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Abstract

Transmembrane proteins perform many crucial functions in the cell, including transfer of matter and
information across the membrane. Giant Unilamellar Vesicles (GUVs) are the ideal tool for studying these
processes; yet functional transmembrane protein reconstitution in GUVs still represents a bottleneck in
bottom-up synthetic biology. Here, we developed a novel approach that we call Synthetic Membrane
Transfer (SMT), where transmembrane proteins reconstituted into styrene-maleic acid particles in a
detergent-free environment can be transferred to the GUV membrane. The SMT approach is a one-step,
facile and general method that works for structurally diverse proteins, and it does not require any specific
lipid or buffer composition. Moreover, the SMT is fully compatible with the Synthetic Membrane Shaper
(SMS) technology, which allows to deform GUVs in a controlled fashion, obtaining dumbbell-shaped GUVs
exhibiting a catenoid-like geometry. The combination of SMT and SMS results in functional reconstitution
of transmembrane proteins in catenoid membrane necks. Using this approach, we demonstrate that
Mic10, a component of the MICOS complex, directly senses membrane curvature and localizes at the neck
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of dumbbells GUVs, a geometry that recapitulates the shape of mitochondria cristae junctions. This paves
the way for bottom-up reconstitution of the MICOS complex on a physiological membrane geometry.

Introduction

Transmembrane proteins are essential components of biological membranes. They perform a number of
crucial tasks, including energy generation (Salmonowicz, 2025), active and passive transport (Alam, 2023),
information transfer and signaling (Ripoll, 2025) and the ability to organize protein complexes (Nakamura,
2024). Giant Unilamellar Vesicles (GUVs) constitute a versatile platform to study the function of both
transmembrane and membrane-associated proteins, (Litschel, 2021) as well as a preferred chassis
towards the assembly of synthetic cells (Olivi, 2021). Thanks to their large size, GUVs can be imaged in
real time by fluorescent microscopy, allowing tracking of fluorescent molecules translocating across the
membrane (Fragasso, 2021). Generating GUVs composed exclusively of phospholipids is relatively easy
and can be accomplished by several techniques, including gel-assisted swelling, electroformation, and
inverted emulsion (Litschel, 2021). In contrast, functional reconstitution of transmembrane proteins in
GUVs is one of the major bottlenecks in bottom-up synthetic biology. This has been achieved in a limited
number of cases using different approaches, each one having specific drawbacks. The most established
technique is electroformation (Aimon, 2011), but it requires extensive case-by-case optimization and, like
all methods based on swelling, suffers from limited encapsulation efficiency (Litschel, 2021). This becomes
critical when soluble macromolecules need to be co-encapsulated in the lumen. Reconstitution
methodologies based on SUVs-GUVs fusion (Biner, 2016) require the use of cationic lipids: these are non-
physiological and may affect protein function.

Recently, nanodiscs (NDs) have emerged as an exciting new platform for the structural characterization
of transmembrane proteins (Sligar, 2021). NDs are discoidal patches of lipid bilayers with a diameter
ranging between 8 and 16 nm that are stabilized by antiparallel belts of membrane scaffold protein (MSP)
(Denisov, 2016). An approach for transmembrane protein reconstitution based on Ca?*-mediated fusion
of MSP-based NDs with GUVs has been recently developed (Stepien, 2023). This approach requires the
target GUV membrane to contain at least 75% of anionic lipids: in addition to making GUVs production
very challenging, the combination of such heavily charged membrane with the relatively high Ca**
concentration required for achieving fusion makes the system prone to aggregation. Thus, a facile and
general method for functional transmembrane protein reconstitution in GUVs using mild conditions and
physiological membrane compositions is still missing.

In addition to MSP-based NDs, a wide range of synthetic polymer-based lipid particles, whose properties
can be finely tuned by design, are available. A prominent class of such polymers are styrene-maleic acid
(SMA) copolymers, which are able to extract lipid patches from an intact membrane, generating polymer-
stabilized nanoparticles called SMALPs (SMA Lipid Particles) (Kuyler, 2025). While MSP-based NDs exhibit
limited interparticle lipid transfer (Stepien, 2023), SMALPs allow fast lipid exchange (Cuevas, 2017).
Indeed, SMALPs have been used to transfer transmembrane proteins into nanometer-sized synthetic
polymersomes (Catania, 2022).

Here, we exploit the lipid exchange property of SMA to develop a novel method for transmembrane
protein reconstitution in GUVs composed of phospholipids. We named this method Synthetic Membrane
Transfer (SMT). The SMT does not require any specific membrane nor buffer composition, while being
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77  compatible with standard membrane compositions widely used in synthetic biology. The SMT is based on
78 inverted emulsion, allowing easy encapsulation of macromolecules in the lumen, overcoming the
79 limitations of existing methods. Here, we demonstrate functional reconstitution of three transmembrane
80  proteins with diverse structural features, including B-barrels, a-helices and membrane-spanning hairpins.
81
82  GUVs have been used extensively to study how proteins preferentially bind to membranes having a
83 specific curvature, using the tube pulling technique (Morlot, 2012; Prévost, 2017; Schoneberg, 2018), or,
84 more recently, the Synthetic Membrane Shaper (SMS) approach (De Franceschi, 2022; De Franceschi,
85 2024). In the SMS approach, GUVs are generated by inverted emulsion, while simultaneously they are
86 being reshaped into “stomatocyte” or “dumbbell” shapes by the action of small DNA assemblies called
87  “nanostars”. The crucial feature of both dumbbells and stomatocytes is the presence of a membrane neck
88  having a catenoid shape (also referred to as “saddle” geometry) (Supplementary Figure 1).
89 It is well established that membrane-associated proteins are able to sense and generate membrane
90 curvature: examples include ESCRT-III subunits (Bertin, 2020; Jukic, 2022; De Franceschi, 2018) and BAR-
91 domain proteins (Prévost, 2015). Likewise, a number of transmembrane proteins are expected to
92 generate membrane curvature. These include for instance caveolins (Matthaeus, 2022) and reticulons
93 (Voeltz, 2006; Power, 2017). However, direct evidence for membrane curvature-sensing capability of
94  transmembrane proteins are relatively scant: for instance, tetraspanins have been shown to prefer
95 positively curved membranes over flat ones, but this was done in the context of plasma membrane-
96  derived giant vesicles (Dharan, 2022), thus this sensing capability cannot be unequivocally assigned to the
97  tetraspanins themselves. Only one transmembrane protein - the potassium channel KvAP - has been
98  shownin reconstitution studies in GUVs to directly sense membrane curvature (Aimon, 2014). To the best
99 of our knowledge, there is no direct evidence of transmembrane proteins sensing catenoid-shaped
100 membranes. Yet, many candidates could fall in this category: the Pom121 and Ndcl subunits of the
101 nuclear pore complex (Funakoshi, 2011; Amm, 2023), thought to mediate the initial steps of nuclear pore
102  formation or the stabilization of high membrane curvature at the nuclear pore; SARS-CoV-2 nsp3 and
103 nsp4, forming a pore in double-membrane vesicles (Huang, 2024), the chemoreceptor TIpA from B. subtilis
104  (Strahl, 2015), and the Mic10 subunit of the mitochondrial contact site and organizing system (MICOS)
105 complex (Barbot, 2015; Bohnert, 2015). MICOS is an evolutionarily conserved, multi-subunit complex that
106  has been shown to govern the formation and maintenance of mitochondrial crista junctions featuring a
107  funnel or slit-like architecture (recently reviewed in (Daumke, 2025)). It consists of at least six distinct
108  subunits which are mostly small, membrane-embedded proteins of the inner mitochondrial membrane.
109 Mic10 is thought to form a small hairpin-like structure in the inner mitochondrial membrane which
110  oligomerizes in arc-like structures to stabilize the high curvature of the crista neck (Barbot, 2015; Bohnert,
111 2015). The paucity of reconstitution studies on this topic is likely due to the technical challenges in
112 reconstituting transmembrane proteins while at the same time being able to manipulate the membrane
113 into a catenoid shape.
114 Here, we combine the SMT and SMS technologies in a single-step protocol to overcome the above-
115 mentioned bottlenecks and achieve transmembrane protein reconstitution in GUVs of complex catenoid
116  geometry. This allows probing the curvature-sensing capability of transmembrane proteins in a very
117 simple setup. Using this approach, we show that the MICOS subunit Mic10 senses membrane curvature
118  and becomes enriched in catenoid-shaped necks. This study paves the way for functional reconstitution
119 of large protein complexes that include transmembrane proteins at regions of complex membrane
120 curvature, such as the MICOS complex.
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122
123 Results

124  Establishing the SMT approach to transfer phospholipids from SMA into GUVs

125  Therationale behind the SMT approach is that both lipids and transmembrane proteins can be transferred
126  to a GUV membrane simply by the intrinsic propensity of SMA to exchange material (Cuevas, 2017),
127 avoiding the use of detergents or fusogenic agents. Hereafter, we refer to lipids and proteins embedded
128 in SMA as lipid-SMA and protein-SMA, respectively. Initially, we tested whether lipid-SMA could be
129  incorporated into the GUV membrane. In the SMT approach, GUVs are generated by emulsification of an
130 inner solution within an oil phase containing lipids. The emulsion is then layered on top of an outer
131  solution. As the droplets sink by gravity, they first acquire the inner monolayer and finally the outer
132 monolayer as they cross the oil/outer buffer interface (Figure 1A). In order to promote phospholipid
133 insertion into the membrane, lipid-SMA are included in the inner buffer. The high degree of confinement
134  in emulsified droplets is expected to promote interaction between lipid-SMA and the membrane that is
135 being formed. Moreover, the fact that lipid-SMAs are present during the process of membrane formation
136 is expected to lower the energy barrier for insertion and fusion, leading to incorporation of the
137  phospholipids in the GUV membrane. Lipid-SMA were generated by addition of SMA to multilamellar
138 liposomes, which caused the liposome suspension, initially turbid, to clarify. Size-exclusion
139  chromatography indicates that addition of SMA to multilamellar liposomes resulted in a homogeneous
140  population of lipid-SMA, eluting as a single sharp peak (Figure 1B). Inclusion of lipid-SMA, containing the
141 fluorescent lipid Rhodamine-PE, in the inner solution resulted in a high yield of GUVs displaying bright
142  fluorescent signal that colocalized with the GUV membrane (Figure 1C). The fluorescent signal was
143 uniform along the rim, as would be expected if the lipids initially contained in the lipid-SMA had indeed
144 become an integral part of the membrane. In contrast, inclusion of Small Unilamellar Vesicles (SUVs) in
145  the inner buffer without SMA resulted in the SUVs being either retained in the lumen or aggregating on
146  the membrane (Supplementary Figure 2). To avoid any potential cross-talk between fluorescent channels
147  during imaging, Rhodamine-PE was included only in the lipid-SMA. Indeed, in the absence of lipid-SMA,
148  the GUV membrane did not display any detectable fluorescence (Supplementary Figure 3). Moreover,
149  lipid-SMA incorporation in the membrane was concentration-dependent: at low concentration, only the
150 membrane displayed fluorescent signal. As the lipid-SMA concentration was increased, the fluorescent
151  signal at the membrane was accompanied by the signal from lipid-SMA floating in the lumen, indicating
152  that the membrane was being saturated with lipid-SMA (Figure 1D). Overall, these data are consistent
153  with the incorporation of lipid-SMA into the GUV membrane. To shed light on the mechanism of lipid
154  transfer, we imaged the droplets generated during emulsification. We did not observe enrichment of lipid-
155  SMA at the rim of droplets, irrespectively of the lipid-SMA concentration (Supplementary Figure 4). This
156  indicates that association of lipid-SMA with the membrane, and thus lipid transfer, likely happens at the
157  interface between the oil and the outer buffer, while the full bilayer is being formed. It has been previously
158 shown that droplets can remain stationary at the interface for a prolonged time, even upon application
159  of a centrifugal force (Van de Cauter, 2024). Because in the SMT the droplets sink simply by gravity, they
160 likely linger at the interface even longer, leaving enough time for lipid-SMA to interact with the membrane
161 and exchange lipids. This mechanism appears to be particularly relevant during the reconstitution of
162  transmembrane proteins (see following sections). To ensure the correct positioning of the ectodomains,
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163  transmembrane proteins require aqueous compartments on both sides of the membrane, a condition that
164  is met when the bilayer forms at the oil/outer buffer interface.

165 Reconstitution of maltoporin in GUVs by the SMT

166 Having an initial indication that phospholipids can be exchanged with the GUV membrane, we tested
167  whether the SMT can result in reconstitution of transmembrane proteins. As the first candidate we chose
168  maltoporin, a well-characterized B-barrel transmembrane protein (Ranquin, 2004). We purified
169 maltoporin using n-dodecyl-R-D-maltoside (DDM)-mediated extraction and subsequently exchanged the
170  detergent with SMA by incubating the sample with bio-beads, obtaining maltoporin-SMA. Thus, the
171 protein that is being reconstituted in GUVs is detergent-free. We also tested incorporation of maltoporin
172 into amphipol A8-35 (hereafter called Apol), a polymer widely used in structural biology (Zubcevic 2016,
173 McDowell 2020, Flegler 2020). Both maltoporin-SMA and maltoporin-Apol eluted as sharp peaks in size-
174 exclusion chromatography, having an apparent molecular weight similar to that of lipid-SMA (Figure 2A).
175  This is in line with the fact that maltoporin does not possess large ectodomains which would affect its
176  elution profile. However, maltoporin-SMA and maltoporin-Apol appeared starkly different when imaged
177 by negative-staining electron microscopy. Maltoporin-SMA formed particles with a narrow size
178  distribution (average size = 12.2 + 1.3 nm). This is consistent with trimeric maltoporin given its
179 approximate size of 8 nm (Yvonnesdotter, 2023), the SMA belt around the complex, and the effect of
180  uranyl acetate deposition. In contrast, maltoporin-Apol polymerized into long filaments (Figure 2B).
181 Because maltoporin filaments were never reported, we characterized them by cryo-EM. 2D classification
182 and 3D reconstruction confirmed that maltoporin maintained its trimeric form when reconstituted in Apol
183 (Supplementary Figure 5A and 5B), similar to the published structures obtained in detergent
184 (Yvonnesdotter, 2023). Within the filament, however, each trimer constitutes a “unit” capable of
185 polymerizing, an effect seemingly induced by the ApolA8-35 polymer and likely not representing a
186  physiological state of the protein. Nevertheless, we tested the ability of both maltoporin-SMA and
187  maltoporin-Apol to transfer maltoporin to the GUV membrane.

188  We covalently labelled maltoporin using Alexa-488 and performed the SMT procedure by including
189  maltoporin in the inner buffer. With maltoporin-SMA we obtained GUVs displaying a relatively
190 homogeneous fluorescent signal at the membrane (Figure 2C, 2D). The fluorescent signal was due to the
191 reconstituted maltoporin, since inclusion of SMA alone in the inner buffer did not result in any detectable
192  fluorescence signal in the 488 nm channel (Supplementary Figure 6A). In contrast, maltoporin-Apol failed
193  to achieve protein incorporation in the GUV membrane (Figure 2E). This indicates that the choice of the
194  polymer used to embed the protein plays a critical role, and this difference may be potentially due to the
195 formation of supramolecular assemblies that may negatively impact reconstitution (i.e. maltoporin
196 filaments). Similar to lipid-SMA, maltoporin-SMA could also saturate the GUV membrane by increasing its
197  concentration in the inner buffer (Supplementary Figure 6B).

198 Next, we tested whether maltoporin was functionally reconstituted. To this end, we examined its ability
199  to transport maltose by visualizing osmotically-induced deformation of GUVs. In this assay, GUVs
200 generated in iso-osmotic outer buffer are subsequently perfused using a microfluidics capillary with a
201 buffer having a higher osmolarity, which is achieved by adding 200 mM maltose to the iso-osmotic outer
202 buffer. Because maltose cannot cross the membrane, GUVs generated in the absence of maltoporin
203  experience an osmotic imbalance, resulting in membrane deformation and deviation from a spherical
204  shape. In contrast, functionally reconstituted maltoporin allows transfer of maltose across the membrane,
205 nullifying the osmotic imbalance and resulting in GUVs that remain spherical (Figure 2F). These data
206  indicate that maltoporin has been functionally reconstituted.
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208

209  Reconstitution of aquaporin-12 in GUVs by the SMT

210 Next, we tested reconstitution of an all-a-helical transmembrane protein, aquaporin-12 (AQP12). We
211  purified GFP-tagged AQP12 by DDM + cholesteryl hemisuccinate (CHS) extraction and exchanged the
212 detergent with SMA. The resulting AQP12-SMA eluted as larger species than lipid-SMA in size-exclusion
213 chromatography (Figure 3A), likely due to the presence of the GFP tag. AQP12-SMA gave particles with an
214 average size of 14.2 £ 2.2 nm in negative-staining EM (Figure 3B). These results are consistent with AQP12
215 being reconstituted in an oligomeric state, since AQP12 monomers are only 3 nm wide (Verkman, 2000).
216 Upon reconstitution using the SMT procedure, GUVs with relatively homogeneous GFP signal at the
217 membrane were obtained (Figure 3C, 3D).

218  The functionality of AQP12, a water and glycerol transporter, has been previously demonstrated by
219 measuring the size of proteo-SUVs upon addition of glycerol using stopped-flow dynamic light scattering
220  (DLS) (Bjgrkskov, 2017). However, this approach cannot be used for GUVs as their size exceeds the range
221 of DLS and GUVs observation is not compatible with the use of a stopped-flow device. Since there are no
222 commercially available fluorescent sensors for glycerol, we tested AQP12 functionality as an H,0;
223 transporter. We generated GUVs by including an H,0; fluorescent sensor in the inner buffer. Because
224 some droplets generated during emulsification fail to become GUVs, some of the inner buffer is released
225 into the outer buffer. Therefore, the sensor is also present in the outer buffer. We then injected H,0,
226  directly into the observation chamber using a microfluidics capillary. As H,0; progressively entered the
227 chamber, an increase in fluorescence from the sensor was recorded in bulk (Supplementary Figure 7).
228  Since we noticed that the presence of SMA alone in the inner buffer resulted in partial permeabilization
229 of the membrane to H,0; (Supplementary Figure 8), we included SMALP200 in our negative control. We
230  detected an increased influx of H,0, in the AQP-12 sample compared to the SMA-only control (Figure 3E).
231  These data indicate that AQP12 was functionally reconstituted using the SMT protocol. Importantly, the
232 SMT appears to be a general method that allows both B-barrel and a-helical proteins to be reconstituted
233 with minimal optimization required.

234  Versatility of the SMT approach

235  To investigate the applicability of the SMT approach for synthetic biology, we tested transmembrane
236  proteins reconstitution using lipid compositions and co-encapsulation with macromolecules commonly
237  employed in bottom-up reconstitution studies.

238 Negatively charged lipids such as DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine) are often included in
239  GUVs to promote protein binding (Mercier, 2020). We tested maltoporin incorporation upon increasing
240  amount of DOPS in the GUVs membrane. We found that while reconstitution using the SMT is only
241 marginally affected by the presence of up to 15% of DOPS, the efficiency starts to decline at 30% and
242 above (Figure 4A). This is likely due to the fact that the SMA polymer is itself negatively charged. However,
243 a concentration of negatively charged lipids lower than 30% is typically used to trigger protein binding
244  (Schoneberg, 2018). Thus, the SMT is compatible with the presence of negatively charged lipids, while at
245  the same time it does not require any specific lipid composition to promote reconstitution.

246  The grand goal of synthetic biology is to build a synthetic cell from the bottom-up: this requires
247  encapsulation of a combination of macromolecules having a high degree of complexity. This is typically
248 achieved by combining nucleic acids, proteins and carbohydrates. Here, we demonstrate that
249  transmembrane protein reconstitution via the SMT approach is compatible with co-encapsulation of these
250  macromolecules. 10 kDa dextran (Figure 4B), bovine serum albumin (BSA) (Figure 4C) and a 22-mer single
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251  strand DNA (ssDNA) (Figure 4D) could be co-encapsulated with maltoporin without affecting transfer of
252 the transmembrane protein to the GUV membrane and without compromising the solubility of these
253 macromolecules. These data demonstrate the versatility of the SMT approach for encapsulation of
254 different classes of macromolecules with concomitant transmembrane protein reconstitution,
255 highlighting its potential in bottom-up reconstitution studies.

256

257 Functional reconstitution of Mic10 at the neck of dumbbell-shaped GUVs

258 Finally, we combined transmembrane protein reconstitution with membrane deformation by
259 reconstituting Mic10, a transmembrane hairpin protein and one of the key components of the MICOS
260  complex at the crista junctions in mitochondria (Stephan, 2020). Mic10 is known to oligomerize in the
261 membrane (Barbot, 2015; Bohnert, 2015, Stephan, 2024), forming stable and robust higher order
262 assemblies, making it a challenging candidate for functional and structural studies. To obtain the protein
263 in a functional form, we pursued an approach described for stabilizing the flexible termini of a vitamin K
264  epoxide reductase (Liu, 2021). Thus, we recombinantly produced and purified Drosophila Micl0b
265 (Stephan, 2024) in DDM as a split GFP-fusion protein, in which both the N- and C-termini were fused to
266  the two moieties of split-GFP. The DDM was exchanged with SMA, obtaining Mic10-SMA that was
267 subjected to size-exclusion chromatography (Figure 5A). The larger apparent size of Mic10-SMA compared
268  to lipid-SMA may be attributed to the presence of the GFP tag or to the formation of Mic10 oligomers.
269 Upon reconstitution using SMT, Mic10 appeared in clusters that were freely diffusing on the membrane
270  (Figure 5B, 5C and Movie 1). The membrane could also be saturated with Mic10 upon increasing protein
271  concentration (Figure 5D). Interestingly, we found that the optimal Mic10 concentration to obtain well-
272 defined clusters was 150 nM: this is similar to the concentration used to obtain neck-localized clusters of
273  dynamin Ain a previous study (De Franceschi, 2024). At a concentration of 75 nM, Mic10 also localized at
274  the membrane, however, it exhibited a more diffuse pattern possibly due to inefficient clustering of the
275 protein at lower density.

276  We then tested whether Mic10 could be reconstituted while deforming the GUVs into a dumbbell shape.
277  We performed Mic10 reconstitution by the SMT in hyperosmotic conditions and by adding cholesterol-
278 functionalized nanostars in the outer buffer, which induce GUV deformation into a dumbbell shape and
279  generate membrane necks (De Franceschi, 2022). For this set of experiments, we included DOPE-
280 Rhodamine in the GUV membrane for clearer visualization of membrane necks. We observed a stable
281 localization of Mic10 clusters at the neck of dumbbell liposomes (Figure 5E, Supplementary Figure 9A and
282 Movie 2, Movie 3). Mic10 clusters also localized at the necks of nanotubes emanating from GUVs (Figure
283  5F, Movie 4), as well as along the nanotubes themselves (Supplementary Figure 9B and Movie 5).
284  Occasionally, we also observed long membrane tubes that displayed a very bright GFP signal, indicating a
285 high density of Mic10 (Movie 6). These structures may correspond to the membrane tubes obtained in
286  vivo upon strong overexpression of Mic10 (Stephan, 2024).

287 Localization at necks and along nanotubes strongly resembles the localization of soluble curvature-sensing
288 proteins such as ESCRT-IIl components (De Franceschi, 2018; Schoneberg, 2018; Souza, 2025). In contrast,
289  maltoporin was not enriched at the neck of dumbbells (Supplementary Figure 10). Curvature sensing could
290 only be achieved if Mic10 was correctly inserted into the membrane, thereby confirming that Mic10 has
291 been functionally reconstituted.

292

293
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294

295 Discussion

296  We presented an approach called SMT to achieve facile, detergent-free reconstitution of transmembrane
297  proteins in GUVs. We demonstrated successful functional reconstitution of three transmembrane
298  proteins which are structurally diverse — maltoporin is a B-barrel protein, aquaporin-12 is all a-helical,
299  while Micl0 is a membrane-spanning hairpin protein. We also combined transmembrane protein
300 reconstitution with membrane deformation, obtaining Mic10 enrichment at catenoid membrane necks.
301  Such necks recapitulate the shape of mitochondrial crista junctions, where Micl0 localizes. This
302 represents the first example of a transmembrane protein directly sensing a catenoid shape. Overall, the
303 findings reported here portray the SMT as a promising platform for reconstituting large protein complexes
304 by a bottom-up approach, when such complexes include transmembrane proteins and are assembled at
305 catenoid necks. These include the MICOS complex (Barbot, 2015; Bohnert, 2015), the nuclear pore
306  complex (Funakoshi, 2011; Amm, 2023), the SARS-CoV-2 nsp3/nsp4 complex (Huang, 2024) and the
307  bacterial Z-ring (Du, 2019), just to name a few (Figure 5G). These systems are notoriously challenging to
308 reconstitute using the state-of-the-art techniques. An additional advantage of the SMT is that it does not
309 require sophisticated equipment and it is very easy to perform with minimal training and optimization.
310 We anticipate that the SMT may become widely adopted as a general platform in the synthetic biology
311 community.
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Figure 1: Lipid transfer from lipid-SMA to GUVs by the SMT approach. (A): Schematic illustrating the SMT
approach. The inner solution containing the lipid-SMA (visualized as pink phospholipids with a yellow belt)
is emulsified in the oil phase containing lipids. The droplets progressively acquire the inner monolayer and
the outer monolayer once they cross the oil/outer buffer interface. During this last step, the lipid-SMA fuse
with the newly formed bilayer and their phospholipid content is incorporated into the GUV membrane. (B)
Analytical size-exclusion chromatogram of lipid-SMA recorded at 560 nm, corresponding to DOPE-
Rhodamine. (C): Typical field of view of GUVs generated by the SMT. The fluorescent signal, here shown in
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470  magenta, originates from fluorescent phospholipids that were exclusively present in the lipid-SMA. (D):
471 GUVs generated using increasing concentration of lipid-SMA in the inner solution (indicated on top of the
472  images). The line scans visualize the extent of fluorescent lipid localization at the GUV membrane. The
473  fluorescent lipids originate exclusively from the lipid-SMA.

474
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476
477  Figure 2: Maltoporin reconstitution in GUVs by the SMT approach. (A): Analytical size-exclusion
478  chromatogram of maltoporin-SMA and maltoporin-Apol recorded at 280 nm. Elution profile of lipid-SMA
479  recorded at 560 nm is shown for comparison. (B): Negative-staining EM of maltoporin-SMA and
480  maltoporin-Apol. While maltoporin-SMA gives a homogeneous population of individual particles,
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reconstitution in Apol results in maltoporin filaments. (C): Example of GUV with reconstituted maltoporin-
SMA. (D): Rim profile of the GUV with reconstituted maltoporin-SMA shown in (C). (E): Example of GUV
with reconstituted maltoporin-Apol. (F): Functional assay of maltoporin-SMA reconstituted in GUVs.
Images of the same field of view before and after perfusion with hyperosmotic buffer containing 200 mM
maltose are shown. A control containing only SMA is shown. The schematics at the bottom clarify the
outline of the GUVs in each image. n=2.
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488  Figure 3: Aquaporin-12 reconstitution in GUVs by the SMT approach. (A): Analytical size-exclusion
489  chromatogram of AQP12-SMA recorded at 280 nm. Elution profile of lipid-SMA recorded at 560 nm is
490  shown for comparison. (B): Negative-staining EM of AQP12-SMA. (C): Example of GUV with reconstituted
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AQP12-SMA. (D): Rim scan of the GUV with reconstituted AQP12-SMA shown in (C). (E): Influx of H;0; in
GUVs containing AQP-12-SMA or SMA-only control. The fluorescent signal from the H,O, sensor is shown
in green. Presence of fluorescence signal inside the GUV lumen indicates that H,O, has crossed the
membrane. The plot on the right shows the quantification of H,O, permeation across the membrane, and
was calculated by normalizing the fluorescence intensity difference between inside and outside of each
GUV according to the formula: Inqifr= (lout — lin)/lout (s€€ methods). p-value = 0.00116 (Mann-Whitney U
Test). n = 108 for AQP12-SMA; n = 200 for SMA-only control. Data were collected over 3 independent
experiments. For the details on the quantification, see methods.
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Figure 4: Transmembrane protein reconstitution in the presence of negatively charged lipids and upon
co-encapsulation of macromolecules. (A): Reconstitution of maltoporin in GUVs containing an increasing
amount of DOPS jn the GUV membrane. (B): Reconstitution of maltoporin upon co-encapsulation of 10-
kDa Dextran-Alexa647. (C): Reconstitution of maltoporin upon co-encapsulation of BSA-Alexa555. (D):
Reconstitution of maltoporin upon co-encapsulation of a 23-mer ssDNA-Alexa647.
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509  Figure 5: Mic10 reconstitution in GUVs by the SMT approach. (A): Analytical size-exclusion chromatogram
510 of Micl0-SMA recorded at 280 nm. Elution profile of lipid-SMA recorded at 560 nm is shown for
511  comparison. (B): Example of spherical GUV with reconstituted Mic10-SMA. (C): Rim scan of the GUV with
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reconstituted Mic10-SMA shown in (B). (D): GUVs generated using increasing concentration of Mic10-SMA
in the inner solution (the concentration used is indicated above the images). (E): Confocal image of
dumbbell-shaped GUVs having Mic10 cluster stably localized at catenoid necks (indicated by the yellow
arrowheads). For this experiment, DOPE-Rhodamine was included in the GUV membrane. (F): Confocal
image of spherical GUVs having Mic10 cluster stably localized at the nanotube necks emanating from the
GUV body. For this experiment, DOPE-Rhodamine was included in the GUV membrane. (G) Schematic
illustrating instances in which transmembrane proteins may play a role in curvature sensing at membrane
necks as part of larger protein complexes. The membrane is indicated in magenta; the relevant protein
complexes in green. OMM = outer mitochondrial membrane; IMM = inner mitochondrial membrane; DMVs
= double-membrane vesicles; ONM = outer nuclear membrane; INM = inner nuclear membrane; NPC =
nuclear pore complex.
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