charts: sorting according to characterization. The 821 plastidial proteins were sorted by three types of categories (lower three pie charts): (1) localiza-

tion in the plastid; (2) association with protein complexes and/or metabolic pathways and (3) functional categories. The details of the sorting in categories indi-

cated in the pie charts are presented in the legend tab in Data S1.

(b) Heat map of the relative protein abundances in the fractions obtained by DIG solubilization and differential ultracentrifugation, showing that the majority of

proteins are enriched in the LP fraction. The dendrogram on the top indicates the clustering of the fractions (40k and 144k on one hand, then 10k and intact thy-

lakoids on the other hand, and the LP which is the least similar), while the dendrogram on the left indicates the clustering of proteins with similar abundances

across the fractions. The major clusters are highlighted by vertical red traits aside of each column and named according to the fraction where their relative abun-

dance is the highest. Some of the major protein categories are indicated. A magnification of each cluster, showing the ID of the individual proteins, is presented

in Figure S9.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17259
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importance of the GM for thylakoid dynamics, especially

under fluctuating light conditions. Here we propose that

the GM is composed of two separate TM domains, which

we define as the connecting domain (CD, 40k fraction) and

the curvature domain (present in the LP fraction with

CURT1 proteins as fingerprints) (Figure 1a). This proposal

is based on a thorough reconsideration of the biochemical

isolation and the functional roles of the curvature and CD

in the light-driven photosynthetic process of the TM.

Three key messages from TM biochemical fractionation

First, by comparing the protein complexes pattern in

stacked and linearized thylakoids, we investigated whether

and why the TM folding into appressed (stacked) and

Figure 7. Enrichment of proteins and protein complexes in TM fractions.

The boxes show the relative accumulation (as in Data S1) of the protein subunits of the major TM protein complexes, proteins specific to biosynthetic pathways

or TM structures, and specific proteins involved in processes like post-translational modifications, degradation, or co-translational insertion into the TM, in the

different TM fractions collected at 10k, 40k, 144k or LP collected at 144k, compared to intact TM (set as 100%), after solubilization with 0.25% DIG. Proteins or

protein complexes which show enrichment, on average, in one or another fraction were separated in the corresponding groups labeled on the left. Bars repre-

sent SD (n = 3). The locus identifiers and gene symbols used for quantification of the proteins and protein subunits of the protein complexes are indicated in

Data S2.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17259
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Table 1 List of selected proteins involved in PSII assembly or repair cycle or other relevant pathways enriched in either the 40k, 144k or the
LP fraction

Gene name
Trans membrane-
domain (TMD)

Locus
identifier

Relative abundance vs thylakoid (=100)

10K 40K 144K LP

Lipocalins and related proteins
ZEAXANTHIN EPOXIDASE (ZEP) (ABA1) AT5G67030 13 � 1 31 � 1 62 � 10 304 � 18
CHLOROPLASTIC LIPOCALIN (CHL) AT3G47860 12 � 1 19 � 2 53 � 14 308 � 18
TEMPERATURE-INDUCED LIPOCALIN (TIL) AT5G58070 24 � 5 30 � 2 70 � 13 343 � 29
SUPPRESSOR OF QUENCHING 1 (SOQ1) TMD AT1G56500 36 � 5 104 � 2 118 � 6 270 � 13
RELAXATION OF QH (ROQH) AT4G31530 13 � 2 15 � 6 25 � 13 214 � 6

Proteases and related proteins
PSB29/THF1 TMD AT2G20890 57 � 9 195 � 18 179 � 18 111 � 4
FTSH5 INTERACTING PROTEIN (FIP) TMD AT5G02160 97 � 19 109 � 5 96 � 13 48 � 9
FTSH PROTEASE 6 (FTSH6) TMD AT5G15250 356 � 272 183 � 70 124 � 86 105 � 94
FTSH PROTEASE 11 (FTSH11) TMD AT5G53170 81 � 15 163 � 11 129 � 33 224 � 17
SIGNAL PEPTIDE PEPTIDASE (SPPA) AT1G73990 55 � 1 223 � 7 229 � 26 110 � 3

Transcriptionally active chromosome (TAC) proteins
SULFITE REDUCTASE (SIR) AT5G04590 89 � 15 346 � 47 202 � 13 29 � 2
STF AT3G48500 121 � 23 49 � 9 45 � 15 28 � 9
PLASTID TRANSCRIPTIONALLY ACTIVE 5
(PTAC5)

AT4G13670 188 � 34 356 � 6 142 � 13 50 � 9

MurE AT1G63680 145 � 26 76 � 39 56 � 28 25 � 5
Transcription and translation

HIGH-CHLOROPHYLL-FLUORESCENCE 101
(HCF101)

AT3G24430 44 � 11 380 � 65 47 � 11 100 � 22

FERRITIN 4 (FER4) AT2G40300 11 � 1 95 � 20 266 � 84 162 � 38
CHLOROPLAST RNA PROCESSING 1 (CRP1) AT5G42310 58 � 9 148 � 12 139 � 60 84 � 29
CP33A/RBP31 AT4G24770 73 � 10 213 � 67 189 � 101 28 � 17
MATURATION OF RBCL 1 (MRL1) AT4G34830 60 � 3 211 � 24 192 � 49 98 � 20
MORF2 AT2G33430 2349 � 569 2065 � 839 17338 � 314 402 � 211
MORF9 AT1G11430 243 � 36 477 � 105 80 � 34 217 � 17
WHAT IS THIS FACTOR 1 (WTF1) AT4G01037 65 � 12 214 � 74 106 � 27 25 � 4
CRS1/YhbY (CRM) domain-containing protein TMD AT3G18390 69 � 67 154 � 72 94 � 26 73 � 32
HIGH CHLOROPHYLL FLUORESCENT 107
(HCF107)

AT3G17040 62 � 11 223 � 50 238 � 60 114 � 35

SUPPRESSOR OF VARIEGATION 7 (SVR7) AT4G16390 37 � 10 126 � 28 99 � 33 100 � 25
CP33B AT2G35410 45 � 14 148 � 14 180 � 25 87 � 33
CP33C AT4G09040 68 � 12 176 � 15 212 � 35 86 � 35

PSII assembly factors during repair cycle: D1 damage and degradation
HYPERSENSITIVE TO HIGH LIGHT 1 (HHL1) TMD AT1G67700 77 � 8 233 � 35 267 � 78 63 � 10
LOW QUANTUM YIELD OF PHOTOSYSTEM II
1 (LQY1)

TMD AT1G75690 13 � 1 30 � 5 47 � 14 88 � 2

PSB27 AT1G03600 85 � 10 95 � 8 73 � 8 102 � 9
CYCLOPHILIN 38 (CYP38) AT3G01480 24 � 3 28 � 2 22 � 2 51 � 7
PHOTOSYSTEM II REACTION CENTER PSB28 AT4G28660 33 � 10 73 � 5 104 � 27 374 � 53
PHOTOSYNTHESIS AFFECTED MUTANT 68
(PAM68)

TMD AT4G19100 59 � 19 146 � 14 133 � 18 99 � 39

HCF173 AT1G16720 55 � 11 159 � 10 188 � 22 93 � 36
PEPTIDE DEFORMYLASE 1B (PDF1B) AT5G14660 45 � 4 153 � 7 132 � 54 33 � 10
CHLG TMD AT3G51820 43 � 4 120 � 12 210 � 30 224 � 4
PSBN TMD ATCG00700 53 � 13 113 � 5 144 � 20 84 � 25
LOW PSII ACCUMULATION1 (LPA1) TMD AT1G02910 46 � 7 132 � 15 153 � 7 209 � 3

PSII assembly factors during repair cycle: After insertion of newly synthesized D1
MPH2 AT4G02530 27 � 5 90 � 2 57 � 3 95 � 2
PSBP-LIKE PROTEIN 1 (PPL1) AT3G55330 14 � 2 26 � 3 37 � 1 102 � 10
HIGH CHLOROPHYLL FLUORESCENCE 136
(HCF136)

AT5G23120 12 � 2 30 � 2 33 � 2 93 � 4

MET1 AT1G55480 10 � 1 19 � 2 44 � 8 212 � 27
MPH1 TMD AT5G07020 35 � 7 76 � 3 63 � 4 144 � 7

(continued)

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17259
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non-appressed membranes affects their partitioning into

different thylakoid subfractions (domains) (Figures 2–5).
Fractionation of stacked TM confirmed the known hetero-

geneity (Dekker & Boekema, 2005; Dlouh�y et al., 2021;

Koochak et al., 2019) and the segregation of PSI-LHCI and

PSII-LHCII towards SL and grana, respectively, while NDH-

1 and significant amount of LHCII indicated that the CD

was enriched in the 40k fraction (Figures 2, 4, and 7).

Table 1. (continued)

Gene name
Trans membrane-
domain (TMD)

Locus
identifier

Relative abundance vs thylakoid (=100)

10K 40K 144K LP

PHOTOSYSTEM B PROTEIN 33 (PSB33) AT1G71500 34 � 6 75 � 10 84 � 6 196 � 5
THYLAKOID LUMEN PROTEIN 18.3 (TLP18.3) TMD AT1G54780 136 � 9 73 � 5 66 � 4 63 � 4
FKBP20-2 AT3G60370 7 � 2 7 � 1 9 � 5 57 � 1
ROTAMASE CYP 4 (ROC4); CYP20-3 AT3G62030 13 � 4 11 � 2 13 � 1 46 � 7
RBD1 TMD AT1G54500 37 � 4 105 � 8 111 � 7 194 � 14
LIGHT-HARVESTING-LIKE 3:1 (LIL3:1) TMD AT4G17600 27 � 6 67 � 2 115 � 10 227 � 36
LIGHT-HARVESTING-LIKE 3:2 (LIL3:2) TMD AT5G47110 16 � 4 41 � 4 93 � 16 259 � 18
THIOREDOXIN M-TYPE 1 (THM1) AT1G03680 15 � 3 33 � 1 57 � 1 224 � 14
THIOREDOXIN M-TYPE 4 (TRX-M4) AT3G15360 29 � 3 79 � 8 39 � 5 63 � 5
THIOREDOXIN M-TYPE 2 (ATHM2) AT4G03520 14 � 4 29 � 1 73 � 3 244 � 7

PSII subunits
PHOTOSYSTEM II SUBUNIT S (PSBS) TMD AT1G44575 150 � 4 29 � 4 34 � 6 37 � 3
PHOTOSYSTEM II SUBUNIT O-2 (PSBO2) AT3G50820 123 � 6 21 � 1 11 � 1 18 � 3
PS II OXYGEN-EVOLVING COMPLEX 1
(PSBO1)

AT5G66570 129 � 6 20 � 3 9 � 1 14 � 2

cpTAT pathway
HIGH CHLOROPHYLL FLUORESCENCE 106
(HCF106)

TMD AT5G52440 20 � 2 59 � 5 112 � 8 338 � 25

TWIN-ARGININE TRANSLOCATION A (TATA) TMD AT5G28750 14 � 5 42 � 5 130 � 26 236 � 56
ALBINO AND PALE GREEN 2 (APG2) (TATC) TMD AT2G01110 8 � 1 71 � 16 149 � 27 374 � 35

cpSEC pathway
SECE1 TMD AT4G14870 45 � 1 241 � 22 169 � 9 397 � 19
SECY HOMOLOG 1 (SCY1) TMD AT2G18710 38 � 4 109 � 11 137 � 16 288 � 21
ALBINO OR GLASSY YELLOW 1 (AGY1)
(SECA1)

AT4G01800 26 � 2 86 � 14 103 � 18 183 � 9

cpSRP pathway
CHLOROPLAST SIGNAL RECOGNITION
PARTICLE 54 KDA SUBUNIT (CPSRP54)

AT5G03940 69 � 4 76 � 3 93 � 18 113 � 14

CHAOS (CAO) (cpSRP43) AT2G47450 35 � 5 55 � 6 122 � 24 199 � 13
cpFTSY AT2G45770 24 � 2 24 � 2 24 � 8 29 � 10

Other lumen proteins
CTPA AT4G17740 11 � 1 13 � 0 13 � 4 61 � 9
Pentapeptide repeat-containing protein TL20.3 AT1G12250 92 � 10 139 � 7 115 � 13 122 � 9
PLASTOCYANIN 1 (PETE1) (1 peptide) AT1G76100 2 � 2 2 � 1 2 � 1 3 � 2
PLASTOCYANIN 2 (PETE2) AT1G20340 8 � 2 21 � 6 13 � 5 14 � 4
FERREDOXIN C 2 (FdC2) AT1G32550 9 � 4 7 � 3 9 � 1 182 � 14
FZO-LIKE (FZL) AT1G03160 14 � 2 38 � 4 80 � 14 301 � 34

Others
TRANSKETOLASE 2 (TKL2) AT2G45290 92 � 90 945 � 131 788 � 636 131 � 49
PGR5 AT2G05620 54 � 5 119 � 15 195 � 38 270 � 12
PGR5-LIKE A TMD AT4G22890 33 � 4 70 � 11 121 � 15 273 � 10
PGR5-like B TMD AT4G11960 24 � 7 48 � 6 106 � 17 223 � 2
THYLAKOIDAL ASCORBATE PEROXIDASE
(TAPX)

TMD AT1G77490 64 � 4 155 � 15 141 � 8 95 � 3

SOUL HEME BINDING PROTEIN 4 (SOUL4) AT3G10130 151 � 23 44 � 10 36 � 2 21 � 5
SALT-INDUCED ABC1 KINASE 1 (SIA1) TMD AT3G07700 46 � 9 197 � 25 410 � 31 234 � 27
PASTOGLOBULAR PROTEIN 18 (PG18) AT4G13200 53 � 15 149 � 32 298 � 66 128 � 13
Phosphoenolpyruvate carboxylase family
protein

AT4G10750 101 � 14 252 � 57 231 � 90 20 � 4

(RIQ1) TMD AT5G08050 167 � 15 23 � 1 38 � 10 187 � 16
(RIQ2) TMD AT1G74730 72 � 1 27 � 2 59 � 9 270 � 32

Abundance is expressed as relative to thylakoids, which is set to 100, �SD (n = 3). Proteins presented in Figure 7 are not repeated here.

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2025), 121, e17259
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Conversely, such a heterogeneity was completely lost

upon TM linearization, resulting in homogeneous vesicle

shapes and uniform composition of protein complexes in

the 10k, 40k and 144k fractions (domains) (Figures 2–4).
Importantly, the LP from linearized TM was not uniform

with respect to other fractions, presenting an accumulation

of Cyt b6f, PSII subcomplexes and ATP synthase similar to

that obtained in LP from stacked TM, thus independently

of TM folding (Figures 2 and 4).

Second, the use of DIG at different concentrations

revealed the specificity of the interaction between DIG and

the TM protein complexes, probably due to the influence of

their distinct annular lipids on the formation of DIG micelles

(Figures 3–5) (Rantala & Tikkanen, 2018; Trotta et al., 2019).

Indeed, when [DIG] was reduced to a certain threshold

(0.8 mM or 0.1%), the distribution of Cyt b6f was uniform

across TM domains, like it is after mechanical fractionation

of TM (Danielsson & Albertsson, 2009; Tikkanen et al.,

2008). This and the previous point showed that Cyt b6f, the

PSII subcomplexes and ATP synthase were particularly

prone to be ‘extracted’ from the TM by DIG (Figure 5;

Figure S6). These facts suggest that the LP cannot represent

the connections between the appressed grana membranes

and the non-appressed stroma lamellae, that is, the CD

(Figure 1a), and indicate that the localization of CURT1 upon

biochemical fractionation do not coincide with the CD.

Third, the thylakoid fractions enriched in

the appressed grana, CD and SL domains, as well as in the

CURT1-enriched curvature (LP) (Figure 1), were analyzed by

quantitative mass spectrometry (Figures 6 and 7), providing

a comprehensive picture of the distribution of more than

800 proteins. In general, most of the subunits of the major

thylakoid protein complexes were clustered in the expected

major TM domains. On the other hand, the protein subunits

of several known holo-complexes, such as TM translocases

and PSII repair/assembly intermediates, or the localization

of enzymes and their protein substrates, segregated into

two distinct fractions after DIG solubilization (Figure 7;

Table 1; Data S1), most frequently LP and the two SEM frac-

tions at 40k and 144k. Thus, when assessing the protein

composition of the LP, it must also be considered that some

of the necessary interactions between TM proteins may be

disrupted despite the use of a mild detergent such as DIG.

These results point to the presence of microdomains

in the TM with a specific lipid composition or even within

a specific protein complex (Kobayashi et al., 2017; Theis &

Schroda, 2016), which affect the DIG solubilization and

subsequent separation of TM proteins and protein com-

plexes into distinct (sub)fractions and domains, as dis-

cussed below.

DIG interaction with TM proteins is not uniform

The TM consists of approximately 70% (by molar mass) of

proteins, with the remaining consisting mainly of three

types of galactolipids, of which approximately 50% is

monogalactosyldiacylglycerol (MGDG), 30% digalactosyl-

diacylglycerol (DGDG) and 5–12% sulfoquinovosyldiacyl-

glycerol (SQDG), as well as up to 5–12% of a phospholipid,

phosphatidylglycerol (PG) (Garab et al., 2022).

In cholesterol-containing membranes, DIG typically

solubilizes the protein complexes along with their annular

lipids (Sch€olz et al., 2011). However, this can apparently

also occur for protein complexes from cholesterol-free

membranes such as TM (J€arvi et al., 2011), or inner mito-

chondrial membrane (IMM) (Wittig & Sch€agger, 2005), and

indeed these protein complexes are resolved as bands in

BN-PAGE (Figures 2, 4, and 5). In particular, at [DIG] >0.1%
and up to 0.4%, Cyt b6f, PSII monomer and ATP synthase

are clearly visible as distinct bands in BN-PAGE

(Figure 5a), whereas even higher [DIG] (i.e., ≥0.5%) is

required to resolve PSI-LHCI, PSII dimer, PSII-LHCII sc and

LHCII trimers in BN-PAGE (Grieco et al., 2015) (Figure 5a).

Indeed, the presence of DIG between 0.1 and 0.25% is suffi-

cient to form small vesicles (LP) containing PSII monomer

and Cyt b6f, which are resolved in BN-PAGE (Figure 3;

Figure S6), but below 0.1% no separation of these com-

plexes is observed (Figure S5d). Moreover, DIG solubilizes

Cyt b6f and PSII monomer from the TM independently of

the stacking state (Figures 2 and 4), leading to their accu-

mulation in the LP. It is also conceivable that some of the

small particles observed by TEM are indeed micelles sur-

rounding these specific lipid-depleted protein complexes

(Figure 3). Why are some TM protein complexes more sol-

ubilized already at lower [DIG]? Possible explanations must

take into account both the critical micellar concentration

(CMC) of DIG and its interaction with specific lipids.

The lowest [DIG] for the onset of self-association in

micelles is 0.013% (0.1 mM), but this process then occurs

over an order of magnitude range (Fan & Heerklotz, 2017),

including the 0.1% [DIG] used in this work. However, the

presence of cholesterol-free lipid vesicles affects DIG self-

association, resulting in simultaneous presence of DIG

micelles and smaller vesicles (Fan & Heerklotz, 2017). Thus,

the lack of strict linearity between increasing DIG concen-

tration and the accumulation of a given protein complex in

the LP is likely related to the dynamics of DIG micelle

formation.

Saponins such as DIG are generally composed of a

triterpene-derived sterol moiety (aglycone) covalently

linked to one or more saccharide residues (glycone), giving

rise to the amphipathic nature of saponins (Augustin

et al., 2011). In the absence of cholesterol, weak interac-

tions of saponins with phospholipids still occur, depending

on the degree of hydrophilicity determined by the substitu-

tions on both the sterol backbone and the glycone moiety

(Wojciechowski et al., 2016). Among phospholipids, DIG

has a preference for phosphatidylethanolamine (PE) (Orc-

zyk et al., 2017), which, like MGDG in the TM, is a non-

� 2025 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17259
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bilayer lipid and also a major component of the IMM

(Garab et al., 2022). Considering that the glycone moiety of

DIG is essential for interaction with lipid polar heads

(Nishikawa et al., 1984), it is conceivable that in sterol-free

TM, DIG interacts differently with the uncharged saccha-

ride polar heads of MGDG and DGDG compared to the

negatively charged SQDG and PG. Thus, an interaction

between DIG and the phospho- or galactolipids of the

annular ring, which interact with the protein TMD and thus

have specific biophysical properties (P�ali et al., 2003), may

influence the solubilization of protein complexes such as

PSII monomer and Cyt b6f. This could be exacerbated by

the fact that the TM has a high protein/lipid ratio, which

limits the lipid-occupied surface available for interaction

with DIG (Garab et al., 2022).

Potential role of annular lipids in extraction of protein

complexes by DIG

Although the bulk glycerolipids do not show lateral hetero-

geneity in the TM domains (Duchêne & Siegenthaler, 2000),

lipids form clusters according to the properties of their

polar heads and lipid tails (van Eerden et al., 2015), and the

annular lipids around and inside the protein complexes are

highly heterogeneous (Kobayashi et al., 2017). Accordingly,

the characteristics of the annular lipids may, at least in

part, explain the controversial localization of TM protein

complexes reported in the literature. For example, mechan-

ical TM fractionation shows a rather uniform distribution

of Cyt b6f along the entire TM (Albertsson et al., 1991;

Danielsson & Albertsson, 2009; Romanowska & Alberts-

son, 1994; Tikkanen et al., 2008), suggesting its presence

also in the grana core, which provides a short pathway for

PQH2 oxidation (Cramer, 2019; Johnson et al., 2014; Trem-

mel et al., 2003). On the other hand, it has been shown that

Cyt b6f is particularly susceptible to being ‘excised’ from

the membrane by both a-DM and TRITON X-100 (Johnson

et al., 2014; van Roon et al., 2000). Furthermore, DIG and

cholate, which share part of the steroid backbone, have

been used for partial purification of Cyt b6f (Hurt &

Hauska, 1981; Nelson & Neumann, 1972; Pick

& Racker, 1979). Thus, the interaction between DIG and the

annular lipids with specific properties surrounding Cyt b6f

in TM (Swainsbury et al., 2018) may be the cause for the

accumulation of Cyt b6f into the LP fraction (Figure 4).

Similarly, the tendency of PSII monomer to segregate

into the LP (Figures 2 and 4; Figure S8) may also be linked

to the interaction of DIG with a distinct annular lipid envi-

ronment in the intact TM. For instance, DIG integrates into

specific hydrophobic niches in isolated PSII complexes

(Grac�a et al., 2021), and indeed residual DIG in the LP

affects BN-PAGE migration of PSII monomers and causes a

shift of the 77 K fluorescence peak from 685 nm (PSII

monomer) to 680 nm (LHCII) (Figure S6) (Mohamed

et al., 2022). Moreover, a specific lipid environment is

suggested by the fact that monomerization of PSII is associ-

ated with deacylation of specific lipids in the monomer-

monomer interphase (Jimbo & Wada, 2023; Kruse

et al., 2000). A further evidence that the annular lipids of

PSII monomers or Cyt b6f may be specific is that, unlike

PSI-LHCII and PSII-LHCII complexes, they are not solubi-

lized into nanodiscs by the non-detergent poly(styrene-

maleic acid)s (pSMA) (Bell et al., 2015; Korotych et al., 2019,

2021; Scheidelaar et al., 2015). Interestingly, SMA interac-

tions with galactolipids differ from those with phospho-

lipids (Phan et al., 2020), and such a differential interaction

may also be the case in the action of DIG (see above).

CURT1-associated curvature and co-isolated proteins

Based on the small size and the shape of the vesicles in

the CURT1-containing fraction (LP), it is highly likely that

the curvature as an intact domain represented by curved

vesicles is not isolated by DIG (Figure 3). DIG is widely

used to solubilize membranes with >10 mol% cholesterol

(Fan & Heerklotz, 2017; Sudji et al., 2015). However, the TM

does not contain cholesterol, which means that DIG is only

partitioned into the outer leaflet of the membrane bilayer.

This leads to asymmetric stress in the bilayer (Fan

et al., 2016; Fan & Heerklotz, 2017) and eventually to the

formation of TM vesicles of different sizes, as observed by

TEM (Figures 3 and 4d), which remain partially stacked

when originating from the grana core (Dlouh�y et al., 2021;

Dunahay et al., 1984). These vesicles, in the 10k, 40k and

144k fractions, are virtually free of CURT1 proteins, which

are mostly removed by even the lowest [DIG] (Trotta

et al., 2019; Figure S5c). Regarding the other proteins co-

isolated with CURT1, the accumulation of Cyt b6f and PSII

monomer in LP is highly dependent on the [DIG] used (see

above) and thus, at least in part, does not reflect the natu-

ral composition of the curvature. The same is true for ATP

synthase, which is distributed in all stroma-exposed

domains in intact TM (Daum et al., 2010), but is mostly

enriched in the LP after fractionation.

Is there a link between the isolation of CURT1 and the

TM lipid phase? CURT1 proteins contain an amphipathic

alpha-helical domain typical of proteins involved in

the bending biological membranes, including the highly

curved stroma-exposed domains such as the peripheral

curvature of grana discs and the left-handed helices of SL

(Figure 1) (Bussi et al., 2019; Gim�enez-Andr�es et al., 2018;

K€onnel et al., 2019). This amphipathic domain has been

shown to act on the polar heads of lipids, in some cases

preventing the formation of non-bilayer phases, typical of

lipids such as MGDG (Thalhammer & Hincha, 2014). The

non-bilayer phases, such as the hexagonal phase (HII) of

MGDG, may play a role in the dynamic modulation of the

TM lipid composition and flexibility, both in the grana core

(Seiwert et al., 2017; Simidjiev et al., 2000) and at the cur-

vature of the grana discs (Murphy, 1982; Raven, 2021).

� 2025 The Author(s).
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Other proteins associated with non-bilayer phases and

found in the LP are the lipocalins such as VDE and ZEP

(Dlouh�y et al., 2020) (Table 1 and Figure 7). Are lipocalins

then associated with the curvature domain in intact TM?

This is unlikely the case, since VDE in intact thylakoids

functionally interacts with LHCII-associated violaxanthin in

the grana core and CD, but there is only a very minor

amount of LHCII in the LP (Figures 2 and 4). Furthermore,

VDE is a lumen protein. While lumen proteins can be either

strongly associated with the lumen surface of the TM or

free in the lumen (Gollan et al., 2021), we did not observe a

strict relationship between this property and their enrich-

ment in strong pellets (10k, 40k and 144k) or LP (Table 1;

Data S1), suggesting that the fractionation procedure

and/or the interaction with DIG is the main reason for their

enrichment in each isolated fraction.

On the other hand, we observed a strong enrichment

of plastoglobuli proteins in the LP (Figures 6 and 7;

Data S1). This is consistent with the fact that plastoglobuli

are associated with all types of curvature domains in SEM

(Daum & Kuhlbrandt, 2011), all of which could be shaped

by CURT1 proteins (Bussi et al., 2019). Indeed, this could

justify the enrichment of lipids observed in the LP by (Koo-

chak et al., 2019).

In general, several of the proteins found by mass

spectrometry in the LP fraction are components of molecu-

lar machines whose counterparts are enriched at 40k and

144k (Data S1). Thus, any conclusions drawn from the pro-

tein composition of the LP fraction must take in account

the structurally and biochemically proven interactions of

the proteins with their functional partners, as discussed

above for Cyt b6f and PSII-LHCII.

PSI supercomplexes with LHCII and NDH-1 are specific for

the CD domain

The 10k fraction (grana core) was clearly enriched in pro-

tein subunits forming the PSII core and LHCII complexes

(Figure 7). However, the LHCII trimer associated with PSI

(the so-called state complex) was mainly enriched in

the 40k fraction and, to a lesser extent in the 144k fraction

(Figure 2; Figures S2 and S8), suggesting some degree of

cross-contamination between CD and SL. The presence

of a relevant amount of M- and L-LHCII in the 40k fraction,

clearly more than in 144k (Figures 2b,c and 4a;

Figures S3a, S5b, and S8a), indicates that the 40k vesicles

(Figure 3) originate from SEM closer to grana than those in

144k. These two pieces of evidence, based on proteomics

and BN-PAGE analysis, together with the lower chl a/b

ratio of the 40k fraction compared to 144k (Figures 2b and

5b; 0.25 and 0.4% DIG), indicate the enrichment of CD in

the 40k fraction.

Also, the NDH-1 complex, together with the LHCA iso-

forms A5 and A6, which link NDH-1 to PSI to perform cyclic

electron flow (CEF), were enriched in the CD (40k) and

slightly less in the SL (144k) (Figure 7; Data S1), (Peng

et al., 2009; Shen et al., 2021; Su et al., 2022). In this con-

text, the proteins PGR5, PGRL1A and PGRL1B, putatively

related to another CEF functioning around PSI in SEM,

were instead enriched in the LP, which is mostly depleted

of PSI. This is consistent with the fact that these PGR pro-

teins do not form a stable complex with PSI. The proteo-

mic analysis also revealed other cases where functionally

related proteins were segregated into separate fractions by

the biochemical treatment with DIG. For example, the seg-

regation of the STN7 kinase and VDE in LP, which con-

trasts with the localization of their substrate LHCII (as a

protein or as associated with violaxanthin, respectively),

enriched at 10k (Figure 7). On the other hand, STN7 inter-

acts with Cyt b6f (Rochaix et al., 2012), which might explain

its enrichment in LP.

Transcription/translation machinery enriches in CD (40k)

and SL (144k)

The SEM fractions 40k and 144k were enriched in almost

all of the 140 identified proteins involved in chloroplast

transcription and translation (Figure 7; Data S1), including

the pTAC-associated proteins, such as the PEP complex

and its interacting partner FSD2 (Wu et al., 2024), and the

ribosomal subunits and proteins involved in mRNA proces-

sing, translation initiation and elongation (Olinares

et al., 2010), while only a few accumulated in the LP. The

nucleoid-associated proteins were found in the 10k (Fig-

ure 7; Table 1; Data S1), in agreement with previous

reports (Tomizioli et al., 2014). The presence of part of the

transcriptional machinery in the 10k probably indicates that

part of the CD domain is located in this fraction, most likely

due to the mild solubilization with only 0.25% DIG. The

translation machinery, on the other hand, was partly

enriched in CD (40k) and partly in SL (144k). Many of these

proteins are required for mRNA stabilization and editing

(MORF2, MORF9, CP33B and CP33C). MORF2 and MORF9

were found to interact with part of the tetrapyrrole biosyn-

thetic machinery, the majority of components of which

were found in the LP in this and other studies (Maeda

et al., 2022; Wang et al., 2020), suggesting that the tetrapyr-

role biosynthetic pathway is in fact associated with the

domains enriched in the 40k and 144k in intact TM. Several

other proteins enriched at 40k, 144k or both (Table 1) are

required for the co-translational processing of chloroplast-

encoded subunits of the major protein complexes such as

PSII (HCF173, HCF107 and PDF1B), Cyt b6f (CRP1, HCF107

and WTF1), NDH-1 (WTF1) and ATP synthase (CRS1 and

SVR7) (Table 1; Data S1). Importantly, the ribosome-

associated protein AT5G24490, homologous to spinach

PSRP1/pY, was found to be highly enriched at 144k

(Data S1). This suggests that a proportion of TM-

associated ribosomes are inactivated under the light condi-

tions used in this work (Sharma et al., 2010).

� 2025 The Author(s).
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PSII repair cycle-associated components

After PSII photodamage in the grana core, the complex

undergoes monomerization and gains access to the non-

appressed TM regions (SEM) to replace the damaged D1 pro-

tein, starting with D1 dephosphorylation and degradation

(J€arvi et al., 2015). However, the two classes of proteases syn-

ergistically involved in D1 degradation (Kato et al., 2012) were

differentially segregated upon TM fractionation. The TM-

spanning FTSH heterocomplex, composed of type A

(FTSH1/5) and type B (FTSH2/8) isomers (Zhang et al., 2010),

was found to be enriched in both CD (40k) and SL (144k),

whereas the soluble DEG proteases accumulated in the LP

fraction, providing another example of the heterogeneity of

the LP fraction. DEG1 and DEG5/8, which cleave the C-D TMD

lumenal loop and DEG7, which cleaves the D-E stromal loop,

generate more N-termini for the progressive protease activity

of FTSH (Table 1) (Kato & Sakamoto, 2014). The coiled-coil

protein THF1 was also enriched with FSTH in the CD (40k).

THF1 has been shown to interact with FTSH in Synechocystis

by pull-down assays (Bec̆kov�a et al., 2017), which is consis-

tent with the Arabidopsis thf1 mutant showing low levels of

FTSH5 as well as FTSH2 (Zhang et al., 2009; Zhu et al., 2020).

Furthermore, the knock-out mutants of ftsh2 and fsth5 (but

not ftsh1 and ftsh8), as well as of thf1, show a variegated phe-

notype (Chen et al., 2000; Zhang et al., 2010). Taken together,

these results suggest a strong interaction between FSTH and

THF1 in the degradation of D1 in the 40k CD, whereas the sol-

uble DEG proteases, which in vivo cooperate with the FTSH

proteases, are released into the LP fraction during TM

fractionation.

D1 translation initiation

After D1 degradation, a newly synthetized D1 precursor

(pD1) is inserted into the CP43-less complex before the

CP43 module is reassociated (J€arvi et al., 2015; Nickelsen

& Rengstl, 2013; Theis & Schroda, 2016). Translation of D1,

the protein with the highest turnover in the TM, involves

CP33B and CP33C, which stabilize the PsbA mRNA, and

the SDR protein HCF173, all of which are enriched in 40k

CD and 144k SL (Table 1). HCF173 is responsible for tether-

ing psbA mRNA-loaded ribosomes to the TM. This occurs

before the insertion of the first D1 TMD into the ALB3-

cpSECY translocase channel (see below) (Klostermann

et al., 2002; Link et al., 2012; Schult et al., 2007; Zhang

et al., 2001). The N-terminus of D1 is then processed by the

PEPTIDE DEFORMYLASE 1B, which is associated with

the nascent D1 chain (Dirk et al., 2002; Stolle et al., 2024)

and is also enriched in 40k CD and 144k (Table 1).

pD1 insertion into TM occurs in a specific lipid

microenvironment

The co-translational insertion and folding of D1 into TM

requires the formation of a highly enriched PG

environment in all photosynthetic organisms (Nordhues

et al., 2012; Theis & Schroda, 2016; Yoshihara & Kobaya-

shi, 2022). PG is the least abundant glycerolipid in the TM

(Garab et al., 2022) and accumulates around the cpSEC1

translocase, similar to cardiolipin (CL) in the bacterial

SECYEG complex, for stability and activation (Akopian

et al., 2013; Gold et al., 2010; Walter et al., 2015). The

cpSEC1 translocation pathway consists of two membrane-

spanning components that form narrow channels for

unfolded protein insertion into the TM (SCY1 and SECE1)

and a stromal component, SECA1, all of which accumulate

in the LP and, to a lesser extent, in 144k (Table 1). How-

ever, for co-translational insertion, SCY1 forms also a sta-

ble complex with the insertase ALB3, enriched at 144k,

similar to that observed in bacteria (Klostermann

et al., 2002).

The observed discrepancy in the localization of D1

insertion and the translocase pathways, upon TM fraction-

ation, may be explained in terms of lipid microenviron-

ments in the TM. A PG-enriched microdomain, together

with a weak interaction of DIG with PG (Orczyk et al., 2017)

(see discussion above), leads to poor solubilization by DIG

of the translocone complex formed by ALB3 and the ALB3-

associated pool of SCY1, which consequently accumulate

in the 40k and 144k vesicle fractions (Table 1; Figure 7).

Thus, the dual localization of the cpSEC1 pathway in 40k

and in 144k as well as in LP might indicate where the trans-

locone complex is recruited to be activated by the anionic

lipid environment for D1 insertion (Akopian et al., 2013).

This is consistent with the co-localization of part of cpSEC1

with ALB3 and the entire translation machinery (ribo-

somes, HCF173, etc., see above), and also with the strong

co-enrichment of a third membrane protein, TERC,

involved in cpSEC1-ALB3-dependent D1 insertion (Table 1)

(Schneider et al., 2014). However, the bacterial SECYEG

translocase is also stimulated by non-bilayer lipids (van

der Does et al., 2000), so the pool of cpSEC1 segregating

into the LP could be the one involved in the translocation

of proteins other than D1, that is, with less PG require-

ment. Two other proteins, PAM68 (a linker between PSII

and ribosomes; Armbruster et al., 2010) and PSBN, which

help to fold and assemble the PSII reaction center (RC) pro-

teins D1 and D2 into larger complexes during PSII biogene-

sis and repair (J€arvi et al., 2015; Lu, 2016), are also

enriched in the 40k and 144k fractions, respectively. Thus,

the co-translational insertion of D1 takes place in the CD

(40k) and SL (144k).

In general, the accumulation of PSII monomer and

CP43-less in the LP, together with several auxiliary proteins

involved in PSII repair, may indicate that part of the steps

of the repair cycle are separated into the LP due to the spe-

cific lipid environment, as discussed above. Recent litera-

ture points to the importance of specific lipids associated

with PSII for proper folding and function (Magyar
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et al., 2024), and further experimental work is needed to

clarify this point in the context of PSII biogenesis and

repair cycle.

CONCLUSIONS

The CURT1-containing curvature domain (in LP) cannot be

purified by using detergents for solubilization and subse-

quent fractionation of the TM. This is probably due to the

interaction of specific annular lipids of various TM proteins

and protein complexes (Cyt b6f, ATP synthase, PSII mono-

mer) with the saponin used for TM fractionation, causing

them to accumulate in the LP fraction together with the

true curvature proteins, the CURT1 proteins. The highly

curved curvature domains, formed by specific features of

the CURT1-type proteins, which have been studied in a

number of different biological membranes, are generally

unable to accommodate large protein complexes. Trans-

lated to the TM, the curvature domains can only form at

the outer edges of the grana discs and at specific sites of

the stroma thylakoids (Figure 1). Instead, the grana margin

connecting domain (CD), defined as an intermediate

domain directly connecting the appressed grana and non-

appressed stroma membranes, is enriched in the 40k frac-

tion. The CD domain is characterized by the PSI-LHCII

state-transition complex, the presence of LHCII and the

NDH-1 complex as well as a number of PSII assembly pro-

teins together with the translation machinery. We provide

the proteome map of the fractions enriched in grana core

(10k), CD (40k) and SL (144k), as well as the LP fraction

containing the curvature, plastoglobuli and several pro-

teins and protein complexes solubilized in small vesicles

by DIG. This map, together with the optimized protocol

described for obtaining the fractions, is a powerful tool for

meta-analysis of the TM proteins of interest to the plant

science community.

MATERIALS AND METHODS

Plant growth, thylakoid isolation and fractionation

To understand how the solubilization with digitonin (DIG) affects
the distribution of the thylakoid protein complexes in fractions
collected at increasing centrifugation speed, an experimental
procedure described in Figure 1(a) has been set up. Plant
growth, thylakoid isolation and fractionation were performed as
in Trotta et al. (2019) with slight modifications. Plants of wild-
type Arabidopsis (Arabidopsis thaliana) ecotype Col-0 were
grown in phytotron under 120 lmol photons m�2 sec�1 (8 h
light/16 h dark) using OSRAM PowerStar (Munich, Germany)
HQIT 400/D Metal Halide lamps as the light source at 25°C for
32 days. TMs were isolated in dim light at 4°C from fresh whole
rosettes collected 2 h after the onset of the light period and
ground in ice-cold buffer containing 50 mM Tricine/NaOH (pH
7.8), 400 mM sorbitol, 10 mM NaCl, 5 mM MgCl2 and 10 mM NaF.
After filtration through two layers of Miracloth, thylakoids were
pelleted at 2739 g at 4°C for 5 min, resuspended in a shock
buffer (15 mM Tricine/NaOH [pH 7.8], 10 mM NaCl, 5 mM MgCl2

and 10 mM NaF) and centrifuged again at 630 g at 4°C for
5 min. Thylakoids were washed with resuspension buffer (15 mM

Tricine/KOH [pH 7.8], 100 mM sorbitol, 10 mM NaCl, 5 mM MgCl2
and 10 mM NaF), centrifuged at 630 g, and finally resuspended
in the same buffer = resuspension buffer.

Next, TMs were washed six times in either presence (stacked)
or absence (linearized) of MgCl2. The two preparations were sub-
jected to solubilization with [DIG] corresponding to 0.1% w/v
(0.8 mM), 0.25% (2 mM) or 0.4% (3.2 mM) as in Trotta et al. (2019).
The details about the fractionation procedure, gel electrophoresis
and immunoblotting, 77 K fluorescence measurements and TEM
are provided in Data S3.

Mass spectrometry analysis and protein quantification

Intact stacked thylakoids and the 10k, 40k, 144k and LP fractions
obtained after solubilization with 0.25% DIG have been processed
for tryptic digestion as described in (Gollan et al., 2021; Trotta
et al., 2019). Analysis by liquid-chromatography electrospray-
ionization MS/MS was performed as in (Gollan et al., 2021; Trotta
et al., 2019), except that a Q-Exactive HF electrospray ionization-
hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher
Scientific) was used, the scan range was 300 to 1800 m/z, with up
to 15 data-dependent MS/MS spectra acquired in each scan and
dynamic exclusion set for 30 sec. The acquired MS/MS spectra
have been analyzed as described in Trotta et al. (2019) except that
Proteome Discover v2.4 (PD v2.4; Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA) was used for label-free protein quanti-
fication with Data Dependent Acquisition (DDA). For protein
quantification, intact thylakoids were set as control and the pro-
tein abundances were calculated as percentage of the control
(n = 3). The PD v2.4 settings used for protein quantification are
reported in Data S1.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Pictures of the supernatants and pellets collected dur-
ing fractionation.

Figure S2. 2D-lpBN/SDS-PAGE of thylakoids and conventional
fractions collected from stacked TM.

Figure S3. 2D-lpBN/SDS-PAGE, lpBN-PAGE and SDS-PAGE of the
fractions collected from linearized TM.

Figure S4. Particle size distribution in the fractions obtained with
0.25% DIG from stacked and linearized TM analyzed by TEM.

Figure S5. Analysis of the LP and the other fractions collected after
solubilization with different [DIG].

Figure S6. Cyt b6f and PSII monomer are easily solubilized from
thylakoids by DIG.

Figure S7. 2D-lpBN/SDS-PAGE of 144k and LP with or without sol-
ubilization with b-DM or DIG prior loading on lpBN-PAGE.

Figure S8. Segregation of CURT1, Cyt b6f and PSII monomer in LP
independently of the centrifugation speed to collect the LP
fractions.

Figure S9. Protein composition of the major clusters from the heat
map in Figure 6(b).

Data S1. List of proteins identified by mass spectrometry and sort-
ing of the plastidial proteins in categories.

Data S2. Locus identifiers and gene symbols of the proteins in
Figure 7.

Data S3. Supplementary materials and methods.
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