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One sentence summary: By using in vivo and in vitro systems, we reveal that CPSFL1, known
to function in thylakoid development, induces the formation of prenylquinone-containing
vesicles by curvature sensing or phosphatidylinositide signalling.

Abstract:

Light drives plant life through photosynthesis, a process that takes place in the thylakoid
membrane of the chloroplast, an organelle of cyanobacterial origin. The formation of thylakoid
membranes within the chloroplast involves the eukaryote-specific factor CHLOROPLAST
SEC14 LIKE PROTEIN 1 (CPSFL1), which shares strong sequence homology with the vesicle
trafficking regulator SEC14. CSPFL1 is essential for vesicle formation, yet its specific
molecular function in this process has remained unclear. In this study, we characterized
CSPFL1 functions both in vitro and in vivo. Using a minimal membrane system of giant
unilamellar vesicles (GUVs), we show that CPSFL1 alone can induce vesiculation. This
process is mediated by lipid binding and membrane deformation, driven by curvature sensing
and lipid-protein electrostatics. When expressed in the prokaryote E. coli, the eukaryote-
specific CSPFL1 induces membrane curvature and vesicle formation. Plastid CPSFL1 co-
purifies with vesicular structures. Lipid compositional analysis of CPSFL1-induced vesicles
from bacteria reveals the presence of quinone precursors as cargo, linking CSPFL-mediated
vesicle formation to prenylquinone transport. Together, our data suggest that during plant
evolution, the eukaryotic vesicle formation system was co-opted for the transport of membrane
integral metabolites from the inner envelope to the thylakoid membrane.

Introduction:

Originating from a prokaryotic ancestor, plastids show remarkable versatility in both structure
and function. The chloroplast is a specialized type of plastid in which photosynthesis occurs.
The light reactions take place in the thylakoid membranes’. Unlike other membrane systems,
thylakoid membranes predominantly consist of two galactolipids, monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG), as well as the sulfolipid
sulfoquinovosyldiacylglycerol (SQDG), with relatively low phospholipid content 2. In addition,
thylakoid membranes also contain other lipophilic substances, many of them derived from
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terpenoids. These include plastoquinone involved in electron transport and carotenoids
involved in photoprotection 5.

Thylakoid membranes lack lipid synthesis activity entirely®. Most thylakoid lipids are
synthesized at the chloroplast envelope from fatty acid species produced in the chloroplast
stroma. Some lipids are imported across the envelope membranes from the ER®. Also, the key
enzymes of quinone and carotenoid biosynthesis are exclusively located at the inner
chloroplast envelope membrane”®. How these components are then transported to the
thylakoids is largely unknown.

The formation of thylakoid membranes from lipids, pigments, and proteins involves their
synchronized synthesis in a precisely orchestrated spatiotemporal manner®'2. In many cases
disruption in this intricate interplay results in photooxidative effects. These results in damaged
chloroplast membranes™. Also, deficiency of thylakoid membrane biosynthesis and the
inability to assemble functional thylakoid membranes causes inability to establish
photoautotrophism. Thus, many thylakoid biogenesis mutants are embryo or seedling lethal™.
Only in a few cases, mutants can be partially rescued by growth on sucrose-containing media.
These mutants are light sensitive, pale or white caused by either compromised thylakoid
development or pleiotropic effects®'2'623, These phenotypes often hamper the functional
characterization of respective factors in vivo. Therefore, synthetic and heterologous systems
serve as useful alternatives 3'-%,

The chloroplast localized Sec14-like protein 1 (CPSFL1), is also essential for plant
development and plays a key role in thylakoid biogenesis '®'8. Arabidopsis plants lacking
CSPFL1 are seedling lethal but survive, when grown heterotrophically®?. Mutant chloroplasts
show reduced amounts of thylakoid membranes and these exhibit a disordered simplified
organisation with less prominent grana stacking and reduced number of interconnected stroma
lamellae as compared to wild type (WT) thylakoids'®'®. Vesicle transport, contact sites, and
lipid transport proteins were proposed as mechanisms for shuttling lipids and terpenoid
derivates from the envelope to the thylakoid bilayer'®22. In cpsfi1-1, chloroplast stromal
vesicles cannot be detected'®?®. Instead, remaining thylakoids are directly connected to
envelope membranes. Since contact sites between thylakoid and envelope membranes are
rare in mature chloroplasts of WT plants, the increased occurrence of contact sites in cpsfl1
mutants suggests that there is a defect in thylakoid separation'®. Nevertheless, these direct
connections likely also serve to supply the residual thylakoids directly with lipids and isoprenoid
components. However, the remaining thylakoids of cpsf/T mutants exhibit a significantly lower
proportion of carotenoids and quinones'”'®. There are multiple conceivable explanations for
this observation. Either mutants are directly affected in terpenoid biosynthesis'® or they have a
defect in a mechanism that transports these substances from their site of synthesis (i.e. the
inner chloroplast envelope) to the thylakoid membrane. The former is supported by the
decreased expression of enzymes involved in tetrapyrrole, quinone and carotenoid
biosynthesis'®. However, changes in nuclear gene expression could be a secondary effect of
the strong phenotype.

The chloroplast localized Sec14-like protein 1 (CPSFL1) impacts thylakoid biogenesis likely
through both, vesicle transport and isoprenoid metabolism '8-'8, The mechanistic framework
remained so far unclear. The name-giving Sec14 protein from yeast, regulates vesicle
transport between the trans-Golgi network and the plasma membrane by influencing the levels
of polyphosphatidylinositides (PPls)**. CPSFL1 can complement the yeast sec14 mutation®.
In vitro, CPSFL1 binds directly to PPIs and phosphatidic acid (PA) and mediates PPI transport
directly as a lipid transfer protein (LTP)'6.'8,

Both vesicle transport and transfer of lipids across contact sites involves membrane
deformation and the generation of curvature®. For yeast Sec14, a stronger curvature of the
2
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92 membrane promotes both membrane binding and lipid exchange properties?®. A common
93  principle of membrane bending by proteins is the insertion of an amphiphilic helix (AH) into the
94  membrane?-?°. Proteins like endophilins, amphiphysins, epsins and CURT1 cause initial
95 membrane curvature by insertion of their amphiphilic helix into only one-half bilayer leaflet?®-
96 32, This imposes curvature to the membrane by increasing the area of one leaflet over the
97 other®®. Scaffold forming proteins, like clathrins or VIPP1, oligomerize to form a rigid
98  structure®*=*°, Rigid multiprotein assemblies bind and deform the underlying membrane3.
99 Lipids also play a crucial role in inducing membrane curvature®-3® They serve as signal to
100  recruit membrane deforming proteins®®. In addition, locally leaflet specific accumulation of
101  cone-shaped lipids (i.e. PA, DAG or PE) or inverted cone-shaped lipids (i.e. PPIs and Lyso-
102  PA) can deform membranes via their conical shape*®*'. Such increase can be achieved by
103  upregulation of lipid synthesis or oligomerisation of proteins that bind these specific lipids and
104  thus enrich them locally. In bio-membranes, a balanced mixture of bilayer forming lipids and
105  non-bilayer lipids, is actively maintained*?43. This allows them to form stable bilayers most of
106  the time but also to be subject to disruption during localized events such as membrane fusion,
107  endocytosis and cell fission**. While bilayer lipids spontaneously arrange into flat bilayers, non-
108  bilayer lipids such as PE in bacterial and MGDG in plastid membranes do not easily form
109 bilayers and instead tend to adopt other types of structures, such as hexagonal or cubic
110  phases. Such localized events can be triggered by protein-lipid interactions and cause local
111  changes in electrostatics and hydration which resultin L, to Hy phase transition of cone-shaped
112 lipids. This in turn affects membrane curvature and locally destabilizes the lipid bilayer®.
113  These events may trigger repair mechanisms or stress responses potentially involving
114  ESCRTIII and SEC14 proteins.

115 In order to understand a complex multifactorial process such as thylakoid biogenesis, the use
116  of biomimetic systems has proven useful. These allows to study isolated aspects of membrane
117  protein interaction, protein trafficking and lipid membrane formation without pleiotropic effects
118  Biomimetic systems in the form of giant unilamellar vesicles (GUVs)*® have proved extremely
119  useful for investigating shape deformation, budding and division of membranes*>47-4°. So far
120  thylakoid-mimicking GUVs have not yet been reported.

121 Here we construct minimalistic GUV-based models of thylakoid-like membranes and show,
122 that CPSFL1 interacts with synthetic and bio membranes consisting of diverse lipid
123  stoichiometries based on a curvature sensing mechanism. CPSFL1 forms oligomers to deform
124  and transport large amounts of membranes in vesicles. While the heterologous system in E.
125  coli demonstrates transport of metabolites dissolved in the membrane or enclosed in vesicles
126  the nature of the cargo in plant chloroplasts remains to be explored.

127
128 Results:

129  Minimal GUV models of thylakoid membranes uncover CPSFL1 dependence on its
130 amphiphilic helix and anionic lipids for binding

131  CPSFL1 transports lipids and is found in chloroplast fractionations mainly as a soluble
132 protein'™. However, when overexpressed, it has also been localized to chloroplast
133 membranes'®. To understand the structural features of CPSFL1’s membrane association, we
134  analysed the interaction of recombinant CPSFL1 with synthetic membranes (Fig. 1).
135  Comparative in silico analyses with its yeast homologue Sec14 using AlphaFold, together with
136  helical wheel predictions using HeliQuest suggested that CPSFL1 forms an amphiphilic helix
137  (Fig. 1a, supplemental Figure 1a). Such helices facilitate protein membrane interactions.
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138  We first designed minimalistic GUV-based models of thylakoid-like membranes. The GUVs
139  were composed of the key chloroplast thylakoid lipids MGDG, DGDG, PG, SQDG and Pl in a
140  molar ration of 52:26:6.5:9.5:1 24, The vesicles were fluorescently labelled by adding 0.1 mol%
141  Dil lipid dye into the lipid mixtures. Co-Incubation with recombinant CPSFL1-YFP showed the
142 YFP signal colocalizing with the GUV fluorescence (Fig. 1b, CPSFL1-YFP, supplementary
143 Fig.1b). This confirmed membrane recognition and binding of CPSFL1. The role of the
144  amphiphilic helix in membrane binding was confirmed by expressing a deletion mutant of the
145  amphiphilic helix (CPSFL14AH-YFP) and the a-helix of CPSFL1 in isolation (AH-cpsr.1-YFP)
146  (Fig.1b, supplementary Fig.1b). While the YFP signal associated with the GUV was strongly
147  decreased in the former, the helix alone conferred a strong YFP signal colocalizing with the
148  membrane (Fig. 1b, lower and middle panel, supplementary Fig.1b).

149  Chloroplast membranes are mainly composed of electroneutral galactolipids but also contain
150  lower amounts of charged sulfo- and phospholipids, namely SQDG and PG?™*. Thus, we tested
151  whether CPSFL1s membrane binding depends on electrostatic interactions by using charged
152  phospholipids (Fig. 1c, supplementary Fig.1c). Liposomes composed of neutral lipids, such as
153 DGDG or MGDG/DGDG, have been shown to aggregate in the absence of charged lipids®.
154  Since both are electroneutral, we instead used PC as a neutral bilayer-forming lipid to assess
155 initial binding in the absence of a net surface charge (Fig. 1c, control, supplementary Fig.1c).
156  GUVs composed solely of PC did not interact with recombinant CPSFL1-YFP (Fig. 1c, PC,
157  supplementary Fig.1c). Instead CPSFL1 remained in the soluble fraction, as indicated by the
158  diffuse protein fluorescence surrounding the GUV (Fig. 1c, PC, YFP, supplementary Fig.1c).
159  Supplementing the GUVs with anionic lipid PG in the bilayer mix introduced a net negative
160  surface charge (PC/PG) (Fig. 1¢, PC/PG, supplementary Fig.1c). These GUVs exhibited weak
161 binding of CPSFL1 as indicated by both membrane-associated and surrounding YFP
162  fluorescence (Fig. 1c, PC/PG, YFP supplementary Fig.1c). This suggests that electrostatic
163 interactions contribute to membrane binding. However, unlike thylakoid-mimicking GUVs, a
164  significant fraction of CPSFL1 remained unbound (Fig. 1b, CPSFL1-YFP and Fig. 1c. PC/PG
165 YFP, supplementary Fig.1b, c), indicating that electrostatic interaction alone may not fully
166  account for CPSFL1’s membrane binding affinity.

167 CPSFL1 senses membrane curvature

168 Human and yeast Sec14 protein can recognize membranes through membrane curvature
169  sensing?®5'. To investigate whether CPSFL1 exhibits similar property, we tested its ability to
170  sense membrane curvature (Fig. 1c, d and e). First, we induced packing defects in GUVs with
171  diameters of around 50 um (essentially exhibiting a flat membrane) by incorporating negative
172 cone-shaped lipids into bilayer mixtures (Fig. 1c¢, supplementary Fig.1c). A small amount of
173  PI4P was added to the lipid mix (DOPC/PI4P, 99.8:0.2) to introduce packing defects in GUV
174 membranes. Upon addition of CPSFL1, strong membrane binding was observed (Fig. 1c,
175 PC/PG/PI4P, supplementary Fig.1c). CPSFL1 exhibited a higher binding affinity to Pl4P-
176  containing GUVs compared to those containing only PG (Fig. 1c, PC/PG vs. PC/PG/PI4P,
177  supplementary Fig.1c). Since PI4P is both, negatively charged and conical, these results
178  suggest that CPSFL1 preferentially binds to less well-packed membranes.

179  To further test curvature sensing ability of CPSFL1, we employed an alternative approach
180  using negatively charged large and small unilamellar vesicles (LUVs and SUVs) with varying
181  curvatures (LUVs: 100-1000 nm in diameter; SUVs: <100 nm diameter) (Fig. 1d, e). Since
182  curvature is inversely proportional to vesicle radius, smaller vesicles (30 nm) exhibit higher
183  curvature than larger ones (200 nm), while maintaining a constant lipid composition4852-54,
184  LUVs and SUVs were prepared from DOPC/DOPG (1:1) lipid mixtures and co-incubated with
185  equal amounts of recombinant CPSFL1-YFP (1 yM final concentration). Following liposome
186  sedimentation, we assessed CPSFL1 co-sedimentation both immunologically and via confocal
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187  microscopy (Fig. 1d, €). Immunologic analysis showed an increased co-sedimentation of
188  CPSFL1 with decreasing liposome diameters (Fig.1 d). Microscopic examination of re-isolated
189  SUVs co-incubated prior with CPSFL1, further confirmed significantly higher levels of CPSFL1-
190 YFP associated with smaller SUVs (30 nm) compared to larger LUVs (200 nm) (Fig. 1e). All
191  together, these results indicate that CPSFL1 recognizes membranes through a combination of
192  electrostatic interactions and curvature-dependent membrane binding.

193  CPSFL1 induces GUV deformations and vesicle budding

194  Oligomerisation of membrane associated or lipid binding proteins on membranes often results
195 in lipid sorting, bilayer deformation or remodeling®®%3. As most dramatic consequence,
196  membranes rupture or form nanopores®. Thus, we investigated the impact of recombinant
197 CPSFL1-YFP on the appearance of GUVs with chloroplast inner envelope lipid compositions
198 over time by using confocal microscopy (Fig. 2). Initially GUVs co-incubated with CPSFL1
199 remained spherical for several minutes (Fig. 2 a, initial). However, a continuous and moderate
200 deformation of the GUVs in the form of inward invagination (partial budding) was observed
201  following longer co-incubation times (Fig. 2 a, +10 min). This was visible by both, Dil membrane
202 and CPSFL1-YFP protein fluorescence (Fig. 2 Dil, YFP). Furthermore, deformation was
203  asymmetric and characterized by negative curvature (the induced dents were curved inward)
204  and accompanied by volume loss. In contrast, raising external osmolarity of the GUVs in the
205 absence of CPSFL1 lead to volume loss and smooth deflation without preferred direction of
206  the curvature (Fig.2b, +deflation). No fluctuation of membrane shape indicated a rather rigid
207 membrane of the vesicles. Thus, the inward dents observed on the GUVs indicate that CPSFL1
208  actively induces asymmetric membrane deformation. No lipid phase separation or complete
209  budding of vesicles was observed under these conditions. Instead, fluorescence microscopy
210 revealed homogeneous distribution of both proteins and lipids (Fig. 2a, YFP). However, over
211  time the overall background fluorescence in protein and lipid channels increased (Fig. 2c,
212 background, supplementary Fig. 2a, green graph). Simultaneously, Dil mediated membrane
213 fluorescence decreased indicating membrane loss or photobleaching effects (Fig. 2c, Dil).

214 To rule out photobleaching or contamination with co-purified components (e.g., detergents,
215  lipophilic molecules), control experiments were conducted using identical but heat-inactivated
216  CPSFL1 fractions (Fig. 2c¢, Control, supplementary Fig. 2a, magenta line). No membrane
217  deformation was observed in these controls (Fig. 2b and c, control) and Dil fluorescence
218 remained unchanged (Fig. 2b, supplementary Fig. 2a, magenta graph), confirming that the
219  observed effects were not due to bleaching.

220  Next, we examined the influence of the conical lipid PI4P on CPSFL1-dependent membrane
221  deformation (Fig. 2c, +PPI, supplementary Fig.2b). Following addition of CPSFL1 caused an
222 even more pronounced inward bending of the GUVs resembling a dumbbell shape (Fig. 2c,
223 +PPI+CPSFL1). Again, Dil fluorescence in the GUV surrounding soluble fraction increased
224  while membrane fluorescence decreased (Fig. 2 d, right, supplementary Fig.2b, green graph).
225  In contrast, fluorescence in control experiments remained unaltered (Fig.2 d, supplementary
226  Fig.2b, magenta graph). These CPSFL1-dependent fluorescence changes in the solution
227  around the GUVs suggest an active mechanism of membrane loss.

228  To further investigate this process at higher resolution, we analysed CPSFL1-treated GUVs
229  using negative staining and TEM (Fig. 2d). Surprisingly, numerous small vesicles surrounding
230 the GUVs were observed, raising the possibility that CPSFL1 mediates vesicle or membrane
231  particle formation when applied externally (Fig. 2d, left). Next, we investigated the effect of
232 CPSFL1 expression within a living system.

233 Heterologous expression of CPSFL1 induced an intracellular lipophilic compartment
234  composed of numerous vesicles
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235  To explore the consequences of CPSFL1 expression in a “living” bacterial context, we used E.
236  coli as a model organism (Fig. 3). The inducible expression of CPSFL1 in E. coli did not
237  significantly affect growth rate or cell shape. Still, analysing cryo-fixed CPSFL1 expressing
238  cells with electron microscopy revealed ultrastructural changes (Fig. 3a). We observed internal
239  vesicles, cell membrane deformation and a distinctive intracellular osmiophilic compartment
240 indicating a lipophilic environment (Fig. 3a, red arrows). Importantly, these effects were not
241  observed when a control protein (C-terminus of KEA3%) with similar properties were expressed
242  in E. coli (supplementary Fig. 3a). These results underscore CPSFL1's specific impact on
243  cellular architecture and its property in influencing membrane dynamics in vivo. To verify
244  whether CPSFL1 is directly associated with the observed structural changes, we determined
245  its subcellular distribution by immunolocalization using FLAG specific antibodies (Fig. 3b). This
246  revealed CPSFL1’s localisation as membrane-associated and soluble protein. Furthermore,
247  CPSFL1 localised also at the outer edges and within the dark osmiophilic structures (Fig. 3b,
248  lower left). Additionally, gold particle clusters in the soluble fraction hinted oligomerisation into
249  multidomain protein polymers (Fig. 3b, lower images). Altogether, this suggests a membrane
250 associated and soluble fraction of CPSFL1 with highest abundance in a central osmiophilic
251  compartment. To understand these structures in more detail, we purified CPSFL1-FLAG
252  omitting any detergents and ions (e.g. Mg?* or Ca?') from E. coli lysates under native
253  conditions. These protein preparations were subsequently analysed by negative staining and
254  TEM (Fig. 3c). Here, larger lipophilic structures with a bramble-like surface were observed
255  within the native protein fractions (Fig. 3c, top left). Closer examination resolved these and
256  surrounding structures as composed of numerous small globular structrures (Fig. 3c, top right).
257  These had diameters with an average of 3.57 nm (Fig. 3c, lower panel). Next, we conducted
258  an in-depth compositional analysis of native CPSFL1 purifications by SDS-PAGE and colloidal
259  Coomassie staining. CPSFL1 was identified by far as the main protein within these extracts
260 (Fig. 3d, Coomassie, left lane). In addition, the molecular composition the lipophilic
261  components co-purified with CPSFL1 was analysed using thin-layer chromatography (TLC)
262  (Fig. 3d, right lane). The analysis predominantly identified a mixture of membrane lipids. As.
263  As compared to total lipid extracts of E. coli, CPSFL1 purified fractions, had significantly
264  decreased phosphatidyl ethanol (PE) content. Considering the majority of PE present in the
265  outer bacterial membranes, our TLC analysis comparing total lipid extracts and recombinant
266 CPSFL1 lipid extracts reveal PG, CL and PE stoichiometries typical of the inner bacterial
267 membrane® (Fig. 3e). This implies the possibility that the globular structures bound by
268  CPSFL1 represent vesicles and stem from the inner membrane. This indicates a dynamic role
269  for CPSFL1 in generating vesicular structures from the bacterial inner membrane.

270  Probing membrane dynamics in E. coli: from vesicle formation to endocytosis

271  Previous experiments demonstrated CPSFL1 affinity to bind to small vesicles due to high
272 curvature (Fig. 1d). Whether, CPSFL1 co-purified vesicles represent microsomal fractions
273  formed by membrane fragmentation or represent actively formed vesicles was unclear (Fig.
274 3c). To confirm the nature of the observed vesicles and compartment, we stained membranes
275  of E. coli cells with membrane-impermeable dye FM4-64. Internalization of FM4-64 upon
276  CPSFL1 expression would indicate endocytosis (Fig. 4a, FM4-64). Alternatively, and due to
277  the osmiophilic nature of the CPSFL1 induced compartment observed by TEM, we also used
278  membrane-permissive lipophilic dye BODIPY (Fig. 4a, BODIPY). In contrast to FM4-64, this
279  allows staining of lipophilic compounds in addition to membrane lipids as observed for lipid
280  droplets or lipid phases (Fig. 4a, BODIPY). Upon protein production BODIPY labelled CPSFL1-
281  induced subcellular structures indicated lipophilic and osmiophilic properties (Fig. 4a, green
282  signal). Simultaneously, increased FM4-64 internalisation and staining of intracellular
283  compartments was observed indicating endocytosis-like membrane transport (Fig. 4a, red
284  signal). Yet, the fluorescent dyes did not show a complete overlay (Fig. 4a, merged image).
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285  However, the main dye accumulation resembled structures with comparable appearance as
286 seen in TEM (Fig. 4a, TEM). Still, lipid droplets (LD) and vesicles are non-redundant entities
287  but can be distinguished by the lipophilic core for LDs or enclosed hydrophilic cargo for vesicles
288  (Fig.4a, scheme left). To verify an endocytosis-like mechanism, we tested internalisation of
289  water-soluble and membrane-impermeable fluorescent dye, Tetrabromofluorescein (also
290 called Eosin Y) from 1 mM to the growth medium according to®. Following expression of
291 CPSFL1 and a control protein (C-terminus of KEA3) we measured endocytosis of dye by
292  uptake from the culture medium and accumulation within the cells to confirm vesicular
293  structures (Fig. 4b). Following 3 hours of protein expression, we first removed the dye from the
294  outer layers of E. coli and surrounding media of the cells by repeated washing. The remaining
295 dye was quantified spectroscopically. Only in E. coli cells expressing CPSFL1 the dye was
296 retained (Fig. 4b, left). Furthermore, we localized the dye within the CPSFL1 induced structures
297  rather than in the surrounding membranes by using fluorescence microscopy (Fig. 4b, middle).
298 In addition, native purification of CPSFL1 also co-purified the endocytosed dye which was
299 released upon solubilisation with the detergent Triton-X due to membrane rupture. (Fig. 4b,
300 right). Thus, CPSFL1 mediates an endocytosis-like process when expressed in E. coli cells.

301 Consequences of CPSFL1 expression on lipid and pigment metabolism in WT and
302 engineered E. coli strains

303 Heterologous expression of CPSFL1 exhibits significant membrane transport activity. Thus,
304 we analyzed the effects of CPSFL1 expression on the composition of the lipophilic fraction of
305 E. coli cells. For this, we investigated the lipophilic phase of total cell extracts of CPSFL1-
306  expressing and control strains (Fig. 4¢). Following initial analysis by TLC we observed the
307 strong accumulation of a single compound in CPSFL1 expressing cells. The substance was
308 absent in WT cells (Fig. 4c, marked with *). In order to identify the substance, we performed
309 LC-MS analysis (Fig. 4d and supplemental Figure 4). Interestingly, CPSFL1-expressing cells
310 accumulated a lipophilic compound tentatively identified as octaprenylphenol (OPP)%"-%8(Fig.
311  4d). OPP identification was by match of exact masses of the molecular and adduct ions and
312 by additional accompanying accumulation of analogous compounds with 7 or 9 prenyl units
313  (Supplemental Figure 4). OPP is a membrane integral prenylquinone and an intermediate of
314  ubiquinone biosynthesis®’. Due to its hydrophobicity and metabolite channelling, OPP does
315 not accumulate under normal conditions'®®%. Instead, OPP accumulates only in mutants with
316  defective downstream processing®; Thus, OPP accumulation in CPSFL1 expressing cells
317 indicates a block in quinone biosynthesis downstream of OPP causing substrate accumulation
318  of this intermediate. We suspected a direct binding of OPP to CPSFL1. Thus, we isolated
319 recombinant CPSFL1 and analysed the co-purified lipophilic fraction by LC-MS (Fig. 4d, middle
320 panel). Native CPSFL1 predominantly co-purified membrane lipids as reported above by using
321 TLC (Fig. 3d and supplemental Fig. 3b). Low amounts of OPP could be detected in the
322  CPSFL1 co-purified lipid fraction (Fig. 4d, lower right, supplemental Fig. 3b)-

323  Tuning CPSFL1-mediated endocytosis in engineered E. coli via phosphatidylinositide
324  biosynthesis and curvature modulation

325 In vitro experiments using GUVs supplemented with PPIs to the lipid mixture showed an
326 increase in CPSFL1 membrane recognition, binding and deformation (Fig. 2). Here, we
327 investigated the impact of curvature modulation by PPIs on CPSFL1-mediated endocytosis in
328 E. coli (Fig.5). Since E. coli is naturally devoid of PPls, we genetically engineered PPI
329  synthesizing E. coli strains by introducing a plasmid expressing Pl synthase (PIS), Pl-4-kinase
330 (Pl4K) and PIl4P-5-kinase (PI4P5K) for the sequential synthesis of Pl, PI4P and PI(4,5)P2
331  within the plasma membrane of E. coli cells (Fig. 5a)*®°. The addition of myo-inositol into the
332  growth medium induced PPI production®®. TEM of cryofixed E. coli cells exhibited undulating
333  inner and outer membranes with strong curvature probably due to PPl accumulation (Fig. 5b).
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334  The PPI producing strains were super transformed with a CPSFL1-FLAG and a control protein
335  expressing plasmids respectively. To quantify the impact of PPl synthesis on CPSFL1
336 mediated endocytosis, we quantified again dye uptake from the surrounding medium as
337  described above (Fig. 4b). In comparison to cells only expressing CPSFL1 a marked increase
338 in endocytosis was observed (Fig. 5¢). Next, the ultrastructure of the cells was analysed by
339 TEM upon protein induction (Fig. 5d). Measurements of the lipophilic compartment of PPI
340 expressing vs. CPSFL1-Flag only expressing cells showed a doubling in diameter of the
341  osmiophilic compartment but constant cell diameter (Fig. 5d, right). Occasionally, white
342  inclusions mimicking bigger vesicular structures without osmiophilic content were observed
343  instead of dark compartments (Fig. 5d, lower left). Overall, single vesicles were rarely observed
344  and the endogenous structures of large subcellular structures presumably formed by smaller
345  vesicles. Thus, we performed a compositional analysis of the lipophilic fraction of WT, PPl and
346  PPI/CPSFL1 co-expressing E. coli cells (Fig. 5e). Total lipid extracts showed no obvious
347  changes of TLC stainable lipids (Fig. 5e). The likely low abundant PPIs could not be visualized
348 by staining. However, the lipid profile of natively purified CPSFL1 from PPI expressing cells
349  co-purified with a membrane lipid mixture enriched with substantial amounts of PI4P, and
350 PI(4,5)P; as indicated by lipid standards analysed by TLC (Fig. 5f, supplementary Figure 5a).
351 PPl accumulation supports a directional transport of PPI containing membranes from the inner
352 bacterial membrane by CPSFL1-mediated vesicle formation. In line with that, also carotenoid
353  biosynthesis as a membrane associated process shows defects in cpsflT mutant plastids™’.

354  Plant CPSFL1 co-purifies vesicular structures with chloroplast lipids

355  Previous results indicated a direct function of CPSFL1 in vesicular transport and identified a
356  co-transport mechanism for lipids and prenylquinones in WT and PPls in genetically
357 engineered E. coli cells respectively. Intriguingly, plant mutants of CPSFL1 (cpsfl1-1 or pitp7-
358 1) hint at a defect in the intervened prenylquinone metabolism in plastids by reduced B-carotin
359  and plastoquinone levels' '8, Thus, we performed an orthogonal approach to E. coli cells with
360 chloroplasts, to verify the lipid ligands of CPSFL1 in vivo. As observed in E. coli
361 immunolocalization experiments on chloroplasts of transgenic 35S-CPSFL1-FLAG/cpsfl1-1
362 complementing and in 35S-CPSFL1-YFP overexpression plants also detected similar
363  distributions of gold particles within chloroplasts probed for CPSFL1-FLAG and CPSFL1-YFP
364  proteins respectively (Fig. 6a). Next, we used CPSFL1-FLAG and fluorescent tagged CPSFL1-
365 YFP lines for co-immunoprecipitation of native CPSFL1 from stromal preparations of
366  osmotically ruptured chloroplasts (Fig. 6b). We verified the presence of CPSFL1-FLAG in
367 immunoprecipitations by western blotting (Fig.6b, lower left). Next, we investigated CPSFL1-
368 FLAG purifications by negative stain and electron microscopy (Fig.6 b, upper left). CPSFL1-
369  YFP bound to magnetic nanobody conjugated beads could not be used for TEM imaging. In
370 CPSFL1-FLAG globular structures were detected. In addition, these structures were absent in
371  control experiments of co-immunoprecipitates from stromal preparations not containing tagged
372 CPSFL1. Ultrastructural analysis of these structures identified a diameter of 33 nm (Fig.6d).
373  To proof whether these structures could represent membrane vesicles, we analysed the
374  lipophilic fraction by thin-layer chromatography and mass spectrometry (Fig. 6c¢). In
375  comparison to control samples using a chloroplast localized GFP, we detected a CPSFL1
376  specific enrichment of chloroplast lipids (supplementary Fig. 6¢, supplementary Fig. 6). This
377 included a more than fivefold enrichment of the main membrane lipids of the inner envelope
378 membrane and the thylakoids, namely, MGDG, DGDG, SQDG and PG. Whereas, an
379 increased abundance was confirmed the composition of respective lipid subspecies and their
380 ¢16/c18 fatty acid ratio remained unchanged (Fig. 6 c, lower panel). Furthermore, additional
381 lipid species were detected (supplementary Fig. 6b). These included the typical lipid ligands of
382 the SEC14 protein, PC and PI®'. Another category includes signal lipids. These were tentatively
383 identified by exact mass as potential acylated lipids, acyl-PG, acyl-DGDG and acyl-MGDG as
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384 well as the conical lipid DAG. The qualitative assessment of lipids indicates a CPSFL1
385  dependent enrichment of membranes. While mass spectrometric analysis did not allow for a
386  relative molar composition of lipids within CPSFL1 preparations, low amounts of lipids did also
387 not allow a clear visualization using TLC. However, the determined composition does not
388 correspond to a typical chloroplast membrane?“. This adds complexity to the idea of these
389  structures as inner membrane vesicles (Fig. 6¢, d). Alternatively, CPSFL1 might bind to two or
390 more lipid types in vivo or in a sequential and dynamic process. Whether, PQ or a related
391  molecule was copurified with membrane lipids remained unknown. Interestingly, ultrastructural
392  analysis of ¢psflT mutants indicates changes in plastoglobule number and content and shows
393  electron-transparent (non-osmiophilic, or white) thylakoid associated globular structures as
394 compared to electron-opaque (osmiophilic, or black) plastoglobules observed in WT
395 chloroplasts (Fig. 6e). In addition, cpsflT mutant chloroplasts show an increased number of
396 plastoglobules (Fig. 6f, left). However, plastoglobules of cpsfl1 were predominantly white as
397 compared to black (osmiophilic) WT plastoglobules (Fig. 6f, right). This indicated a different
398  composition of their core.

399 In summary, CPSFL1 emerges as a multifaceted protein influencing membrane dynamics,
400 curvature modulation, vesicle formation, and endocytosis, giving a mechanistic framework for
401 a vesicle mediated intermembrane metabolite co-transport for both bacteria and chloroplasts.

402

403  Materials and Methods:
404 Plant cultivation and cloning

405 Arabidopsis thaliana WT (Col-0) and mutant plant seeds (CPSFL1-YFP, CPSFL1-Flag, cpsfl1-1) were germinated
406 on 0.5% Murashige and Skoog®? agar medium enriched with 1% (w/v) sucrose. For experiments including cspfi1-1
407 mutants, seedlings of all genotypes to be compared were grown on MS medium containing 1 % sucrose with 16-
408 hour light (120 umol m2s™") at 22 °C, and 8 h dark at 22 °C for 4 weeks. cpsfl1-1 mutant plants were identified
409 using a PAM fluorimeter via decreased Fv/Fm values. For other experiments seedlings were transferred to soil and
410 cultivated for 4 weeks under a diurnal cycle comprising 16 hours of light (120 umol m™2 s™") and 8 hours of darkness
411 at 22°C. CPSFL1-FLAG and cpsfi1-1 plant lines were described previously'®. CPSFL1-YFP was generated by
412 cloning the cDNA of CPSFL1 omitting the stop codon into a linearized plasmid (pML74 was gift of Ralph Bock)
413 carrying a C-terminal YFP under the control of the 35S promotor and the NOS terminator using infusion® cloning.
414 The constructs were introduced into Arabidopsis (Col-0) through a floral dip method by utilizing Agrobacterium
415 tumefaciens (strain GV3101)%3. Transgenic seeds were selected by Kanamycin resistance and CPSFL1-YFP
416 expression was verified in rosette leaves microscopically. 35S GFP expressing plants were used as a control and
417 obtained from Salma Balazadeh®*.

418 Bacteria strains, cultivation, plasmids and cloning

419 CPSFL1 was expressed in BL21 (DE3) pLysS cells. The plasmid for recombinant flag tagged CPSFL1 was
420 described previously. Fluorescent tagged recombinant CPSFL1 variants were cloned into pET28a using infusion®
421 cloning. For that CPSFL1-YFP without the cTP was amplified using Primers.... and .... from the plant plasmid
422 described above. For recAAHccpsrL1)-YFP, CPSFL1 was amplified using primers ... and ... from the same plasmid.
423 For recAHcpsrL1)-YFP the coding sequence of the amphiphilic helix was amplified using primers ... and ... from the
424 cDNA sequence of CPSFL1 and cloned fused to YFP into pET28a by infusion cloning. A plasmid expressing the
425 KEA3-C-terminus in pET28a was a kind gift from Ute Armbruster®®. A Plasmid expressing Phosphatidylinosiltol-
426 phosphate biosynthesis (p15aC-4D1D-5) was a gift from Sanford Simon (Addgene plasmid # 107866 ;
427 http://n2t.net/addgene: 107866 ; RRID:Addgene 107866)%. The plasmid encodes for Human phosphatidylinositol
428 4-phosphate 5-kinase type-1 a isoform 2 (Pl4P5Ka, PI4P5K), Bos taurus phosphatidylinositol 4-kinase B (PI14Kp,
429 Pl14K), Trypanosome brucei phosphatidyl inositol synthase (PIS), a chlorpamphenicol resistance and produces
430 Phosphatidylinositolphosphates when introduced into E. coli (BL21 (DE3) pLysS) in medium supplemented with
431 myo-inositol.

432 In order to co-express CPSFL1 or control proteins in PIP synthesizing cells we initially transformed E. coli cells
433 (BL21(DE3) pLysS with p15aC-4D1D-5 plasmid and selected positive transformants via cAMP resistance. Cells
434 were made chemically competent and were super-transformed with CPSFL1 plasmids. Co-expressing
435 transformants were selected by double antibiotic selection against Kan and cAMP. For protein expression cells
436 were grown in YT-medium until they reached an OD600 of 0.6-0.8. For expression of PIPs myo-inositol (5 um final)
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437 was supplemented to the medium 1 hr before expression was induced. Protein expression was induced by addition
438 of 0.5 mM IPTG and the culture was grown for additional 3 hrs at 30°C. Subsequent cells were harvested by
439 centrifugation and pellets were immediately frozen in liquid nitrogen.

440 Recombinant protein expression and purification

441 For the analysis of lipid ligands and ultrastructure of CPSFL1 particles, E. coli cells were thawn on ice, resuspended
442 in lysis buffer and broken up by passing three times through a French press at 10.000 PSI @ 4°C. Subsequent
443 protein purification was performed under native conditions by adding Ni-NTA (Quiagen) according to the
444 manufacturer’s recommendation. In a last step buffer exchange of eluted protein solution was done against PBS
445 using centricons (10.000 MW, Millipore) and proteins were diluted to 2 pg/ul, snap frozen in liquid nitrogen and
446 stored at -80°C until use.

447 Chloroplast isolation, plant protein extraction, Co-lmmunoprecipitation, SDS-PAGE and Western blotting
448 Chloroplast isolation was done as described previously'!. Chloroplast were ruptured by three cycles of freezing in
449 N2 and thawing on ice. For Co-IP broken chloroplast were centrifuged at 14.000 x g for 20 min. at RT. The
450 supernatant was incubated with Flag- or GFP- specific antibodies immobilized on agarose (EZview™ Red ANTI-
451 FLAG® M2 Affinity Gel) or magnetic beads (Chromotek GFP-trap®) respectively. Following three washing steps in
452 PBS and sedimentation by centrifugation at 1000xg for 1 min. at 4°C or magnetically. The resulting fraction was
453 used for negative staining or lipid extraction or SDS-PAGE.

454 Lipidomic Analyses

455 Relative changes of lipid abundances were analysed by lipidomic profiling using liquid chromatography-mass
456 spectrometry (LC-MS) as was described by % with modifications reported by . Samples of E. coli cells BL21 (DE3)
457 pLysS in logarithmic growth phase were harvested by centrifugation and snap-frozen in liquid N2. Cells expressing
458 flag tagged CPSFL1 were compared to E. coli cells expressing the C-terminus of KEA3. Approximately
459 approximately 200 mg fresh weight of cell pellets or of flag-tagged CPSFL1 protein that was his tag-purified as
460 described above from an approximately similar amount of E. coli cells or YFP-tagged CPSFL1 protein or GFP
461 (control) that was immuno-purified from pre-purified chloroplasts (see Co-immunoprecipitation in methods
462 description) were extracted by a Bligh and Dyer based method according to®”-68 with modifications. In brief, samples
463 were mixed with chloroform/methanol/HCI (50:100:1, v/v). Following centrifugation (10 000.g) for 2 min, supernatant
464 was used to induce a two-phase system by the addition of 1 volume of chloroform and 0.8 volume of 0.9% (w/v)
465 NaCl. Samples were mix rigorously and centrifuged for 2 min to get the two-phase system. The upper-phase was
466 discarded and the organic lower phase was washed three times with Hz20/methanol/HCI (50:50:1, v/v). Lipid extracts
467 were dried under a stream of nitrogen and stored at -80°C until further use.

468 Re-dissolving of lipids into 150 L acetonitrile:isopropanol (7:3, v/v, UPLC grade; BioSolve) with 1% (v) 1 M NHsAc
469 and 0.1% (v) acetic acid and subsequent ultra-performance liquid chromatography (UPLC) of 2 pL re-dissolved lipid
470 samples by an Acquity UPLC system with an BEH C8 reversed-phase column (100 mm x 2.1 mm with 1.7 ym
471 particles; Waters GmbH, Eschborn, Germany, http:// www.waters.com), as well as mass spectral analyses by an
472 orbitrap mass spectrometer (Exactive, Thermo Fisher, Waltham, USA, http://www.thermofisher.com) was exactly
473 as described previously ). Each sample was measured by both, positive- and negative-ionization mode. Data
474 processing of chromatogram files included baseline correction, chemical noise subtraction, alignment, and peak
475 detection was by REFINER MS 5.3 software, https://www.genedata.com/, according to®®. Mass features
476 characterized by the 2 orthogonal parameters, mass-to-charge ratio (m/z) and retention time (RT), were assembled

477 into a numerical data matrix with respective abundances (arbitrary units) of each sample. Lipids were annotated by
478 matching to reference libraries of expected m/z and RT values®5666566_ This method distinguishes lipid classes and
479 lipid species according to the sum of carbon atoms and the degree of unsaturation of their fatty acids. We name

480 lipids accordingly, e.g. PC 34:0 for 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine. Lipid isomers are
481 chromatographically resolved and named by extensions, e.g., (1) or (2) in chromatographic order. To characterize
482 the acyl-chain composition of monogalactosyldiacylglycerols (MGDG) and digalactosyldiacylglycerols (DGDG), we
483 co-analysed commercially available authenticated preparations, namely, synthetic MGDG 18:1-18:1 (Sigma-
484 Aldrich/Avanti Polar Lipids, 840531P), MGDG 18:2-18:2 (Sigma-Aldrich/Avanti Polar Lipids, 840532P), and MGDG
485 18:3-18:3 (Sigma-Aldrich/Avanti Polar Lipids, 840533P), and defined biological mixtures of MGDGs (Sigma-
486 Aldrich/Avanti Polar Lipids, 840523P) and DGDGs (Sigma-Aldrich/Avanti Polar Lipids, 840524P), according to the
487 manufacturer’s analysis certificates. In these cases, we use name extensions with acyl chain designations, e.g. PC
488 34:0 (PC 17:0-17:0). The sn-positions of the fatty acids within the glycerol-lipid species are not resolved.
489 Annotations of prenylphenols were supported by exact monoisotopic mass to molecular formula matching and
490 molecular formula to structure searches at https://www.chemcalc.org/mf-finder,
491 https://www.metabolomicsworkbench.org, https://www.genome.jp/kegg/compound/, https://biocyc.org/cpd-
492 search.shtml, and https://pubchem.ncbi.nlm.nih.gov.

493 For lipid abundance analyses we used approximately equal sample amounts and performed background
494 subtraction using non-sample controls. We report abundances in arbitrary detector units. For qualitative analyses
495 we selected lipids that were at least 8-fold (E. coli) or 5-fold (Arabidopsis thaliana) more abundant relative to
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496 respective control samples and were among the top 1500 (E. coli) and top 1000 (Arabidopsis thaliana), most
497 abundant within each experiment.

498 Lipid extraction and analysis by TLC

499 TLC was performed according to Munnik et al 7°. In brief, Silica60 glass plates were impregnated by dipping into a
500 solution containing 5 mM oxalic acid 2 mM EDTA in 40% methanol. Subsequent plates were activated by baking at
501 120°C for at least 30 min. Plates were pre-run using acetone, dried and used for TLC. Samples were separated
502 using alkaline solvent [(Chloroform: Methanol: Ammonimhydroxid: ddH20) 90:70:4:16)], dried and immersed in a
503 solution containing 10% Copper(Il)sulphate in 8% phosphoric acid. Lipids were visualized by charring at 180 °C for
504 10 min”". Lipids were quantified by intensity of the bands using ImageJ.

505 Spectroscopic analysis

506 For spectroscopic analysis solutions were either used directly or pigments were extracted by dilution with pure
507 acetone (1:5 dilution). Following centrifugation supernatants were measured using a spectrophotometer. For Eosin
508 (Sigma) absorbance was measured at 700 nm.

509 Confocal microscopy

510 GUVs were either imaged on an inverted spinning disc (custom build microscope) or on an upright confocal
511 microscope (Leica Systems, Wetzlar, SP8) For this GUVs were deposited on a BSA (1 mg/ml) coated coverslip first
512 and allowed to sediment for 10 min. at RT before imaging. All multichannel imaging was recorded in sequential
513 mode. YFP was excited at 514nm using an Argon laser and emission was recorded between 520 and 560 nm. Dil
514 was excited at 561 nm and fluorescence emission was recorded between 577 and 670 nm. Eosin was excited at
515 561 nm and emission was recorded between 653 and 695 BODIPY (Thermo) was excited at 488 nm and
516 fluorescence emission was recorded between 505 and 586nm, FM4-64 (Thermo) was excited at 633 nm and
517 fluorescence emission was recorded between 676 and 769 nm.

518 Transmission electron microscopy and sample preparation

519 Negative staining: For negative staining a drop (5-10 pl) of sample was applied to the surface of a carbon coated
520 formvar grid (Nickel, 200 mesh) and allowed to partially dry. Afterwards grids were washed three times with water
521 to remove salts and phosphates and a drop of aqueous Uranylacetate (1%) was applied to the grid and incubated
522 for 30 sec. following three rinses with ddH20O grids were rinsed three times with ddH20 dried and used for imaging.

523 High-pressure freezing and freeze substitution: E. coli samples were high-pressure—frozen using a high-pressure
524 freezer (Leica HPM100). Subsequent samples were either freeze-substituted in 1% OsO4 and 0.1% uranyl acetate
525 in acetone for ultrastructural analysis or in 0.5% uranyl acetate in acetone for immunolabelling and embedded into
526 LR White medium at -20°C and polymerized at -20°C using UV light.

527 Immunogold-labeling: Immunogold labelling was done on cryo-fixed and freeze-substituted 100-nm-thin sections
528 of samples embedded into LR White. Initially samples were incubated for 1 hour at room temperature in blocking
529 buffer [phosphate-buffered saline—Tween 20 (PBST) containing 2% bovine serum albumin and 0.1% fish gelatin
530 (Sigma-Aldrich)] to reduce unspecific binding. Subsequent antigens were immunodecorated by incubation in
531 blocking buffer containing anti-Flag (1:100 dilution, mouse; Sigma) antibodies for 1 hour at room temperature.
532 Following six rinses with PBST buffer for 3 min each, primary antibodies were detected by incubation Sigma-Aldrich]
533 in blocking buffer containing 20 nm colloidal gold labelled secondary antibodies (for mouse; Cell Signaling
534 Technology, Danvers, MA) for 1 hr at RT. Afterwards unbound antibodies were removed with six rinses in PBST
535 and three rinses with double-distilled water for 3 min each and samples were contrasted as described above.

536 Imaging: For TEM analysis, sections were cut using a Leica UC-6 ultramicrotome. Contrasting of sections was done
537 using methanolic uranyl acetate (2% in 50% methanol) for 30 min, followed by a 10-min incubation in lead citrate
538 (Reynolds’ stain). Images were either acquired with a Zeiss EM 912 Omega TEM (Carl Zeiss, Oberkochen,
539 Germany) or a JEOL JEM F 200 (JEOL, Germany).

540 SUV and GUV production and sedimentation assay. Liposomes (SUVs) were prepared using thin-film
541 rehydration of phospholipid mixtures and extrusion. Synthetic lipids (10 mg from chloroform stock solutions) at a
542 mass ratio of 1 : 1 DOPC : DOPG were mixed in a 15 mL glass and chloroform was removed using a gentle stream
543 of N2(g). To remove residual solvent, vials were placed in a vacuum desiccator for 1 h. The dried film was allowed
544 to rehydrate for at least 30 min at RT by adding 1 mL of sucrose containing PBS with a total osmolarity of 200
545 mOsm (measured with freezing point osmometer Osmomat 3000, Gonotec) and vortexed periodically. The
546 resulting solution was then extruded using a hand-held Mini-Extruder (Avanti) equipped with a 30, 50, 100, 200 or
547 400 nm polycarbonate membrane (Whatman). 20 passes through the membrane were performed to guarantee
548 monodisperse size distributions which was determined by DLS measurements using a Zetasizer NanoZS (Malvern
549 Instruments Ltd.). For binding assays, proteins in PBS containing glucose at the same osmolarity were added to
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550 the SUVs. Following incubation at RT for 30 min, samples were centrifuged at 100xg for 5 min. Supernatant and
551 pellets were used for biochemical analysis and pellets were used for imaging.

552 GUVs were prepared by polyvinyl alcohol (PVA) assisted swelling in PBS buffer’2. For this a 5% (w/w) solution of
553 PVA (with MW 145000, Sigma) was prepared by stirring PVA in water while heating at 90°C. PVA-coated substrates
554 were prepared by spreading 100—-300 uL of PVA solution on a microscope slide. The slide was then dried for 30 min
555 in an oven at 50°C. Afterwards 10—-20 pL of lipid mixtures (2-4 mM) dissolved in chloroform were spread on the
556 dried PVA film and placed under vacuum for 30 min to evaporate the solvent. A chamber was formed using a
557 custom-made Teflon frame and a cover glass and filled with sucrose or sucrose containing PBS buffer (200 mOsm).
558 Following 15 min. incubation, GUVs were transferred into an Eppendorf tube using a pipette until further use. For
559 protein binding studies proteins were added in PBS containing glucose in equal osmolarity in a final concentration
560 of 0.5 uM.

561 Dye uptake and endocytosis assay

562 Experimental setup was performed according to % . For this, E. coli cells expressing either CPSFL1-Flag, CPSFL1-
563 Flag and PPIs, control plasmid or control plasmids and PPls were grown in YT medium at 37°C in the presence of
564 Kan or Kan and cAMP respectively. One hour prior to induction of protein expression, fluorescent test molecules 5-
565 (6)carboxyfluorescein (CF, Molekula, Gillingham, UK,10 mM final) and Tetrabromofluorescein (Sigma-Aldrich,
566 Sydney, Australia, 20 mM final were added as solids directly to the growth medium. For PPl co-expression myo-
567 inositol was added at 5 um final concentration. FM4-64 or BODIPY were added to the cell suspensions in 2-10 uM
568 final concentration. Protein expression was induced by the addition of isopropyl thiogalactoside (IPTG (Roth), 500
569 uM final) when an OD of 0,6-0,8 was reached. Protein expression was allowed to progress at 30°C for three more
570 hours. Cells were harvested for analysis by centrifugation and washed for the removal of unincorporated fluorescent
571 dyes and dyes trapped in the periplasmic space in cold Tris-buffered saline pH 7.5. Re-suspension and
572 sedimentation were repeated until no fluorescence was detectable in the culture supernatant. For quantitation of
573 dye uptake, the optical density of re-suspended cells was measured at 700 nm.

574

575 Discussion:

576  In summary, we identified a CPSFL1 dependent mechanism of membrane vesicle transport by
577 its ability to sense, stabilize and promote membrane curvature (Fig.1b-d, Fig. 2d, Fig. 5c, Fig.
578 6). To date, multiple naturally occurring mechanisms eventually leading to membrane
579  curvature have been described?’41:547374  This also includes lipid composition of
580 membranes®?. Lipids like PA and PPI can act as curvature inducing lipids and are recognized
581 by CPSFL1 with high specificity'®'"75. Recently identified chloroplast localized SEC14
582 homologs 5 and 7 have been shown to participate in the intermembrane transport of PA
583  mediated by the TGD complex’®. In line with that, synthetic membranes with typical chloroplast
584 lipid compositions, containing PPl were also targeted and reshaped by CPSFL1 with high
585  specificity (Fig. 1b-e, Fig. 2a). Interestingly, PPIls and PA are both, negatively charged and
586  conical. In contrast, acyl-MGDG is uncharged and characterized by fatty acids attached to the
587  head group of MGDG"’. This may also affect lipid geometry, hydrophobicity, and charge and
588  could potentially influence bilayer stability and induce membrane curvature. Another crucial
589  feature in natural membranes is lipid sideness’®°. This is particularly caused by compositional
590 (head or acyl group) and/or physical (lipid packing order, charge, hydration and H-bonding)
591  between the inner and outer leaflets of lipid bilayers™. Packing defects or trans bilayer lipid
592  asymmetry, lead to induction of spontaneous curvature’. According to preparation methods
593  synthetic systems also GUVs can exhibit trans bilayer asymmetries®. Interestingly, addition of
594 membrane binding proteins or altering transmembrane ion composition can induce these
595 packing defects and curvature®'. Binding of CPSFL1 to small vesicles with increased
596 membrane curvature or packing defects supports these interpretations and highlights a direct
597 function of CPSFL1 in vesicle traffic (Fig. 1d-e). Co-purification of CPSFL1 together with
598 vesicular structures from bacterial and chloroplast extracts further supports direct interaction
599  of vesicles with CPSFL1 (Fig. 3c-e, 4b, 5d, 6b). In line with that, CPSFL1 also binds to GUVs
600  with chloroplast lipid composition largely independent of the presence of specific lipid species
601 like PPI or PA (Fig. 2).

602  Inaddition, these GUV experiments and ultrastructural analysis showed that CPSFL1 functions
603 in membrane deformation (Fig. 2 1d,2e, 3c, 6b). Surprisingly, expression of CPSFL1 in a
604  prokaryote leads to the formation of cytoplasmic vesicles as shown by electron microscopy
605 linking CPSFL1 function to vesicle formation. (Fig. 3a, c). While E. coli does not naturally
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606 engage in endocytosis or form internal vesicles under standard conditions, certain
607  experimental manipulations can induce the formation of vesicle-like structures within these
608  bacteria®?. Known mechanisms required for membrane deformation, invagination and vesicle
609 fission are insertion of an amphiphilic loop and helix, intrinsically curved protein scaffolds (like
610 BAR and ESCRTIII), lipid flipases or multidomain scaffolds?’:32:41:45.53.73.74.83-86 - Anaglysis of the
611  CPSFL1 purified vesicle protein composition identified almost exclusively CPSFL1 protein (Fig.
612  3d). We characterized an amphiphilic helix located at the n-terminal region of the CRAL/TRIO
613  domain of CPSFL1 required for membrane tethering (Fig.1a and b). While CPSFL1 is anchored
614  to membranes by its amphiphilic helix, its soluble part formed by the majority of the CRAL/TRIO
615 domain protrudes from the membrane (Fig.1a). Intrinsically disordered Sec14 proteins (IDPs)
616 induce membrane deformation due to compressive stress during liquid-liquid phase
617  separation®-8. Steric repulsion between proteins on biological membranes is known as a
618  mechanism responsible for membrane re-shaping and eventually fission®. To amplify steric
619  pressure, (i) hydrophobic insertions must anchor proteins strongly to the membrane surface
620 and (ii) proteins need to be bound to the membrane in a high coverage®. Immunogold studies
621 on E. coli and plastid CPSFL1 indicates oligomerisation of CPSFL1 proteins on vesicles or
622  budding membranes in vivo (Fig. 3b, 6a). Whether vesicles result via a multidomain assembly
623 like in clathrin-coated vesicles remains unclear®®. Protein crowding and repulsion on their
624  surface may prevent fusion of CPSFL1 bound vesicles into bigger structures (Fig. 3b, 6a).
625 In amore detailed investigation using tracking of membrane-bound endocytosis dyes like FM4-
626 64 and soluble membrane impermeable fluorescent dyes in the model prokaryote E. coli we
627  highlighted an endocytosis-like transport activity upon expression of CPSFL1 (Fig. 4a, b). In
628 fact, many Sec14 proteins have been assigned to function in vesicle traffic. However, no direct
629  function had been shown for CPSFL1 so far. Thus, transport of Pl to Golgi membranes by
630 founder Sec14 is used to produce the signalling lipid phosphatidylinositol-phosphate (PI4P).
631  PPIs in turn recruit proteins for vesicular transport between the trans Golgi network and the
632  plasma membrane?*. Thus, sec74 mutants show a defect in vesicle transport due to low Golgi
633 Pl and PIP levels®%2,
634
635 This raises the question about the function of the CRAL/TRIO domain of CPSFL1. For the
636  yeast Sec14 protein, lipid transfer activity and membrane binding are both promoted by
637 membrane curvature®®. We showed that CPSFL1s CRAL/TRIO domain is needed to recognize
638 membranes with strong curvature (Fig.1b). Expression of CPSFL1 in E. coliidentified its impact
639  on quinone biosynthesis and highlighted an interference with the native quinone biosynthesis
640 pathway “down-stream” of the prenylquinones possible quinone transport mechanism (Fig. 4d,
641 e). However, our experiments rather exclude a direct binding of prenylquinones by CPSFL1
642  (Fig. 3d, native extracts). Instead, we interpret prenylquinones and carotenoids rather as cargo
643  within the vesicle membranes (Fig. 3d, 4d, supplemental Fig. 5). This corresponds well with
644 the phenotype of cpsflf mutants, that show reduced levels of both, carotenoids and
645 quinones'”'®, Their biosynthesis pathways both feed on geranylgeranyl pyrophosphate
646 (GGPP) a common precursor synthesized in the chloroplast envelope membrane”%. Both
647 pathways require also transport of the final products to the thylakoid membranes’ 199,
648  Surprisingly, the intermediate, OPP, and not the final product Ubiquinone accumulated in E.
649  coli cells (Fig.4d). A conclusive explanation came from the analysis of the bacterial Ubi
650 synthesis pathway®*. OPP is the last membrane integral intermediate in Ubiquinone
651  biosynthesis. Subsequent quinone biosynthesis occurs via a soluble metabolome encoded by
652  UbIiE-K®8. Consequently, OPP needs to be exported from the membranes. How OPP leaves
653 the membrane is completely unknown®®. Flag-tagged CPSFL1 co-purifies membrane lipids of
654  E. coliin agreement with the assumption that CPSFL1 binds to membranes of E. coli and may
655 be involved in vesicle formation and endocytosis. Whether the observed copurification is
656  caused by direct interaction of CPSFL1 with OPP or whether OPP is copurified as part of the
657 membrane fraction that binds to OPP is unclear. These CPSFL1 bound membranes contain
658  prenylphenols as cargo, but we cannot rule out that this observation is non-specific and caused
659 by general cellular over-accumulation of prenylphenols. E. coli appears to store the
660 accumulated OPP, HPP and NPP in a compartment, e.g. a lipid droplet that may have CPSFL1
661  bound at the surface or in a membrane to which CPSFL1 does not preferentially bind.
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662  Another possible explanation is that accumulation of lipophilic substances like polyisoprenoids
663  (e.g. carotenoids or quinones) or triglycerids between bilayer leaflets creates packing stress
664 439 Also phase transitions of the non-bilayer lipids like MGDG in plastids and PE in bacteria
665  respectively or Acyl-MGDG could induce packing stress. This could be sensed and resolved
666 by CPSFL1 via membrane vesiculation even in the absence of signalling lipids. PPI expressing
667 E. coli cells also showed increased endocytosis presumably due to increasing the amount of
668  cone shaped lipid, like PIP*'.

669  While the mechanisms of eukaryotic vesicular traffic are widely understood, chloroplast vesicle
670 transport represents a long-standing conundrum?':°6-%_\Whether stromal vesicles are actually
671 ftrafficking between the envelope and thylakoid membranes is also still unclear'. Still,
672  chloroplast vesicles are absent upon loss of CPSFL1 and return upon CPSFLA1
673  overexpression®%.16 A similar phenotype is described for the plastid protein VIPP1%,
674  Considering thylakoid membrane biogenesis, CPSFL1s function as phosphatidylinositol
675 transfer protein (PITP) might be highly relevant for target protein recruitment3*1°1.192 The
676 chloroplast protein Vipp1348 concentrates in curved membranes and shapes
677  thylakoids® 192193 |n addition, VIPP1 is a member of the ESCRTIII family of membrane
678  deforming proteins3®102104105 shows a high affinity for PIPs 3. E. coli also encodes for a
679  homologue of VIPP1, termed Phage Shock Protein A (PspA)'%1%. However, in comparison to
680  VIPP1, PspA lacks the c-terminal domain which contains the PIP binding pocket required for
681  functional complementation VIPP1 mutants'®’. Whether eukaryotic PPIs actually exist within
682  plastid membranes is still unclear. Our lipid analysis did not allow for their detection (Fig.6).
683  For this, other methods like in vivo radiolabelling prior to immunoprecipitation or immunologic
684  detection in fat blot assays have to be applied in future experiments®81%8,

685

686 Many Sec14 proteins transiently interact with membranes as lipid transfer protein (LTP) to
687  deposit, extract or exchange lipids using their lipid binding domain (LBD), encoded in
688 the cellular retinaldehyde-binding protein (CRALBP) and TRIO guanine exchange factor
689 domain (CRAL/TRIO)'®'% The founder protein, Sec14, and many others transport Pl in
690 exchange to PC?. These proteins, classified as phosphatidylinositol-transfer proteins (PITPs)
691 locally concentrate a lipophilic substrate or promote and stabilize membrane contact sites
692  using their LBD'"%'"", Altered membrane lipid composition can directly influence membrane
693  structure and properties or serves as signal for effector protein recruitment3628° The key to
694  understand the molecular function of Sec14 proteins thus lies in the identification of the in vivo
695 lipid ligands. Here we present a functional characterization of chloroplast localized SEC14-like
696  protein 1 (CPSFL1) including lipidomic analysis of bacterial and native in vivo lipid ligands of
697 CPSFL1, which were isolated from chloroplasts by immunoprecipitation, revealed, among
698  others, PC and also PI (Fig. supplementary Fig. 6b). In contrast to all other membrane systems
699  phospholipids are highly underrepresented in the internal membranes of the chloroplast?4. PC
700 as a major phospholipid in most of the membranes within a plant cell, can barely be detected
701 in internal membranes of the chloroplast. Pl which is also a major phospholipid in eukaryotic
702 membranes is a minor constituent of inner envelope and thylakoid membranes*. Thus,
703  analogous lipid binding of CPSFL1 to cytosolic SEC14 within the chloroplast is conceivable.
704  Specific enrichment of underrepresented lipids from soluble chloroplast extracts supports a
705  specific lipid transport activity of CPSFL1 in plastids (Fig. 6). Furthermore, expressed in the
706  cytoplasm of yeast cells CPSFL1 complements sec74 mutants'®. Similar results were also
707  obtained from PPI producing E. coli strains which expressed CPSFL1 (Fig. 5). Following
708 induction of PPI synthesis using myo-inositol, PPIs were barely detectable in total lipid extracts
709  (Fig. 5e). In contrast, native CPSFL1 purifications contained stainable amounts PPIs indicating
710  a PITP function of CPSFL1 (Fig. 5f). PPI transport is also conceivable to complement yeast
711 SEC14 mutation'®12,

712 An unusual candidate enriched in lipid fractions of CPSFL1 natively co-purified from the
713  chloroplast stroma is acyl-MGDG (supplementary Fig. 6b). Acyl-MGDGs are classified as
714  oxylipins or Arabidopsides’’. They serve as signal molecules in the regulation of
715  developmental processes, plant stress response, and innate immunity’”''3. Interestingly,
716  several proteins with Sec14 domains were copurified with subfractions containing MGDG acyl
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717  transferase activity’”’. Acyl-MGDG and related Arabidopsides were frequently detected in
718  experiments using wounding and chilling stress’”1"3114. Under these conditions increased
719  numbers of chloroplast vesicles have been shown?"'"511® \Whether acyl-MGDG and vesicle
720 formation are linked is unclear. Mutant plants lacking acyl-MGDG show no effect in chloroplast
721  biogenesis'"”.

722  Since these lipid species, are rather low abundant in chloroplast lipid profiles but purified
723 together with a mixture of the main membrane lipids using CPSFL1, it remains unclear whether
724  PC, Pl or acyl-MGDG are directly bound by CPSFL1. The main lipid composition corresponded
725 to the inner membranes of chloroplasts and thylakoids in plants or the inner bacterial
726 membranes in E. coli (Fig. 3e, 6¢). Consequently, our results correspond to a mixture of
727  CPSFL1 proteins with single lipid transport and CPSFL1-bound membrane fragments with
728 packing defects or high curvature. Alternatively, we identified for the first time the lipid
729  stoichiometry of bacterial or chloroplast membrane transport vesicles bound by CPSFL1 (Fig.
730 3e and 6c¢c, supplementary Fig. 6b). Both the lipid compositions of bacterial and plastid
731  membranes as of their respective vesicles purified using CPSFL1 are very different. Of course,
732 the diversity of lipid species differs between the two organisms. This could also explain the
733  differences in the size of the respective purified vesicles (Fig. 3c, 6d).

734  Dramatically decreased PQ content of cpsfl1-1 mutants could point towards a role in quinone
735  transport '®. However, cpsflT mutants also have reduced numbers of plastids/cell and less
736  thylakoids/chloroplast. To understand, whether this could be caused by a proportional lower
737  thylakoid membrane abundance or a defect in transport we investigated the ultrastructural
738  phenotype of cpsfl1T mutants. In fact, less thylakoids in reduced numbers of chloroplasts/cell
739  could account this reduction.
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Figure 1: Membrane binding, curvature sensing and structural analysis of CPSFL1

a, Comparison of yeast Sec14 and CPSFL1 using superimposed structures predicted by AlphaFold. Regions in
blue represent most confident predictions, whereas yellow to orange are regions of low confidence. A prominent
long a-helix highlighted within the CRAL TRIO_N domain (CRAL/TRIO_N) of CPSFL1 (red dotted line,
amphipathic helix) following the chloroplast targeting peptide (cTP) apart from its lipophilic binding pocket within
the CRAL TRIO_C domain (blue dotted line, binding pocket) is depicted in the scheme below.

b, Membrane binding of recombinant YFP tagged CPSFL1 and mutant variants were analysed in vitro using GUVs
with chloroplast specific lipid composition obtained via PVA assisted hydrogel swelling. Following addition of YFP
tagged recombinant CPSFL1 protein variants (CPSFL1-YFP, CPSFL1-AAH-YFP, AHcpsrL1-YFP) to GUV
suspensions (1 pM final protein concentration), protein fluorescence (YFP) and GUV fluorescence (Dil) was imaged
and overlayed (merged) using confocal microscopy. A role of CPSFL1 amphipathic helix in membrane binding was
confirmed.
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1049 ¢, Recombinant fluorescent CPSFL1-YFP (1uM final) was added to GUVs formed from electroneutral phospholipid
1050 DOPC (5 mM lipid concentration), negatively charged GUVs (DOPC/DOPG mix 1:1) or GUVs with conical curvature
1051 inducing phospholipid (DOPC/DOPG/PI4P (50/49.9/0.1). Protein fluorescence (YFP) and GUV fluorescence (Dil)
1052 was imaged and overlayed (merged) using confocal microscopy. Moderate binding of CPSFL1 to charged lipids
1053 and strong binding to charged and conical lipid containing membranes was observed. GUVs with neutral surface
1054 were not bound by CPSFL1.

1055 d, Large (LUVs) and small unilamellar vesicles (SUVs) with decreasing diameters (200-30 nm) were prepared from
1056 phosphatidylcholine (PC)/phosphatidylglycerol (PG) /1,1'-Dioctadecyl-3,3,3',3"-
1057 Tetramethylindocarbocyaninperchlorat (Dil) mixtures (1:1:0.01). Following co-incubation with CPSFL1-YFP protein
1058 (1 uM final) samples were fractionated by centrifugation and the amount of CPSFL1-YFP in supernatant (S) and
1059 pellet (P) fractions was analysed by SDS-PAGE and western blotting using GFP specific antibodies and quantified
1060 using ImageJ (lower panel). As compared to LUVs of 200 nm diameter, smaller SUVs (30 to 50 nm) co-purified
1061 much higher levels of CPSFL1-YFP.

1062 e, Pellet fractions of CPSFL1-YFP and LUVs or SUVs described in e, were analysed by fluorescence microscopy.
1063 Higher abundance of CPSFL1-YFP (YFP, protein) was found using SUVs with smaller diameters (30 nm) (Dil, lipid).
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Figure 2: Membrane curvature modulation and vesicle formation by CPSFL1

a, GUVs made from MGDG, DGDG, PG, SQDG and Pl in a molar ration of 52:26:6.5:9.5:1stained with Dil for
fluorescence detection were co-incubated with recombinant CPSFL1-YFP proteins to study membrane binding. Co-
incubation was analysed by confocal microscopy detecting recombinant CPSFL1-YFP (YFP fluorescence, green)
and GUVs (Dil fluorescence, magenta) as co-localized. Observation of the same spherical GUV with bound
CPSFL1-YFP (initial) showed a moderate deformation after several minutes (+10 min.).

b, As a control GUVs made from synthetic chloroplast lipids (control) were stained by Dil (magenta) and analysed
by confocal microscopy without CPSFL1. GUVs remained stable and without phase separation. Increasing the
osmolarity of the GUVs containing buffer via evaporation lead to a volume loss and symmetric deflation of GUVs.

25


https://doi.org/10.1101/2025.03.13.642960

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.13.642960; this version posted March 13, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1074 ¢, Changes of fluorescence intensity (intensity range indicator) and shape of GUVs was observed over time (each
1075 picture represents 5 min time interval). As visualized by false-coloured images of GUV fluorescence with range
1076 indicator. Control experiments using heat denatured recombinant protein solutions showed no significant
1077 differences over time (control, lower panel). Left: Quantification of lipid fluorescence over time. Following CPSFL1-
1078 YFP addition, GUV deformation was accompanied by decrease in the fluorescence of the membranes (magenta)
1079 and an increase in the fluorescence of the background (green). In control experiments fluorescence intensities
1080 remained unchanged.

1081 d, GUVs were analysed in higher resolution following negative staining by TEM analysis on CPSFL1 treated GUVs.
1082 Numerous spherical structures were observed next to GUVs indicating CPSFL1 aggregation or vesicle budding.

1083
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1085
1086 Figure 3: Expression of CPSFL1 in E. coli leads to ultrastructural changes and vesicle formation.

1087 a, Upon expression of CPSFL1-Flag in E. coli cells, a dark (osmiophilic) compartment appeared within the cells (red
1088 star indicates position of magnified area of inset, top left). Furthermore, deformations of the envelope membranes
1089 and vesicular structures within the cytoplasm were observed exclusively in CPSFL1 expressing cells (top and
1090 bottom left, red rectangle and arrows).

1091 b, Localization of CPSFL1-Flag in E. coli cells. Immunolabeling was performed using Flag specific antibodies. Gold
1092 particles were detected exclusively within the cells and at the membrane and in the soluble compartment (top).
1093 Particle clusters appeared within the osmiophilic area and within the cytoplasm indicating aggregation (bottom).
1094 Higher magnification of immunogold particle clusters in CPSFL1 expressing E. coli cells (bottom).

1095 c, Following purification of CPSFL1 under native conditions from E. coli cells, fractions were negatively stained and
1096 analysed by TEM. Prolamellar body like structures with a diameter of 200-500 nm were detected (upper panel and
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inset). Higher magnification identified these structures as vesicle assemblies (lower panel). Measurement of the
vesicles identified an average diameter of 3,5 nm (lower).

d, Compositional analysis of total and native purified CPSFL1-Flag protein and lipid fractions from E. coli cells was
done by SDS-PAGE and TLC respectively. Proteins were visualized by colloidal Coomassie staining against marker
proteins (M). Lipids were visualized by Cu?*-sulphate charring. (*) marks substance only found in CPSFL1 fraction.

e, Quantification of lipid mixtures obtained following TLC, Cu?*-sulphate charring from total lipid extracts of E. coli
(TL) and recombinant purified CPSFL1 fractions (CPSFL) shows a strong decrease in PE. PE: phosphatidylethanol,
PG: phosphatidylglycerol, CL: cardiolipin.
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Figure 4: CPSFL1 induces endocytosis like vesicle formation

a, Schematic drawing of putative dye uptake into E. coli cells upon CPSFL1 expression (left). BODIPY dye uptake
indicates formations of lipid droplets, FM-4-64 uptake indicates endocytosis of vesicles. Right, Uptake by
endocytosis of dyes FM4-64 or BODIPY by E. coli cells expressing CPSFL1. Upon induction of CPSFL1 by IPTG
FM4-64 located in envelope membranes becomes internalized. The lipophilic compartment is highly stainable with
membrane permeable lipid dye BODIPY indicating the presence of neutral lipids or lipophilic compounds and also
stains with osmium indicating presence of unsaturated fatty acids. Scale bar:500 nm.

b, Uptake of fluorescent membrane impermeable water-soluble dye Eosin Y by E. coli cells from the periplasmic
space following CPSFL1 expression. Left, dye was removed from the external medium by repeated washing and
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1117 sedimentation. In control strains (-CPSFL1 (A)) washing removed the dye entirely (white pellet). However, cells
1118 expressing CPSFL1 retained the dye indicating binding or internalisation of fluorescent labelled dye by bacteria
1119 (+CPSFL1(B)) (pink pellet). Middle, Confocal image showing bacteria expressing CPSFL1 after washing in
1120 brightfield and Eosin Y dye fluorescence inside the cells. Right, E. coli cells following Eosin Y application and
1121 extensive washing remained pink. Eosin co-purifies with E. coli cells and co-purified with CPSFL1 following native
1122 purification.

1123 ¢, Comparative compositional analysis of lipophilic extracts obtained from WT and CPSFL1 expressing E. coli cells
1124 using TLC. Red arrow marks additional band appearing only when CPSFL1 was expressed. PE:
1125 phosphatidylethanol, PG: phosphatidylglycerol, CL: cardiolipin.

1126 d, Lipids of E. coli cells expressing flag-tagged CPSFL1 compared to control protein expressing cells. The
1127 differential display of 3 technical control LC-MS analyses (blue, overlay) and 3 analyses of a lipid preparation from
1128 flag-tagged CPSFL1 expressing cells (red, underlay) identifies accumulation of an abundant lipid (arrow). This
1129 substance was annotated as ubiquinone biosynthesis intermediate, octaprenylphenol (OPP, inserted structure
1130 represents E. coli metabolite, 2-all-frans-octaprenylphenol). Annotation was supported by exact mass, and co-
1131 accumulation of minor lipids matching by relative chromatographic retention and exact masses to hepta- and
1132 nonaprenyl phenol (HPP and NPP; see f. LC-MS traces are equally scaled overlays of total ion chromatograms
1133 (m/z 150-1500) recorded in negative ionization mode. These compounds were not detected by positive ionization
1134 analyses.

1135 e, Lipids co-purified by immuno-purification of flag-tagged CPSFL1 expressed in E. coli compared to purifications
1136 from control protein expressing cells. The differential display of 3 technical control LC-MS analyses (black, overlay)
1137 and 3 analyses of a lipid preparation copurified with flag-tagged CPSFL1 (red, underlay) identifies membrane lipids
1138 of E. coli and OPP (arrow). LC-MS traces are equally scaled overlays of total ion chromatograms (m/z 150-1500)
1139 recorded in negative ionization mode.

1140 f, Selected ion chromatograms from e, demonstrating presence of the molecular ions [M-H]- of HPP, OPP, and
1141 NPP, namely m/z 569.4728 (C41Hs10; abundance x 1), m/z 637.5354 (C4sHsoO"; abundance x 1), and 705.5980
1142 (Cs1H7707; scaled abundance x 10). The 3 technical control LC-MS analyses do not contain these compounds. The
1143 3 selected ion chromatograms (red) were extracted by expected monoisotopic masses with a mass tolerance of +/-
1144 0.01 amu. The inserts show the measured m/z of [M-H] from HPP, OPP, and NPP, the mass differences between
1145 the compounds and the m/z deviation (A Da) compared to a prenyl-unit. Dashed vertical lines indicate the retention
1146 time of OPP.

1147
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Figure 5: Regulation of CPSFL1 dependent vesicle formation via PPIs in genetically engineered bacteria

a, Engineered PPl Synthesis pathway introduced into E. coli cells. PIS: phosphatidylinositol-synthase, PIK:
phosphatidylinositol-kinase, PI4P5K: phosphatidylinositol-4-phosphate-kinase. CDP-DAG: cytidine diphosphate

diacylglycerol.

b, Electron micrograph of E. coli cells expressing PPIs as compared to WT shows undulating outer and inner

membranes probably due to curvature inducing properties of conical PPls.

¢, Quantification of endocytosis as measured by dye uptake of cells expressing PPIs or PPIs and CPSFL1 in

comparison to control strains.

d, Electron micrograph of E. coli cells expressing PPIs and CPSFL1. Upon expression of CPSFL1 in PPI expressing
cells, enormous electron opaque and electron dense structures appeared within the cells imaged using TEM.
Analysis of the structures showed a double diamaterby equal cell size as compared to E. coli cells expressing

CPSFL1 only.
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e, TLC of E. coli cells expressing PIPs or PIPs and CPSFL1 in comparison to total lipid extracts of WT E. coli cells.
The synthesis of Pl leads to the detection of an additional band in both PIP and PIP/CPSFL1 expressing lines.

f, Comparison of lipid composition between total lipid extracts of PIP producing E. coli cells and purified CPSFL1.
PPI levels stayed below the detection limit in total cell extracts but could be detected in purified CPSFL1
dependent vesicles.
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Figure 6: Native chloroplast CPSFL1 co-purifies membrane vesicles

a, Similar to E. coli, electron micrographs of immunogold labelled sections of chloroplasts from CPSFL1_Flag
expressing plants show gold clusters at the envelope (lower panel) and within the stromal compartment (top panel).

b, TEM micrographs of CPSFL1_Flag co-immunoprecipitates following negative staining show the presence of
spherical structures (IP-CPSFL1-Flag). Red dotted square marks magnified region on the right. These structures
were not observed in elutions from control protein C-term KEA3 (control, lower image). Immunoprecipitations were
analyzed following SDS-PAGE using chloroplast as control by immunoblotting using FLAG specific antibodies,
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1174 CPSFL1_Flag was shown to be immunopurified. ClpP was used as a negative control protein for Co-IPs and could
1175 not be detected.

1176 ¢, Characterization of the lipid fraction that was co-immuno-purified together with YFP-tagged CPSFL1 from pre-
1177 purified chloroplasts of respective genetically modified plants. Chloroplasts were pre-purified to avoid artificial
1178 contact of the fusion protein with eukaryotic membranes during the purification process. Non-targeted lipidomic
1179 analysis of the co-purified lipids revealed 261 mass features that accumulated at least 5-fold relative to a control
1180 lipid preparation from plants that express YFP targeted to chloroplasts. Selected mass features were among the
1181 top 1500 abundant (arbitrary units) of 3294 detected mass features. 130 of the selected mass features were
1182 annotated as molecular ions, adducts or in source fragments of lipid species from chloroplast-located lipid classes.
1183 Specific co-purified species of each lipid class are shown. Additional non-enriched lipid species of each class are
1184 omitted. Annotation was by match of predicted molecular mass and retention times to reference libraries or in the
1185 absence of reference compounds, namely Acyl-PGs and Acyl-MGDGs (Supplemental Figure S6), by match of
1186 predicted molecular masses. The plots show co-immunopurified abundances of each lipid species from the control
1187 preparation (white bar) and two independent co-purifications (grey and dark grey bars).
1188 Monogalactosyldiacylglycerols (MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerols
1189 (SQDG). For further lipid classes, e.g., phosphatidylglycerol (PG), phosphatidylcholine (PC), chlorophylls, and acyl-
1190 MGDGs, refer to the supplement (Supplemental Figure S6). Fold changes to the right indicate the average
1191 enrichment of each lipid species across the two independent preparations compared to the control preparation.

1192 d, Size comparison of CPSFL1 bound vesicles isolated from E. coli and plants showed a significant difference.
1193 Whereas bacterial vesicles showed an average diameter of 15 nm, isolated plant vesicles with an average diameter
1194 of 40 nm were much bigger.

1195 e, Transmission electron micrographs of WT and cpsfl7-1 mutant chloroplasts showing plastoglobules (arrows).
1196 Similar structures appeared close to thylakoids in cpsf/7-1 mutants but appear pale.

1197 f, Quantification of plastoglobuli number (PGs) per um? in WT and cpsfl7-1 mutant plastids. Quantification of
1198 electron-transparent (non-osmiophilic, or white) plastoglobules as compared to electron-opaque (osmiophilic, or
1199 black) plastoglobules observed in WT chloroplasts.
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Supplementary Figure 1

a, In silico prediction of the CPSFL1 using HeliQuest predicted the CPSFL1 a-helix between aa*® and aa’ through
partitioning of hydrophobic and polar residues as amphiphilic. The arrow in helical wheels corresponds to the
hydrophobic moment. Configurations and helical wheel representations are colour coded for residues: yellow for
hydrophobic, purple for Ser (S) and Thr (T), blue for Lys (K) and Arg (R), red for acidic, grey for small residues (Ala,
A and Gly, G), and light blue for His (H).
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b, Quantification of confocal microscopy data on recombinant YFP tagged CPSFL1 and mutant variants with GUVs.
Following addition of YFP tagged recombinant CPSFL1 protein variants (CPSFL1-YFP, CPSFL1-AAH-YFP,
AH(cpsrL1)-YFP) to GUV suspensions (1 pM final), membrane bound (m) and unbound GUV surrounding (s) protein
fluorescence (YFP) was quantified. n=50.

¢, Quantification of confocal microscopy experiments using recombinant fluorescent CPSFL1-YFP (1uM final) and

GUVs neutral and charged and conical curvature inducing phospholipid containing GUVs. Protein fluorescence
(YFP) and GUV fluorescence (Dil) was imaged and overlayed (merged) using confocal microscopy. Membrane
bound (m) and unbound GUV surrounding (s) protein fluorescence (YFP) was quantified. n=50.
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Supplementary Figure 2

a, Quantification of lipid fluorescence over time. Following CPSFL1-YFP addition, GUV deformation was
accompanied by decrease in the fluorescence of the membranes and an increase in the fluorescence of the
background (green). In control experiments fluorescence intensities remained unchanged (magenta).

b, Quantification of lipid fluorescence over time. Addition of CPSFL1-YFP to GUVs containing Pl4P was
accompanied by decrease in the fluorescence of the membranes and an increase in the fluorescence of the
background (green). In control experiments fluorescence intensities remained unchanged (magenta). Fluorescence
was quantified using ImagedJ by taking multiple ROIs (n=15) of equal size on membrane and surrounding regions
for each time point.
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Supplementary Figure 3

a, Growth curves of E. coli cells expressing CPSFL1-Flag or the control protein (C-terminus KEA3) before and after
addition of IPTG. No differences were observed.

b, Transmission electron microscopy (TEM) images of E. coli cells expressing a control protein (-CPSFL1) or
CPSFL1 (+CPSFL1) following chemical or cryofixation.
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Supplementary Figure 4

Overview image of FM4-64 and BODIPY stained E. coli cells expressing a control protein (KEA3 C-terminus) or
CPSFLA1.
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TLC of PIP expressing cells and native extracts of CPSFL1 following Eosin Y endocytosis. Comparison with lipid
standards identified PI4P and PI4,5P2 in the native CPSFL1 fractions. Overlay with the Eosin position indicated a
prominent band (red square) enriched in native extracts as an Eosin derivate (right panel).
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Supplementary Figure 6

a, Biplot of lipid mass features accumulated by co-immuno-purification together with YFP-tagged CPSFL1 from pre-
purified chloroplasts of respective genetically modified plants relative a control lipid preparation of chloroplasts from
plants that express YFP in chloroplasts. Non-targeted lipidomic analysis of the co-purified lipids revealed 261 mass
features that accumulated at least 5-fold and were among the top 1500 abundant (arbitrary units) of 3294 detected
mass features (violet), The abundance of most mass features remained unchanged (red) relative to the control.
Low abundant mass features were omitted from further analyses (blue).

b, Characterization of the lipid fraction that was co-immuno-purified together with YFP-tagged CPSFL1 from pre-
purified chloroplasts of respective genetically modified plants, Fig. 6¢ continued (refer to legend of Figure 6¢). Acyl-
MGDGs and Acyl-PGs include putative acylated lipids and Arabidopsides that were annotated according to
expected monoisotopic exact masses; these compounds were not further characterized due to lack of reference
substances. Diacylglycerol (DAG), triacylglycerols (TAG), phosphatidic acids (PA), phosphatidylinositol (Pl),
phosphatidylethanolamine (PE), and phosphatidylserine (PS). Note that we included PE and PS as controls of
potential residual contaminations of the chloroplast preparation by eukaryote membrane lipids.



