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SUMMARY:
This protocol describes an optimized cell-free system for reconstituting STING incorporation into COPII vesicles, enabling controlled biochemical analysis of cargo sorting during ER export.
 
ABSTRACT:
The cGAS–STING pathway is a central component of innate immunity. Upon activation, the endoplasmic reticulum (ER)-resident protein STING is packaged into COPII vesicles and transported to the Golgi apparatus to initiate downstream signaling. Despite the importance of this process, the molecular mechanisms governing STING sorting into COPII vesicles remain incompletely understood. Here, an optimized workflow is presented for the in vitro reconstitution of COPII vesicles to facilitate controlled analysis of cargo selection. A scalable method is described for preparing high-concentration cytosol (30–40 mg/mL) from HEK-293F suspension cells, combined with a straightforward procedure for generating semi-permeabilized HEK-293T cells as a defined membrane source. Compared to traditional adherent cell-based systems, this approach improves scalability, reduces cost, and enhances reproducibility. Using STING as a model cargo, COPII vesicle budding and cargo incorporation are validated by Western blot analysis, with a basal packaging efficiency of approximately 20% under defined conditions. This system allows controlled manipulation of biochemical parameters, including nucleotide stimulation, to assess their effects on cargo incorporation. This protocol provides a robust and adaptable platform for investigating COPII-mediated cargo sorting and can be extended to study additional transmembrane proteins and regulatory factors involved in ER export.

INTRODUCTION:
[bookmark: _Hlk183797105]The cGAS-STING signaling pathway serves as a fundamental mechanism of the innate immune system, sensing cytosolic double-stranded DNA (dsDNA) to initiate an antiviral response. Upon detecting dsDNA, the enzyme cGAS produces the cyclic dinucleotide cGAMP, which acts as a second messenger that binds to the STING1,2. Crucially, STING resides as an inactive dimer in the endoplasmic reticulum (ER) under steady-state conditions3. Its activation requires rapid, highly regulated translocation from the ER to the Golgi apparatus. It is at the Golgi that STING recruits and activates the downstream kinases TBK1 and IRF3, leading to the production of type I interferons and pro-inflammatory cytokines4.

The transport of STING is mediated by COPII-coated vesicles, the universal vehicles for protein export from the ER5. The assembly of the COPII coat—comprising the small GTPase Sar1, the inner-coat Sec23/24 complex, and the outer-coat Sec13/31 complex—is responsible for both deforming the ER membrane into vesicles and selectively recruiting cargo6,7. Sec22b is sorted into COPII vesicles via a structural epitope recognized by the Sec23/24 complex of COPII8. Other cargoes include the p24 family and the ERGIC marker ERGIC-53, both of which depend on a C-terminal dihydrophobic φC motif for sorting9. In contrast, certain ER-anchored proteins, such as ribophorin I (RPN1), remain confined to the ER and serve as markers of intact ER structures, as they are not transported via COPII vesicles10. Consequently, in cell-free COPII vesicle reconstitution experiments, Sec22b and p24 are often considered as COPII cargoes, while ribophorin serves as a marker to monitor ER contamination in vesicle preparations. While the general machinery of COPII transport is well-characterized, the specific molecular cues that trigger the selective sequestration of activated STING into these vesicles remain elusive. Understanding these sorting mechanisms is vital, as dysregulation of STING transport is linked to various autoimmune and autoinflammatory diseases, such as STING-associated vasculopathy with onset in infancy (SAVI) and COPA syndrome11. However, studying these transient and highly dynamic events in intact cells remains technically challenging.

To address these challenges, an optimized cell-free reconstitution system was developed to interrogate the molecular requirements of COPII-mediated cargo sorting. While in vitro budding assays have long been a staple of cell biology12, their widespread adoption is often limited by the high cost and complexity of preparing high-quality components. In this study, a streamlined workflow is introduced that utilizes HEK-293F suspension cells as an economical source of active cytosol and semi-permeabilized HEK-293T cells as a robust membrane donor. The overall workflow of the cell-free COPII vesicle reconstitution system is illustrated in Figure 1. In this system, Sec22b was used as a positive control to confirm cargo incorporation into vesicles, while RPN1 was utilized as a negative control to monitor and rule out ER membrane contamination. Using STING as a proof-of-concept cargo, this study demonstrated that the system effectively models essential biochemical aspects of STING sorting. This platform provided a versatile, scalable tool for identifying cytosolic factors and membrane signals that govern STING sorting, with potential applications for studying a wide array of other vesicular transport pathways.

PROTOCOL:
The HEK-293F (RRID: CVCL_6642) and HEK-293T (RRID: CVCL_0063) cell lines were obtained from the Cell Resource Center at Peking Union Medical College. Both cell lines were authenticated by short tandem repeat (STR) profiling and confirmed to be free of mycoplasma contamination. The reagents and the equipment used are listed in the Table of Materials.

No human participants or vertebrate animals were involved in this study. Therefore, ethical approval was not required. All experimental procedures were conducted in accordance with institutional biosafety guidelines.

1. Preparation of HEK-293F cell cytosol

[bookmark: _GoBack]1.1 Seed HEK-293F cells at a density of 1 × 10⁶ cells/mL in 100 mL defined mammalian culture medium supplemented with 1% penicillin–streptomycin. Culture the cells in a 500 mL conical flask.

1.2 Incubate the suspension culture at 37 °C with 5% CO₂ in a shaking incubator for 60 h.

1.3 Harvest the cells by centrifugation at 300 × g for 5 min at 4 °C. Determine the total cell number using an automated cell counter.

1.4 Wash the cell pellet with 50 mL ice-cold phosphate-buffered saline (PBS). Centrifuge at 300 × g for 5 min at 4 °C.

1.5 Resuspend the cell pellet in an equal volume of ice-cold B88 buffer (20 mM HEPES, pH 7.3; 250 mM sorbitol; 150 mM potassium acetate; 5 mM magnesium acetate).

1.6 Lyse the cells on ice by passing the suspension through a 5 mL syringe fitted with a 22-gauge needle for more than 100 strokes.

1.7 Examine cell lysis by light microscopy. Remove cell debris by centrifugation at 20,000 × g for 10 min at 4 °C.

1.8 Transfer the supernatant to ultracentrifuge tubes. Centrifuge at 100,000 × g for 1 h at 4 °C.

CAUTION: Ensure ultracentrifuge tubes are properly balanced to prevent equipment damage and safety hazards.

1.9 Collect the clarified supernatant. Concentrate the sample using a 3 kDa molecular weight cutoff (MWCO) ultrafiltration device at 4,000 × g at 4 °C.

1.10 Measure protein concentration using a bicinchoninic acid (BCA) assay. Adjust the concentration to 30–40 mg/mL.

CAUTION: Handle liquid nitrogen with appropriate protective equipment to avoid cryogenic injury.

1.11 Aliquot the cytosol. Snap-freeze the aliquots in liquid nitrogen and store at −80 °C (Figure 2A).

CAUTION: Avoid more than two freeze–thaw cycles. Store aliquots at −80 °C for up to 6 months.

[bookmark: OLE_LINK49][bookmark: OLE_LINK50]2. Preparation of semi-permeabilized HEK-293T cells

2.1 Plate HEK-293T cells expressing full-length human STING at a density of 3 × 10⁶ cells per 15 cm dish in 15 mL DMEM supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin. Incubate at 37 °C with 5% CO₂ for 48 h.

2.2 Harvest the cells at approximately 60% confluency.

2.3 Aspirate the medium and wash the cells twice with 10 mL ice-cold PBS.

2.4 Add 2 mL of 0.25% trypsin–EDTA. Incubate at room temperature for 2–3 min to detach the cells.

2.5 Add 200 µL soybean trypsin inhibitor (1 mg/mL) to stop trypsinization. Resuspend the cells in 10 mL ice-cold KHM buffer (20 mM HEPES, pH 7.2; 110 mM potassium acetate; 2 mM magnesium acetate).

2.6 Pellet the cells by centrifugation at 250 × g for 3 min. Discard the supernatant.

CAUTION: Digitonin is toxic. Handle in a fume hood with appropriate personal protective equipment.

2.7 Resuspend the cells in 6 mL ice-cold KHM buffer. Add 6 µL digitonin stock solution (40 mg/mL in DMSO).

2.8 Mix gently by inversion. Incubate on ice for 5 min.

2.9 Add 8 mL KHM buffer to dilute digitonin. Centrifuge at 250 × g for 3 min to collect permeabilized cells.

2.10 Resuspend the pellet in 14 mL ice-cold HEPES buffer (50 mM HEPES, pH 7.3; 90 mM potassium acetate). Incubate on ice for 10 min.

2.11 Centrifuge at 250 × g for 3 min. Resuspend the pellet in 1 mL ice-cold KHM·Cl buffer (20 mM HEPES, pH 7.3; 110 mM KCl; 2 mM MgCl₂).

2.12 Centrifuge at 10,000 × g for 15 s. Discard the supernatant.

2.13 Resuspend the pellet in 50 µL KHM·Cl buffer. Measure protein concentration using a BCA assay and adjust to 5–7 mg/mL.

[bookmark: _Hlk183438991]3. Cell-free COPII vesicle reconstitution experiment

[bookmark: _Hlk183439053]3.1 Prepare all reagents listed in the Table of Materials. Aliquot and store at −80 °C.

3.2 Prepare a 50 µL reaction mixture containing 110 mM KCl, 20 mM HEPES (pH 7.2), 2 mM MgCl₂, protease inhibitor cocktail (1×), 0.2 mM GTP, and an ATP regeneration system (40 mM creatine phosphate, 0.2 mg/mL creatine phosphokinase, 1 mM ATP).

3.3 Add cGAMP to a final concentration of 10 µM. Incubate the reaction at room temperature for 15 min.

3.4 Add 50 µg semi-permeabilized HEK-293T cells. Mix gently.

3.5 Add 80 µg HEK-293F cytosol to initiate vesicle formation. Incubate at 37 °C for 45 min.

3.6 Place the reaction on ice to terminate budding. Centrifuge at 12,000 × g for 20 min at 4 °C.

3.7 Collect the supernatant containing vesicles. Retain the pellet containing organelles.

3.8 Ultracentrifuge the supernatant at 100,000 × g for 1 h at 4 °C. Resuspend the vesicle pellet in 30 µL protein loading buffer.

3.9 Heat samples at 95 °C for 5 min. Centrifuge at 20,000 × g for 5 min to remove precipitates.

3.10 Perform SDS-PAGE and transfer proteins to PVDF membranes. Probe with antibodies against Sec22b, STING, and RPN1.

REPRESENTATIVE RESULTS:
During the preparation of HEK-293F cell cytosol, two parameters were evaluated to assess cytosol quality. HEK-293F cells were cultured at high density, yielding cytosolic extracts with high protein concentrations. In addition, the extent of cell disruption following syringe-based lysis was assessed by light microscopy, confirming efficient cell lysis under the applied conditions (Figure 2B).

For the generation of semi-permeabilized HEK-293T cells, cultures were harvested at approximately 60% confluency. At this stage, intracellular organelles appeared well distributed and morphologically intact, as observed by microscopy, providing suitable membrane sources for vesicle reconstitution assays (Figure 3).

Using this optimized system, the coupling between STING signaling and vesicular trafficking was examined. As outlined in this workflow, samples were fractionated into total, organelle, vesicle, and supernatant fractions for subsequent analysis (Figure 4A, B). Following cell-free COPII vesicle reconstitution, samples were resolved by SDS-PAGE and transferred to PVDF membranes for Western blot analysis. Three COPII cargo types were analyzed. The canonical COPII cargo Sec22b was efficiently packaged into COPII vesicles, consistent with previous reports. In contrast, the ER-resident protein RPN1 was not detected in vesicle fractions, indicating minimal ER membrane contamination and successful vesicle formation.

STING was also detected in COPII vesicles, with an average packaging efficiency of approximately 20%. The addition of 2′,3′-cGAMP did not significantly alter the COPII packaging efficiency of STING (Figure 4C, D). These results demonstrate that STING can be incorporated into COPII vesicles under defined cell-free conditions, supporting the utility of this method for investigating COPII-mediated cargo sorting in vitro.

[bookmark: OLE_LINK15]FIGURE LEGENDS:
Figure	 1: Schematic overview of the cell-free COPII vesicle reconstitution system. Semi-permeabilized cells are generated by digitonin treatment, which selectively permeabilizes the plasma membrane while preserving intracellular organelles, including the endoplasmic reticulum (ER), ER–Golgi intermediate compartment (ERGIC), and Golgi apparatus. Cytosol is then added to the semi-permeabilized cells to reconstitute COPII vesicle formation in vitro. This system enables the generation of COPII vesicles that mediate cargo transport from the ER toward the ERGIC and Golgi in the absence of COPI vesicle activity.

Figure 2: Workflow for preparing HEK-293F cell cytosol for COPII vesicle budding. (A) Schematic overview of the protocol for extracting cytosol from HEK-293F cells. (B) Microscopy-based assessment of membrane disruption. Intact cells are indicated by white arrows, and cellular fragments are indicated by black arrows.

Figure 3: Establishment of semi-permeabilized HEK-293T membranes. (A) Representative micrograph of HEK-293T cells at approximately 60% confluency. (B) Workflow for generating semi-permeabilized HEK-293T cells stably expressing human STING.

Figure 4: Quantitative analysis and mechanistic model of STING COPII packaging. (A) Schematic overview of the cell-free COPII vesicle reconstitution assay. This panel is reproduced from Nan et al. (2025) under a CC BY license. (B) Diagram illustrating the recognition of pSGME and pFS motifs by Sec24, enabling incorporation of both phosphorylated and unphosphorylated STING into COPII vesicles. This schematic is adapted from Nan et al. (2025) and represents a proposed model rather than direct experimental evidence generated in this study. (C) Western blot analysis of STING incorporation into reconstituted COPII vesicles. Total samples were collected prior to COPII vesicle budding. Organelle fractions were obtained from the pellet following centrifugation (Step 3.6). Vesicle and supernatant fractions were collected after ultracentrifugation (Step 3.7). Sec22b, RPN1, and STING were detected using specific antibodies. (D) Quantification of STING packaging into COPII vesicles. Data were normalized to total STING in the reaction (set to 100%). Statistical analysis was performed using one-way ANOVA. *p < 0.05; “NS” indicates no significant difference. Data represent mean ± SEM from at least three independent biological replicates (n ≥ 3). Panels C and D are original to this study. Panels A and B are reproduced or adapted from Nan et al.13. Abbreviations: SP cells = semi-permeabilized cells; SN = supernatant; cGAMP = cyclic guanosine monophosphate–adenosine monophosphate; SEM = standard error of the mean.

[bookmark: _Hlk183471873]DISCUSSION:
The reconstitution of essential biochemical reactions in vitro has laid the foundation for cell-free systems, which have been instrumental in numerous landmark discoveries. These include the identification of cGAS as a cytosolic DNA sensor14,15, the elucidation of the role of cytochrome c in apoptosis, and the discovery of the first histone demethylase, JHDM116,17. Such defined biochemical approaches are particularly powerful for dissecting tightly coupled steps in STING trafficking, from its exit from the endoplasmic reticulum (ER) to its arrival at the Golgi apparatus, a process that is critical for innate immune signaling.

In this study, an optimized cell-free COPII vesicle reconstitution system was developed and validated using STING as a model cargo. This workflow addresses several challenges associated with studying STING ER export. First, the use of cytosol derived from HEK-293F suspension cells provides a scalable and reproducible source of COPII components. This is particularly relevant for STING studies, as HEK-293 cells are widely used models for the cGAS–STING pathway, thereby preserving the physiological relevance of the coat machinery and associated regulatory factors18,19.

Second, the inclusion of an ultracentrifugation step to deplete cytosolic membranes represents a critical refinement. Because STING is an ER-resident transmembrane protein, removing pre-existing ER membranes from the cytosolic fraction minimizes background signal and enables more precise analysis of de novo vesicle incorporation. In combination with the use of semi-permeabilized cells as a defined membrane source, this approach establishes a high signal-to-noise system for interrogating COPII vesicle budding.

Importantly, this reconstitution system provides a biochemical platform to investigate the mechanisms underlying STING sorting into COPII vesicles. Quantitative analysis demonstrated a basal STING packaging efficiency of approximately 20% (Figure 4D). The absence of a significant increase upon cGAMP stimulation in this cell-free system suggests that additional cytosolic adaptors or specific post-translational modifications (PTMs) may be required to fully recapitulate stimulated trafficking observed in intact cells20.

Several critical steps and potential failure points should be considered to ensure the successful implementation of this protocol. Cytosol protein concentration is a key determinant of budding efficiency; concentrations below 30 mg/mL typically result in reduced vesicle formation. In addition, precise titration of digitonin is essential for generating semi-permeabilized cells. Excessive digitonin can disrupt ER membrane integrity, leading to leakage of resident proteins such as RPN1, whereas insufficient permeabilization may limit access of COPII components. Finally, the activity of the ATP regeneration system can be compromised by repeated freeze–thaw cycles; when vesicle yield is low, preparing fresh aliquots of creatine phosphate and creatine phosphokinase is recommended.

Beyond COPII-mediated trafficking, the principles underlying this system—namely, the use of defined membrane sources and reconstituted budding reactions—may be adapted to study subsequent steps in STING trafficking. For example, similar approaches could be developed to examine STING transport from the ER–Golgi intermediate compartment (ERGIC) or Golgi, as well as retrieval pathways21. Although further optimization would be required for other vesicle systems, such as clathrin-coated vesicles, the methodology described here provides a versatile and cost-effective framework22.

Furthermore, this biochemical platform could be integrated with emerging chemical biology approaches, such as proteolysis-targeting chimera (PROTAC) technology, to facilitate target identification. By selectively degrading candidate adaptor or regulatory proteins, PROTAC-based strategies enable a form of “biochemical knockout” within this defined system, allowing direct assessment of factors required for STING ER export23. This integration may expand the utility of the protocol for mechanistic studies and therapeutic target discovery within the cGAS–STING pathway.

In conclusion, a streamlined in vitro reconstitution system has been established that enables biochemical dissection of STING sorting at the ER. By isolating the COPII budding step, this protocol provides a robust and controllable platform for identifying the molecular determinants governing STING entry into the secretory pathway, a key process in innate immune signaling.
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