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Synthetic cells aim to emulate living systems by reconstituting essential cellular processes
within lipid-bound architectures. However, their functional complexity remains con-
strained by a key challenge: the synthesis and correct integration of hydrophobic mem-
brane proteins via cell-free approaches. Here, inspired by natural cells, we developed a
spatially regulated translation strategy in which membrane-anchored mRNAs recruit
ribosomes to drive the cotranslational insertion of membrane proteins into lipid bilayers.
This design enables efficient in situ synthesis and integration of multiple transmembrane
proteins within giant unilamellar vesicles, supporting selective small-molecule transport
across membranes. Importantly, the method allows for precise stoichiometric control of
membrane protein composition. Together, this work establishes a minimal yet versatile
framework for the direct synthesis and integration of membrane proteins, advancing
the construction of functional synthetic cells.

synthetic cells | membrane proteins | cell-free protein synthesis

Synthetic cells represent a crucial frontier in synthetic biology, striving to encapsulate
life-like functionalities within engineered lipid compartments (1-3). By employing a
bottom—up molecular approach to construct and regulate integrated genetic elements,
researchers have enhanced their ability to design and control synthetic cells. A central
challenge in this endeavor is the reconstitution of membrane proteins—dynamic molecular
machines responsible for selective transport, signal transduction, and structural integrity
(4-8). These characteristics position synthetic cells as a modular and adaptable platform
with potential applications in medicine, biosensing, biomanufacturing, and related fields.

Current strategies for membrane protein integration primarily rely on in vitro recon-
stitution methods, such as detergent-mediated solubilization and nanoliposome fusion,
which facilitate the incorporation of purified proteins into lipid vesicles (9-14). Despite
significant advances, these approaches still face critical limitations. During detergent-
mediated solubilization and membrane integration, proteins often suffer from denatura-
tion, misfolding, or incorrect insertion, resulting in compromised or lost functionality.
In addition, the efliciency of incorporation varies widely depending on the specific com-
binations of membrane proteins and detergents, making it difficult to quantitatively
control the protein stoichiometry within the membrane. Residual detergents or organic
solvents may further impair the structural integrity and long-term stability of the lipid
bilayer. More fundamentally, these approaches rely on the external, static insertion of
prepurified proteins, lacking the capacity for dynamic, on-demand synthesis and regulation
of membrane proteins within synthetic cells. This constraint severely limits the develop-
ment of synthetic cellular systems capable of life-like behaviors such as environmental
sensing, adaptive response, and autonomous regulation.

While commercially available cell-free protein expression (CFPE) systems demonstrated
remarkable efficacy in producing diverse soluble proteins (15-17), the in situ synthesis and
functional integration of hydrophobic membrane proteins within synthetic cells remain a
critical unresolved challenge. Unlike cytosolic proteins, hydrophobic interactions make mem-
brane proteins highly susceptible to misfolding and aggregation when exposed to aqueous
environments (Fig. 14). In natural cells, the translation process is tightly coupled with the
membrane insertion to prevent hydrophobic collapse via the Sec—signal recognition particle
(SRP) pathway or YidC (Fig. 14) (18-23). Reconstituting the SRP-mediated targeting within
micrometer-scale vesicles requires precise spatial coordination and stoichiometric balance
among the multiple components, making it highly complex. Alternative strategies have
achieved partial success by bypassing the native mechanisms. For instance, confining the protein
synthesis to submicron vesicles (<1 pm) statistically enhances the proximity between ribosomes
and membranes, facilitating the passive insertion of small transmembrane domains (24).
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Fig. 1.

Spatial regulation of membrane protein translation in GUVs. (A) Schematic illustration of three modes of membrane protein synthesis from mRNA: (i)

in aqueous solution, hydrophobic membrane proteins misfold and aggregate posttranslation; (ii) in cells, membrane protein translation and insertion are co-
translationally mediated by the SRP pathway; (i) membrane-proximal translation of mRNA strategy proposed in this study. (B) Design of membrane-targeted
mMRNA complexes. (C) Schematic of cell-sized GUV synthesis. (D) Representative fluorescence images of GUVs containing cholesterol-modified (Top) or unmodified
(Bottom) nucleic acid complexes. (E) Radial fluorescence intensity profiles quantifying membrane localization efficiency. (F) Quantification of membrane-to-lumen
fluorescence intensity ratios for 25 GUVs per condition (mean + quartiles). (G) Representative image of a GUV showing membrane-localized mNG-labeled
Fo subunit a (green) and membrane-associated Alexa Fluor® 647 anti-Flag antibody (red). (H) Quantification of membrane-to-lumen (Left) and membrane-
to-solution (Right) fluorescence intensity ratios derived from radial fluorescence profiles of individual GUVs. Green fluorescence (Left) corresponds to mNG-
labeled Fo subunit a, indicating membrane localization. Red fluorescence (Right) corresponds to Alexa Fluor® 647 anti-Flag staining, reflecting the membrane
accessibility of the tagged protein. Data represent 25 GUVs per condition. Box plots show the mean (open square), median, and quartiles. (/) Increasing the
concentration of encapsulated mRNA complexes led to a proportional increase in the density of membrane-localized proteins Data represent more than 20
GUVs per condition. (/) Diffusion of synthetic membrane proteins in GUV membranes assessed by FRAP. Representative images show the prebleach, bleached
(red box), and recovery regions. The plot shows normalized fluorescence recovery (black squares) and fitted curve (green). (Scale bar, 10 um.)

However, the small reaction volumes magnify stochastic fluctuations
in the initial component concentrations, destabilizing the metabolic
networks during extended expression. Researchers have also employed
membrane-anchored engineered ribosomes to tether translation
machinery to lipid surfaces, but they are often incompatible with
commercial CFPE systems and may perturb the ribosome confor-
mational dynamics (25). Even in the absence of dedicated insertion
machineries such as SecYEG or YidC, recent studies have shown that
a-helical membrane proteins can spontaneously integrate into lipid
bilayers when the translation occurs in close spatial proximity to the
membrane (26, 27). This process follows a kinetic “capture” mecha-
nism, whereby the nascent hydrophobic segments rapidly partition
into the bilayer upon emergence from the ribosome, preventing
aggregation or misfolding in the aqueous phase. The efficiency of this
spontaneous cotranslational insertion depends largely on the fre-
quency and duration of the ribosome—membrane encounters (27—
30). These insights suggest that enhancing the local coupling between
the translation and the membrane could markedly increase the success
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rate of membrane integration. These challenges underscore the need
for a versatile, sequence-independent platform that couples transla-
tion with membrane integration. RNA-based regulatory elements
offer unique advantages in this context, as they are directly tran-
scribed, genetically encodable, and readily programmable. In natural
cells, mRNAs exhibit distinct subcellular spatial distributions (31),
enabling precise spatiotemporal control of gene expression (32-40).
Inspired by the observation that some membrane-protein-encoding
mRNAs localize near membranes independent of ribosomes, we
hypothesized that membrane-anchored mRNAs could recruit ribo-
somes to form nanoscale translation zones, where nascent peptides
immediately interact with the lipid bilayer. Leveraging the physico-
chemical affinity of hydrophobic residues for lipid environments
(41-44), such cotranslational insertion could enable efficient mem-
brane integration.

In this study, we developed an mRNA-based spatial translation
platform that enables robust synthesis and integration of diverse
a-helical membrane proteins within giant unilamellar vesicles
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(GUVs). Specifically, we designed a 3’ untranslated region
(3'UTR)-encoded mRNA localization system that utilizes chemi-
cally modified nucleic acids and sequence-specific hybridization to
direct translation toward the membrane, allowing efficient protein
synthesis and integration in synthetic cells. Extending this system,
we further synthesized functional transmembrane transporters to
enable selective uptake of defined substrates. By modulating the
relative abundance of membrane-targeted mRNAs encoding dif-
ferent proteins, we decoupled template dosage from protein stoi-
chiometry within membranes, enabling fine-tuned control over
membrane composition. Overall, our approach enhances mem-
brane protein expression and integration without requiring modi-
fications to protein sequences or ribosomal components, ensuring

full compatibility with existing CFPE toolkits.

Results

Enhancing Membrane Protein Integration via Membrane-
Proximal Translation. To address the concept described above
(Fig. 1A4), we developed a cholesterol-conjugated single-stranded
DNA (chol-ssDNA) hybridization strategy. We engineered a
60-nucleotide sequence, termed “AnchorTail,” into the 3’UTR of
the target mRNA. This sequence included two functional domains:
1) a 20-nucleotide cholesterol binding domain complementary
to chol-ssDNA, and 2) a 20-nucleotide visualization domain
for conjugation with Cy3-conjugated ssDNA (Cy3-ssDNA)
(Fig. 1B). Following in vitro transcription, which yielded >90%
pure AnchorTail-mRNA, we produced a triple-hybrid complex
through gradient annealing at a 1:1:1 molar ratio (mRNA: chol-
ssDNA: Cy3-ssDNA). Distinct membrane binding properties
were confirmed at the single-molecule level by the total internal
reflection fluorescence (TIRF) microscopy (SI Appendix, Fig. S1).
Quantitative analysis showed a significant i increase in point density
for chol-ssDNA complexes (0.15 counts/pm %) compared to
controls (~0 counts/um?) at a 100 pM triple-hybrid complex,
confirming cholesterol-dependent membrane anchor. Subsequent
encapsulation of the annealed complex (200 nM) within GUVs
via inverse emulsion enabled spatial distribution analysis through
confocal microscopy (Fig. 1C). The ratio between the fluorescence
in the vesicular lumen and that at the membrane (S Appendix,
Fig. S2) indicated a 11-fold increase in membrane localization
of the mRNAs with cholesterol modification (10.4 + 1.1 vs.
+ 0.2) (Fig. 1 D-F). Selective nuclease digestion further
confirmed that more than 80% of the complexes were bound
to the inner membrane surface (SI Appendix, Fig. S3). These
results conclusively demonstrate that the cholesterol mediated
hybridization at the 3’UTR enables precise spatial regulation of
mRNA distribution, achieving predominant localization near the
phospholipid membrane in the synthetic cellular systems.
Building on the validated mRNA anchoring strategy, we designed
a chimeric mRNA encoding a FLAG-tagged ATP synthase Fo
subunit a, fused with mNeonGreen (mNG) and AnchorTail (FLAG-
atpB-mNG-AnchorTail). After in vitro transcription and purifica-
tion, we coencapsulated 50 to 300 nM triple-hybrid complex
together with a PURE cell-free translation system into GUVs via
inverse emulsion (Fig. 1F). Following a 3-h incubation at 37 °C,
membrane protein synthesis occurred. The confocal imaging
revealed a distinct spatial distribution of the synthesized proteins
(Fig. 1G). As the concentration of the encapsulated complex
increased, the amount of the membrane-associated protein also rose
proportionally, demonstrating that the expression level can be pre-
dictably tuned through the density of the membrane binding
mRNAs. The immunostaining with the Alexa Fluor® 647 conjugated
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anti-FLAG antibodies confirmed the correct transmembrane topol-
ogy. The colocalization of the mNGs and the antibodies at the mem-
brane confirmed successful translocation of the protein’s N terminus
across the membrane, with over 85% of the mNG-positive GUVs
displaying concurrent antibody binding (Fig. 1A). The fluorescence
recovery after photobleaching (FRAP) analysis further indicated that
the membrane proteins are mobile in the phospholipid membrane
(Fig. 21), with a fluorescence recovery rate closely matching the dif-
fusion kinetics of membrane proteins in GUVs reported in previous
studies. These results gave critical evidence for the dynamic similarity
between the membrane proteins synthesized via the membrane-
proximal translation and their native counterparts. We encapsulated
presynthesized subunit a, which had been produced in the absence
of membranes using chol-ssDNA-modified complex as a negative
control. As expected, these preformed hydrophobic products exhib-
ited minimal association with the GUV membranes and showed no
evidence of proper insertion (S/ Appendix, Fig. S4). This experiment
establishes the boundary condition that posttranslational exposure
to membranes is insufficient for integration. Efficient membrane
insertion therefore requires cotranslational folding in immediate
contact with the lipid bilayer, as achieved by our membrane-anchored
translation platform.

DNA Initiated Membrane Protein Expresses in Synthetic Cells.
We have demonstrated efficient integration of protein membranes
by employing presynthesized, purified mRNA to construct the
membrane-anchored systems through hybridization with the chol-
ssDNA. Natural cells utilize DNA-based transcription—translation
cascades for rapid and regulated protein synthesis. To overcome
the challenges, we developed a DNA-initiated system that mimics
the central dogma, enabling de novo membrane protein synthesis
from DNA templates with minimal external intervention. We
coencapsulated chol-ssDNA, Cy3-ssDNA, and DNA templates
with the PURE system into GUVs. The workflow includes: 1)
the postencapsulation membrane anchoring of the chol-ssDNA;
2) the sequence-specific hybridization of the in situ transcribed
nascent mRNA and the membrane-anchored chol-ssDNA; and 3)
the membrane-proximal mRNA translation (Fig. 24). The imaging
of the dual-labeled Cy3-ssDNA-chol confirmed rapid membrane
binding after the encapsulation (S Appendix, Fig. S5). The time lapse
fluorescence imaging revealed a dynamic redistribution process:
The Cy3-ssDNA signals progressively shifted from the lumen to the
membrane during the transcription, indicating continuous mRNA
synthesis and targeted membrane anchoring. Correspondingly, the
GFP-tagged proteins exhibited time-dependent accumulation on
the membrane, while the fluorescence in the lumen remained at
the background level, confirming spatially restricted translation
near the membrane (87 Appendix, Fig. S6).

We systematically optimized the concentration of the chol-ssDNA
as it was previously reported that high cholesterol content in lipid
membranes might negatively impact the integration of membrane
proteins. Our dose-dependent analysis revealed that the mRNA-
membrane binding efficiency increased with the chol-ssDNA level,
while the membrane protein integration reached saturation at 1 pM
chol-ssDNA (Fig. 2 B and C)—a level well below the threshold
typically associated with any perturbation of lipid organization or
membrane protein behavior (45). The estimated membrane protein
den51ty under optimal conditions was approximately 1,200 proteins/
pm’, comparable to physiological densities of individual functional
membrane proteins (Fig. 2D) (46). We observed a strong linear
correlation between the mRNA localization efficiency and the mem-
brane protein integration across all concentrations tested (slope k= 0.9,

= 0.95), validating the spatial coupling mechanism (Fig. 2E).
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Fig. 2. Membrane proteins synthesized in GUVs via PURE from DNA. (A) Schematic illustrating the synthesis of membrane proteins within cell-sized GUVs.
mMRNA transcribed from DNA diffuses to the membrane and spontaneously binds to cholesterol-labeled ssDNA on the membrane, followed by translation in
the vicinity of the membrane. (B) Representative images of Fo subunit a synthesized in GUVs encapsulating different concentrations of chol-ssDNA after 3 h of
synthesis. (C) Quantification of membrane/lumen fluorescence intensity ratio derived from the radial profiles of mRNA fluorescence emission (Up) and mMNG
(Down) in individual GUVs. (D) Quantitative estimation of membrane protein density under optimal conditions, averaged from 30 GUVs of similar size (d =20 pm).
(E) Plot of the relationship between the membrane/lumen fluorescence intensity ratios of protein and mMRNA in GUVs. (F) Quantification of membrane localization
efficiencies for multiple proteins synthesized using the engineered membrane-proximal translation system. (LacY: lactose permease from E. coli MG1655; bR:
bacteriorhodopsin from Halobacterium halobium). (G) Functional assay of LacY-mediated substrate transport in GUVs. (H) Light-driven proton-pumping activity

of bR analyzed by membrane potential imaging.

To further validate the generalizability of our membrane-
proximal translation system, we tested a variety of membrane
proteins with distinct structural features, including those con-
taining different numbers of transmembrane helices [e.g., bR
with 7 helices and lactose permease (LacY) with 12 helices]. To
minimize variability in total protein synthesis among individual
GUVs, we used the membrane-to-lumen fluorescence ratio as a
normalized indicator of membrane integration efficiency. As
shown in Fig. 2F, all tested proteins exhibited several-fold higher
membrane localization compared to the corresponding condi-
tions without cholesterol-assisted anchoring. For LacY, we
employed an optimized membrane composition with rich anionic
and non-bilayer-forming lipids (DOPC: DOPE: DOPG =
4:4:2). 4-Methylumbelliferyl f-D-galactopyranoside (MUG) is
transported by LacY and hydrolyzed by the p-galactosidase encap-
sulated inside GUVs to produce the fluorescent product
4-Methylumbelliferyl (4-MU). 4-MU fluorescence was converted

https://doi.org/10.1073/pnas.2517323123

to absolute concentrations using a calibration curve (S Appendix,
Fig. S7), enabling quantification of the accumulation rate (Fig. 2G).
Based on the total number of membrane-localized LacY molecules
and previously reported turnover rates for MUG (47, 48), we esti-
mate that ~46% of these LacY molecules are correctly folded and
functional. For bR, correct folding enables binding of its ligand
all-trans retinal (ATR). Upon illumination, ATR-bound bR pumps
protons outward, leading to a decrease in membrane potential. This
change can be detected using the voltage-sensitive dye DiBAC(3),
as a drop in membrane potential reduces the reversible partitioning
of the dye into the lipid bilayer and consequently decreases mem-
brane fluorescence. When mRNA anchoring was omitted (chol-),
only a weak response was observed—approximately 2 to 3 times
lower than that of the anchored condition(chol+). Thus, anchoring
the mRNA increases the absolute number of folded, ATR-bound,
and functionally active bR molecules (Fig. 2H). Together, these
results demonstrate that our DNA-initiated platform enables the
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synthesis of correctly folded and functional membrane proteins,
with a translation-to-membrane coupling mechanism that is
lipid-independent yet adaptable to diverse membrane composi-
tions and protein architectures.

Expression of Dimeric Membrane Proteins in Synthetic Cells.
While native cells rely on transmembrane proteins that precisely
orchestrate their oligomerization to perform essential physiological
functions, synthetic cells still face challenges in achieving bottom—
up reconstitution of such higher-order membrane protein
assemblies. Building on results above, we next sought to synthesize
small dimeric membrane proteins. As a model, we selected EmrE,
a multidrug transporter from Escherichia coli consisting of 110
amino acids and four transmembrane domains. The EmrE
proteins function as antiparallel dimers in the membrane (49-51)
(SI Appendix, Fig. S8). Due to its small size, dual topology, and
high hydrophobicity, EmrE has been reported to appear in the
insoluble fraction when synthesized using in vitro translation.
Notably, substantial increase in the integration efficiency was
reportedly achieved by reducing the size of the synthetic cells,
thereby increasing the phospholipid concentration around the
translation machinery (24). Here, anchoring the mRNA to the
membrane provides a versatile approach to produce membrane
proteins in synthetic cells without restricting their size.

We employed the transmembrane dye FIAsH, which covalently
binds to the tetracysteine tag (TC-Tag) and generates fluorescence,
to track the localization and ratio of the EmrE protein during
in vitro synthesis. We avoided using fluorescent proteins like GFD,
as the large size of GFP might disrupt EmrE’s dimerization and
topological inversion. We synthesized the mRNA encoding EmrE
with a TC-tag and an AnchorTail sequence. Translation experi-
ments on SLBs demonstrated that this approach supports EmrE
synthesis and dimerization. We used single-molecule photobleach-
ing step analysis to quantify the subunit number within the pro-
tein complexes. The stepwise photobleaching events indicated the
formation of a dimeric structure (S8 Appendix, Fig. S8). To assess
the membrane integration efficiency and functionality of the syn-
thesized EmrE transporter, we conducted systematic analyses using
the previously described DNA template system. Prior studies have
reported suboptimal membrane integration efficiency (<1%) for
EmrE in synthetic cells of this size range (24). In line with this,
our control experiments (Fig. 34) without the cholesterol-modified
ssDNA revealed no significant difference in fluorescence between
the membrane and the lumen of the synthetic cell. Remarkably,
the recruitment of the AnchorTail sequence-containing mRNA
by the cholesterol-tagged ssDNA enhanced significantly the
membrane-localized proportion of EmrE, as evidenced by a sixfold
increase in the membrane-to-lumen fluorescence ratio compared
to that in the control experiments (Fig. 3B).

To evaluate the transport activity of the synthesized EmrE
oligomers, we used ethidium bromide (EtBr)—a fluorescent sub-
strate that intercalates with nucleic acids—as a model for
substrate-selective uptake (Fig. 3C). Following EmrE expression
in GUVs, we established a transmembrane pH gradient and added
EtBr to the external medium. Fluorescence imaging revealed
marked accumulation of EtBr within the EmrE-expressing GUVs,
whereas control vesicles—either empty or expressing a nonfunc-
tional protein—showed no detectable EtBr entry, thereby exclud-
ing the passive leakage as the source of the observed signal
(SI Appendix, Fig. S9). Quantitative analysis of the transport
kinetics revealed superior performance in cholesterol-modified
systems, with the EtBr influx rate in the experimental group sur-
passing the controls (Fig. 3 D and E). We posit that the difference
in the selective uptake arises from difference in the amounts of
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Fig. 3. Expression of dimeric membrane proteins and selective uptake of
substrates in large synthetic cells. (A) Typical GUV image. Green fluorescence
indicates the FIAsH-labeled EmrE, and red fluorescence indicates the cy3-
labeled mRNA. (B) Quantification of the FIAsH fluorescence intensity from a
single GUV. Mean value (open square), median, and quartiles are shown for
26 individual GUVs for both conditions. Statistical significance was analyzed
via one-way ANOVA with Tukey [HSD] post hoc analysis, ***P < 0.001. (C)
Schematic of EtBr transport by EmrE and fluorescence-based functional
assay of EmrE. (D) Representative microscopy images of EmrE transporting
EtBrinto a GUV. (E) The corresponding EtBr in GUV as a function of time. The
normalized fluorescence intensity of EtBr/DNA was calculated from three
independent samples. The data were presented as the mean values + SDs;
n =3 independent replicates.

the membrane proteins. ComParison of the measured EtBr initial
uptake rate (29.8 nmol min” mg_l) with the reported turnover
rate of EmrE (52) indicates that ~49% of membrane-localized
EmrE was correctly folded and active. These findings confirm the
successful membrane integration of functional EmrE transporters
and support their operation as antiparallel homodimers.

Spatial mRNA Organization Programs Membrane Protein
Stoichiometry. We have observed a strong positive correlation
between the number of the membrane-anchored mRNAs and
the expression levels of the integral membrane proteins in the
synthetic cells (Fig. 2E). It suggests that the spatial organization
of the mRNA can be harnessed to regulate the membrane protein
stoichiometry. To test this, we developed a programmable mRNA
anchoring strategy that encodes spatial information into the
3'UTRs of the target mRNA. Specifically, orthogonal anchoring
sequences (Anchor-A or Anchor-B) were appended to the mRNAs,
enabling sequence-specific hybridization to the cholesterol-tagged
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ssDNA probes (chol-ssDNA-A/B) pretethered on the membrane.
By varying the molar ratio of the membrane-tethered probes,
we tuned the local density of each mRNA species and, in turn,
modulated membrane protein expression ratios (Fig. 44). To isolate
the effect of mRNA localization from differences in transcription,
translation, or folding, we designed a two-color reporter system
using identical protein sequences fused to distinct fluorescent
proteins—mNeonGreen (mNG) or mScarlet (mS)—and different
anchors. DNA templates (atpB—mNG-Anchor-A and atpB-
mS—Anchor-B) were cotranscribed, and the ratio of membrane-
bound chol-ssDNA-A to chol-ssDNA-B was systematically varied.
Quantitative analysis (SI Appendix, Fig. S10) of the confocal
images revealed a linear relationship between the membrane
expression ratio of the two reporters and the corresponding probe
ratio (SI Appendix, Fig. S11), demonstrating that spatial mRNA
anchoring enables tunable and predictable control of membrane
protein stoichiometry.

We next asked whether this strategy could be extended to
directly control stoichiometric ratios of subunits within a
multisubunit membrane protein. Achieving precise stoichiometric
assembly of multisubunit membrane proteins remains a major
challenge in synthetic biology. Conventional approaches typically
rely on modulating the input concentration of the DNA templates
for each subunit. While effective to some degrees, this approach
is inconsistent with the genomic stability of natural cells, where

DNA template a:b=1:1

the DNA copy number is relatively fixed. Our spatial anchoring
method, by contrast, allows the decoupling of the subunit stoi-
chiometry from the DNA dosage by controlling mRNA localiza-
tion directly at the membrane. As a case study, we focused on the
Fo complex of the ATP synthase, in which the a-subunit (encoded
by atpB) and b-subunit (encoded by atpF) are expressed at a
defined stoichiometric ratio of 1:2. We applied our system to
coexpress both subunits from the DNA templates held at equal
concentrations (20 nM) and varied only the ratio of chol-ssDNA-A
to chol-ssDNA-B in the membrane (ranging from 3:0 to 0:3)
(Fig. 4 Band C). This strategy resulted in precise control over the
relative expression levels of the two subunits. Remarkably, even
when the DNA template input ratios were deliberately perturbed
(Fig. 4D), the protein output ratio remained stable so long as the
membrane probe ratio was fixed (Fig. 4 £ and F). We further
extended this strategy to the Fo subunit ¢ and confirmed its mem-
brane integration and correct topology by immunofluorescence.
We used FIAsH staining to quantify the total population of
membrane-localized Fo-c, while external epitope accessibility
assays selectively measured the subset of molecules whose
C-terminal tags were exposed to the vesicle exterior. Integrating
these two measurements showed that approximately 77% of
membrane-associated Fo-c adopts the correct outward-facing
topology (SI Appendix, Fig. S12). Although full Fo assembly

in vivo involves specific insertases and lipid components, our
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Fig. 4. Decoupling DNA template input from protein output via membrane-anchored mRNA translation. (A) Schematic illustrating control of membrane
protein stoichiometry by varying the ratio of cholesterol-modified ssSDNA A to ssDNA B. (B) Representative confocal fluorescence images corresponding to (A).
mNG indicates the Fo subunit a; mS3 indicates the Fo subunit b; CellMask DeepRed stains the phospholipid bilayer. (C) Quantification of membrane-localized
fluorescence intensities under varying chol-ssDNA A:B ratios (n > 25 GUVs per condition). Fluorescence intensities were normalized based on prior calibration
between protein concentration and fluorescence using a fluorometer. Error bars represent one SD. (D) Representative confocal fluorescence images showing
modulation of membrane protein stoichiometry by varying DNA template ratios, while maintaining a constant chol-ssDNA A:B ratio. () Quantification of
membrane-localized fluorescence intensities under varying DNA template ratios (n > 40 GUVs per condition). (F) Fluorescence intensity ratio of mS3 to mNG on
individual GUV membranes, used to infer the stoichiometric ratio of Fo subunit b to Fo subunit a.
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results highlight that spatially guided mRNA translation enables
stoichiometrically controlled synthesis and membrane integration
of individual subunits.

Altogether, this approach effectively decouples gene dosage
from protein abundance, bringing synthetic cells closer to the
regulatory logic of natural systems—where a stable genome under-
lies dynamic proteomic responses—and establishes a foundational
framework for building functionally programmable synthetic
life systems.

Discussion

This study presents a novel strategy for spatially confining mRNA
near the synthetic cell membranes by engineering the 3’UTRs. By
incorporating chol-ssDNA recognition motifs into the 3’UTR,
we achieved membrane-proximal translation in GUVs. This local-
ized translation facilitates both cotranslational folding and the
integration of membrane proteins. Our quantitative analyses
revealed a 6- to 10-fold increase in the membrane integration
efficiency as compared to the free nRNA-based controls. Notably,
for the proteins examined in this study, we estimate that approx-
imately 40 to 80% of the membrane-localized protein population
adopts the correct folding. More importantly, we achieved the
high-efficiency selective substrate uptake and the decoupling of
the DNA template dosage from the membrane protein production
in synthetic cells.

Membrane proteins, enriched in hydrophobic amino acid resi-
dues, pose significant challenges for synthesis and folding in aqueous
environments. While natural cells rely on dedicated pathways such
as the SRP-SEC translocon (Fig. 14), synthetic systems confront
two major limitations: precise control over stoichiometric coexpres-
sion and difficulty in reconstituting complex multisubunit mem-
brane assemblies like SecYEG and Sec61. Inspired by the liposome
cell-free (L-CF) model—which enhances the hydrophobic peptide—
lipid interactions by increasing the concentration of the liposome—
conventional synthetic strategies often rely on reducing the liposome
size to minimize the diffusion distance between the translation
machinery and the membrane. Our platform circumvents this size
limitation by recruiting ribosomes to membrane-tethered mRNAs,
ensuring that the translation occurs within molecular-scale distances
of the membrane. Unlike traditional optimization-based approaches,
our sequence-programmable strategy is broadly applicable across
diverse membrane protein types and requires no modification of
the coding sequence (CDS). We enabled efficient synthesis and
integration of membrane proteins with varying numbers of trans-
membrane helices and oligomeric configurations. Although the
current implementation utilizes chol-ssDNA for mRNA anchoring,
the framework is compatible with alternative tethering strategies,
such as the 3> UTR-binding proteins or synthetic ligands. This mod-
ular design supports spatially resolved expression: Membrane pro-
teins are translated at membrane surfaces, while cytoplasmic proteins
are synthesized in solution, effectively recapitulating subcellular
compartmentalization.

While validated in GUVs for the expression of plasma membrane-
associated proteins, this approach holds broad potential for syn-
thetic biology. By leveraging programmable 3’UTR-mediated
hybridization, the ability to program spatially resolved gene
expression via 3’'UTR engineering could reshape the design of
synthetic cells, particularly for systems requiring precise membrane
protein localization, such as synthetic photosynthetic platforms
or biosensing interfaces. Furthermore, the observed correlation
between mRNA localization, translation efficiency, and protein
integration provides a quantitative framework for optimizing syn-
thetic cell architectures. While our system enables DNA-initiated
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synthesis and membrane integration of multiple protein subunits,
the coordinated assembly of large multicomponent complexes
remains technically challenging. Such assemblies typically depend
on tightly regulated hierarchical pathways, lipid microdomain
organization, and transient chaperone assistance that couple sub-
unit folding with membrane insertion. By contrast, simpler oli-
gomeric complexes such as the dimeric transporter EmrE can form
spontancously through diffusion-driven encounters, illustrating
that our platform intrinsically supports the formation of correctly
folded and functionally inserted membrane proteins. Looking
ahead, the integration of orthogonal anchoring systems could
enable multiplexed spatial control of distinct protein populations
within a single chassis, accelerating the bottom—up assembly of
functionally sophisticated synthetic cells. By bridging minimalist
design with functional complexity, this platform advances the
construction of synthetic cells capable of environmentally respon-
sive behaviors, and provides a foundation for the development of
biosensors, artificial signaling networks, and self-sustaining syn-
thetic cellular systems.

Materials and Methods

All phospholipids were purchased from Avanti Polar Lipids. The in vitro transcrip-
tion kit (M0251S) was obtained from New England Biolabs (NEB). The PURE sys-
tem (PUREfrex® 2.1) was sourced from GeneFrontier. Unless otherwise noted, DNA
and RNA oligonucleotides were synthesized by Sangon Biotech, and chemicals
were obtained from Sigma-Aldrich.

Preparation of Template DNA and mRNA. Plasmids encoding Fo subunit
a (atpB), Fo subunit b (atpF), LacY, EmrE, and bacteriorhodopsin (bR)-namely
pET28-atpB-mNG, pET28-atpB-mS, pET28-LacY-mNG, pET28-EmrE-TcTag, and
pET28-bR-sfGFP-were commercially synthesized by BGI. Each constructincludes
aT7 promoter and ribosome-binding site (RBS). Template DNA was PCR-amplified
with tag and AnchorTail sequences (primer sequences listed in S/ Appendix,
Table S1) and verified by sequencing. In vitro transcription was carried out using
aT7 RNA polymerase system. IVT reactions (100 uL) were diluted in 900 pL Tris-
HCl buffer (pH 7.5), extracted with 200 pL chloroform, and RNA was precipitated
with isopropanol and sodium acetate. Pellets were washed with 75% ethanol,
resuspended in RNase-free water, and stored at —80 °C.

Chol-ssDNA/mRNA in Supported Lipid Bilayer (SLB) and TIRF Microscopy.
Small unilamellar vesicles (SUVs) composed of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) were prepared at a concentration of 2 mg/mLvia the
thin-film hydration method. Briefly, POPC dissolved in chloroform was evapo-
rated under a nitrogen stream, dried under vacuum, and hydrated with 5 mL of
PBS (prepared with Milli-Q water) at 37 °C. The suspension was sonicated until
optically clear. SLBs were formed by depositing 80 pL of the SUV solution onto
thoroughly cleaned glass coverslips, followed by a 6-h incubation period and
subsequent rinsing with PBS. Single-molecule imaging was performed using a
custom-built objective-type TIRF microscope, with wavelength settings optimized
for specific fluorophores. Annealed mRNA was diluted and introduced into poly
(methyl methacrylate) wells containing SLBs for real-time imaging.

Cell-Free Protein Synthesis in GUV. GUVs were generated using the water-in-oil
(w/o) emulsion transfer method. The inner phase consisted of 20 L PURE system
supplemented with template DNA, 200 mM sucrose, 0.8 U/pL RNase inhibitor,
50 nM Cy3-labeled ssDNA, and cholesterol-modified (or unmodified) ssDNA. This
mixture was vortexed with 600 pL mineral oil containing 0.5 mg/mL POPC for
305, then incubated on ice for 10 min. Subsequently, 600 pL of this emulsion was
layered over 200 pL of outer solution and centrifuged at 2,000 g for 10 min at4 °C.
GUVs were harvested from the tube bottom and suspended in fresh outer solution.
Protein expression was carried out at 37 °C for 3 h. The outer solution contained
the low-molecular-weight components of the PURE system and 200 mM glucose
for osmotic balance but lacked ribosomes and translation machinery.

Estimation of Membrane Protein Copy Number. To estimate the surface
density of membrane-associated proteins in GUVs, we established a geometric
relationship between fluorescence intensity and molecular density under confocal
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imaging. For a vesicle of radius R, let the membrane-associated fluorophore sur-
face density be p (molecules pm’z) and the fluorophore concentration in the
lumen be c. Assuming the confocal point spread function (PSF) can be approxi-
mated by a cube of side length d (full width at half maximum), the ratio between
the peak fluorescence intensity at the membrane (/,.,,) and that at the center of
the vesicle (/;,men) €aN be expressed as:

Imem p
AT+ —,
Ilumen CdNA

where N, denotes Avogadro's constant.

This relationship allows quantitative estimation of the membrane surface den-
sity p from confocal fluorescence data when the internal concentration c and PSF
width d are known. The linear relationship between fluorescence intensity and
fluorophore concentration (c) was readily established using purified fluorescent
proteins under identical imaging conditions. To obtain accurate calibration param-
eters, defined molar fractions of Cy5-phosphatidylethanolamine (Cy5-PE) were
incorporated into lipid membranes to generate vesicles with known fluorescent
surface densities. Under identical imaging conditions, the fluorescence inten-
sity-concentration calibration was performed to determine the PSF factor width d
(=180 nm, SIAppendix, Fig. 52).These parameters were then used to quantitatively
estimate the membrane molecular density from confocal fluorescence images.

Immunofluorescent Detection of Exposed Protein Epitopes. 10 assess
the exposure of protein epitopes on the exterior surface of GUVs, we performed
immunofluorescence labeling on two constructs: i) N-terminally FLAG-tagged Fo
subunita and ii) C-terminally myc-tagged Fo subunit . For FLAG-tagged samples,
an Alexa Fluor® 647-conjugated anti-FLAG antibody was added to the vesicle
suspension at a final concentration of 5 pg/mLand incubated at 37 °C for 30 min.
For myc-tagged samples, an Alexa Fluor® 488 conjugated anti-myc antibody was
used underidentical labeling conditions. After incubation, unbound antibodies
were removed by pelleting the GUVs at 2,000 g for 5 min, followed by gentle
resuspension of the pelletin dilution buffer. The labeled GUVs were subsequently
analyzed by confocal fluorescence microscopy to evaluate the accessibility of the
corresponding external epitopes. Quantitative analysis of epitope exposure was
performed following the general approach described previously (24), with minor
modifications to account for the calibrated confocal PSF (S Appendix, Fig. S2).
Briefly, the fluorescence intensity along the GUV membrane was extracted and
compared with a standard fluorescence-concentration calibration obtained for the
corresponding fluorescent antibodies. By combining the measured membrane
fluorescence with the PSF-corrected surface intensity model, we estimated the
number of accessible epitopes per vesicle. This analysis enabled quantification
of the fraction of correctly folded and outward-facing proteins in each construct.

Selective Nuclease Digestion of External Nucleic Acids. GUVs containing
the mRNA:chol-ssDNA:Cy3-ssDNA complexes were prepared by the inverse
emulsion method as described above. After vesicle formation, the suspension
was divided into two portions: One was kept as an untreated control, and the
otherwas subjected to nuclease digestion to remove nucleicacids located on the
outer membrane surface. For digestion, vesicles were incubated with 100 U/uL
Benzonase Nuclease and 5 ug/mL RNase A at 37 °C for 30 min. Following treat-
ment, GUVs were transferred into microscopy chambers and allowed to sediment
atroom temperature for 15 to 20 min prior to confocal imaging. Identical imaging
parameters were applied to both treated and untreated samples. Membrane
fluorescence intensities were quantified from the radial fluorescence profiles of
individual vesicles before and after digestion to assess the relative contributions
of external and internal nucleic acids.

Functional Validation of Lacy. To evaluate transport activity, p-galactosidase
(B-gal, Sigma-Aldrich) was pre-encapsulated in the internal solution during
GUV formation at a final concentration of 0.5 mg mL™". Before fluorescence
measurement, MUG, (20 uM) was added to the external buffer, defining time
zero for substrate exposure. Fluorescence images were acquired at defined time
intervals using confocal microscopy with 405 nm excitation and 420 to 460 nm
emission detection under identical imaging settings. The mean fluorescence
intensity within individual vesicles was quantified at each time point, and trans-
port activity was evaluated based on the relative increase in intravesicular 4-MU
fluorescence over time. Fluorescence intensities were converted to absolute 4-MU
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concentrations using the calibration curve described in S Appendix, Fig. S7.The
total number of LacY molecules per vesicle (N) was estimated from the membrane
molecular density measured in Fig. 2D. Dividing the total transport rate by N
yielded the apparent turnover number per LacY molecule. Comparison of this
value with reported turnover numbers for purified LacY reconstituted in lipos-
omes allowed us to estimate the fraction of correctly folded and functional LacY
in our system.

Functional Validation of bR by DiBAC,(3) Fluorescence Assay. GUVs con-
taining the PURE system were prepared as described above and incubated at
37 °Cin the dark for 3 h to allow in situ protein synthesis. After expression, ves-
icle suspensions were cooled to 4 °C and supplemented with 1 uM DiBAC,(3).
Samples were transferred to microscopy chambers and kept in the dark for 20 min
to allow vesicle sedimentation before imaging. For membrane-potential meas-
urements, vesicles were continuously illuminated with a 561 nm laser for 300's,
which excites bR but does not interfere with DiBAC,(3) fluorescence. lllumination
was immediately followed by fluorescence imaging of membrane-associated
DiBAC,(3) using 488 nm excitation under identical acquisition settings. The flu-
orescence intensity of the membrane region was quantified, and the relative
change (AF/Fy) was used to evaluate light-induced potential formation.

FIAsH Staining of Membrane-Associated Proteins in GUVs. After protein
expression, GUV suspensions were equilibrated to room temperature, and FIAsH-
EDT, was added to a final concentration of 100 nM. Samples were incubated
for 30 min at room temperature in the dark to allow specific binding of FIAsH
to the TC motif. Excess dye was removed by pelleting the GUVs at 2,000 g for
5minand gently resuspending the pelletin fresh dilution buffer supplemented
with T mM BAL to minimize nonspecific background. The FIAsH-labeled GUVs
were imaged by confocal fluorescence microscopy using 488 nm excitation under
identical acquisition settings for all samples. GUVs prepared with a PURE reaction
lacking the DNA template were processed in parallel and used as background
controls; this background fluorescence was subtracted during quantitative anal-
ysis. Membrane fluorescence intensities extracted from confocal images were
converted into the total number of membranes associated proteins using a fluo-
rescence-concentration calibration curve established for FIAsH labeled TC peptide.

EtBr Uptake Experiments. For EtBr uptake experiments, GUVs containing the
PURE system were prepared as described above and incubated at 37 °C for 3 h
to allow in situ synthesis of EmrE. To initiate transport, the external buffer was
replaced with dilution buffer containing 10 uM EtBr (pH 8.1), defining time zero for
substrate exposure. EtBris intrinsically fluorescent upon binding to nucleic acids,
enabling direct visualization of substrate accumulation inside GUVs. Fluorescence
images were acquired at defined time intervals using confocal microscopy with
488 nm excitation and 560 to 620 nm emission detection under identical imaging
conditions. Image analysis was performed in ImageJ. The mean intravesicular
fluorescence of individual GUVs was quantified over time, and EtBr uptake was
evaluated based on the increase in internal fluorescence relative to background.
To obtain quantitative transport rates, EtBr fluorescence intensities were converted
into absolute EtBr concentrations using a standard calibration curve. The radius of
each GUV was used to estimate its internal volume, allowing calculation of the total
number of EtBr molecules imported per vesicle. Following the analysis strategy
used previously for EmrE, the measured EtBr uptake rate was compared with the
reported turnover rate of EmrE for EtBr (61 nmol min™" mg™" for 10 uM EtBr) to
estimate the number of functional EmrE dimers present in the GUV membrane.

Protein Expression and Purification. The plasmids containing mNeonGreen
and mScarlet on pRSETA vector were transfected into BL21(DE3) competent cell
and plated onto the LB culture medium (supplemented with 100 pg/mLAmp).
The next day, one single clone was picked into 2 mL liquid LB medium for over-
night culture. One milliliter of bacteria was transferred to 200 mL culture medium
ina 500 mLflask and continued to cultivate until 0D600 = 0.8. Protein expres-
sion was induced by IPTG (final concentration 0.8 mM) at 16 °C for 20 h. Cells
were collected by centrifugation, resuspended in the Ni-column binding buffer
(20 mMimidazole, 500 mM NaCl, 50 mM NaH2PO4) supplemented with 1 mg/mL
lysozyme, 1 mM PMSF, 1x protease inhibitors (Beyotime Biotechnology, China),
and lysed by ultrasonication (work 3 s and stop 5 s). Proteins were purified by
Ni-NTA His-Bind resin (Qiagen, Germany) followed by gel filtration (Superdex
200, GE Healthcare) at 4 °C and stored in PBS at —80 °C for further analysis.
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Confocal Microscopy. Images were captured using an Olympus FV3000 con-
focal microscope. Fiji software was used for fluorescence image analysis, with
background adjustments made using predefined ROIs near each GUV.

Statistical Analysis. Data were analyzed using one-way ANOVA with Tukey's
post hoc testand two-tailed, two-sample Student's ttest, performed using Python
version 3.10. Statistical significance was assumed for P-values < 0.001 unless
stated otherwise.

Data, Materials, and Software Availability. Study data are included in the
article and/or S/ Appendix.
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