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SUMMARY:
This protocol describes a visual assay using split Broccoli RNA reporters to detect and quantify intermolecular base pairing in RNA clusters in vitro.

ABSTRACT:
RNA clustering, driven by multivalent intermolecular RNA–RNA interactions, can occur in vitro in the absence of proteins. While chemical probing and computational simulations have been used to predict these interactions, methods for directly assessing intermolecular base pairing in RNA clusters remain limited. This study presents a visual assay based on split Broccoli RNA reporters conjugated to fluorescently labeled RNAs of interest. The assay enables the detection and quantification of intermolecular base pairing in RNA clusters. The split Broccoli system contains complementary reporter sequences that dimerize to form the Broccoli RNA aptamer. The resulting dimerized RNA structure binds DFHBI-1T, a fluorophore that emits green fluorescence upon binding. Upon RNA clustering, the appearance of green fluorescence reports base pairing mediated by the complementary reporter sequences among the RNAs of interest. Measurement of DFHBI-1T fluorescence enables quantitative assessment of how in vitro RNA clustering conditions influence intermolecular base pairing between these reporter sequences.

INTRODUCTION:  
In vitro transcribed RNAs can self-assemble into visible clusters upon the addition of salts and molecular crowding reagents1–5. Notably, these RNA clusters can form in the absence of other cellular components, including proteins, indicating that under specific conditions, intermolecular RNA–RNA interactions are sufficient to drive RNA condensation in vitro.

Among the various types of intermolecular RNA–RNA interactions, intermolecular base pairing has received substantial attention in the condensate field1,2,4,6–10. These interactions can be driven by exposed complementary sequences (“zipcodes”) between transcripts, as demonstrated by co-clustering of BNI1 and SPA2 mRNAs in the filamentous fungus Ashbya gossypii2 or oligomerization of oskar mRNA in Drosophila melanogaster 6,7. Alternatively, intermolecular base pairing can be promoted by remodeling of RNA secondary structures, exposing complementary sequences that are otherwise structurally embedded. This mechanism has been observed in repeat RNAs in silico9 and guanidine riboswitches in vitro10. Both exposed complementary sequences and RNA structural remodeling can be measured using chemical probing11,12 or simulation approaches4,9,13,14. However, methods that directly visualize intermolecular base pairing in in vitro RNA clustering assays remain limited.

RNA pull-down assays using base-pairing crosslinkers15–17 and gel electrophoresis4,6,7 are commonly used to study intermolecular RNA base pairing in vitro. However, these methods lack the spatial resolution to distinguish base pairing within clusters from that outside them. Moreover, isolating RNA clusters for downstream analysis is technically challenging, as it requires preservation of cluster stability while ensuring buffer compatibility with subsequent assays.

A visual assay based on split Broccoli RNA reporters18 conjugated to fluorescently labeled RNAs of interest has previously been employed to enable direct detection of intermolecular base pairing during RNA condensation in vitro4. In this context, the split Broccoli system reports on the likelihood of intermolecular interactions between reporters or between RNAs carrying them under defined in vitro clustering conditions. Thus, the assay probes how sequence context and environmental factors influence the propensity for intermolecular base pairing within an RNA cluster-like environment.

The split Broccoli system consists of two complementary RNA sequences, top and bottom, that dimerize to reconstitute the Broccoli RNA aptamer (Figures 1A–C)18. Upon dimerization, the aptamer binds the fluorophore DFHBI-1T, resulting in green fluorescence (Figures 1A–C)18. Using this system, the extent of intermolecular base pairing between reporter complementary sequences within RNA clusters is shown to depend on RNA folding. By comparing the ratio of DFHBI-1T fluorescence to RNA levels across different experimental conditions, the influence of in vitro conditions on reporter-mediated intermolecular base pairing within RNA clusters can be quantitatively assessed.

This assay complements RNA pull-down and gel electrophoresis approaches for studying intermolecular base pairing in RNA clusters. However, robust signal detection may require molecular crowding reagents, and sensitivity is limited by the efficiency of dimerization and folding of the split Broccoli top and bottom RNAs.

PROTOCOL: 

This protocol provides a step-by-step method for implementing this assay and discusses its applications. The reagents and equipment used are listed in the Table of Materials.

1. Preparation of DNA templates for in vitro RNA transcription

1.1 Append a T7 promoter sequence to the 5′ end of each DNA template containing the split Broccoli aptamer sequences for in vitro RNA transcription. Use the split Broccoli aptamer sequences (top and bottom) alone or insert them at any position downstream of the T7 promoter, with or without an additional RNA sequence of interest.

NOTE: The sequences for the T7 promoter, split Broccoli reporters, and primers used to amplify the DNA templates are listed in Table 1.

NOTE: T7 RNA polymerase strongly prefers to initiate transcription with a “G” at the +1 position. The presence of additional Gs immediately downstream at the +2 and +3 positions can increase transcription yield¹⁹. However, when the downstream sequence begins with G, as in the top and bottom constructs that begin with two Gs, transcription can initiate at different positions²⁰. As a result, transcripts may carry one, two, or three Gs at the 5′ end (e.g., GATCC, GGATCC, or GGGATCC), which may affect the interpretation of base pairing in the designed constructs.

1.2 Use commercially synthesized gene blocks, plasmids, or DNA fragments as templates for PCR. If the original template does not contain a T7 promoter, use a forward primer with a 5′ T7 promoter overhang together with the appropriate reverse primer.

1.3 Prepare a 50 μL PCR reaction in a 200 μL PCR tube containing 2.5 μL each of 10 μM forward and reverse primers, 20 ng DNA template, 25 μL 2× high-fidelity master mix, and nuclease-free water. Mix thoroughly by pipetting up and down and centrifuge at 2,000 × g for 2 s.

1.4 Run the PCR reaction in a thermal cycler using the following program: 98 °C for 30 s (1 cycle); 98 °C for 10 s, optimized annealing temperature for 30 s, and 72 °C for 30 s per kilobase (35 cycles); 72 °C for 2 min (1 cycle).

NOTE: Determine the optimized annealing temperature using an online tool such as a Tm calculator. PCR products may be stored at 4 °C after completion.

1.5 Mix 2 μL PCR product with 8 μL nuclease-free water and 2 μL 6× loading dye. Load the mixture onto a 1% agarose gel for electrophoresis.

NOTE: The PCR product should appear as a single band. If multiple bands are observed, excise the correct band and purify it using a gel extraction kit before proceeding.

1.6 Purify the PCR product or gel-extracted DNA using a DNA purification kit and elute in 20–30 μL nuclease-free water into a 1.5 mL microcentrifuge tube.

1.7 Measure DNA concentration and purity using a microvolume spectrophotometer. Ensure that A260/A280 is approximately 1.8 and A260/A230 is greater than 2.0.

NOTE: If A260/A230 is below 2.0, perform an additional purification step.

1.8 Store the DNA template at −20 °C until use. 

2. Preparation of in vitro RNA transcription reaction

2.1 Wipe the working surface, tube racks, and pipettes with RNase decontamination solution. Use RNase-free, filtered tips.

2.2 Thaw reaction buffer and nucleotide solutions (ATP, CTP, GTP, UTP) supplied with the T7 transcription kit, along with UTP-Cy5, on ice. Centrifuge all tubes at 2,000 × g for 2 s prior to use.

NOTE: Protect UTP-Cy5 from light.

2.3 Calculate the number of thymine bases in the DNA template (excluding the T7 promoter) and determine the required volumes of UTP and UTP-Cy5 for a 20 μL transcription reaction. Maintain consistent labeling density across RNA species.

NOTE: For example, to label an RNA containing 100 uracil bases with approximately three Cy5-labeled uracils, add 4.5 μL of 1 mM UTP-Cy5 and 1.9 μL of 75 mM UTP.

2.4 Prepare a 20 μL transcription reaction by combining 2 μL each of ATP, CTP, and GTP, calculated volumes of UTP (all supplied with the kit) and UTP-Cy5, 2 μL 10× reaction buffer, 2 μL enzyme mix, 200 ng DNA template, and nuclease-free water. Mix thoroughly by pipetting up and down and centrifuge at 2,000 × g for 2 s.

2.5 Incubate the reaction at 37 °C for 6 h.

2.6 Add 1 μL DNase supplied with the kit. Mix thoroughly by pipetting up and down and centrifuge at 2,000 × g for 2 s.

2.7 Incubate at 37 °C for an additional 15 min.

2.8 Transfer the reaction (~20 μL) to a 1.5 mL tube. Add 115 μL nuclease-free water and 15 μL ammonium acetate stop solution supplied with the kit. Mix thoroughly by pipetting up and down and centrifuge at 2,000 × g for 2 s.

NOTE: A commercial RNA purification kit may be used instead of Steps 2.9–3.7.

2.9 Add 150 μL phenol/chloroform and mix gently.

CAUTION: Handle phenol/chloroform in a chemical fume hood.

2.10 Centrifuge at 16,000 × g for 10 min at 4 °C.

2.11 Transfer the upper aqueous phase to a new tube.

NOTE: Avoid disturbing the interphase; the lower layer may appear blue due to unincorporated dye.

2.12 Add an equal volume of chloroform and mix thoroughly.

CAUTION: Handle chloroform in a chemical fume hood.

2.13 Centrifuge at 16,000 × g for 2 min at 4 °C.

2.14 Repeat Steps 2.11–2.13.

2.15 Transfer the aqueous layer (~100–150 μL) to a new tube. Add 900 μL isopropanol and mix thoroughly.

2.16 Aliquot into three equal volumes in separate tubes.

NOTE: Each aliquot is sufficient for multiple RNA clustering reactions.

2.17 Store at −20 °C overnight or up to one month.

3. Purification of in vitro transcribed RNA

3.1 Centrifuge the RNA sample in isopropanol at 16,000 × g for 15 min at 4 °C.

3.2 Carefully remove the isopropanol without disturbing the RNA pellet.

3.3 Add 1 mL of 70% ethanol prepared in nuclease-free water.

3.4 Centrifuge at 16,000 × g for 2 min at 4 °C.

3.5 Remove the ethanol and repeat Steps 3.3–3.4.

3.6 During the final ethanol wash, remove most of the ethanol using a 1000 μL pipette. Briefly centrifuge at 2,000 × g for 2 s in a benchtop minicentrifuge and remove any remaining ethanol using a 20 μL pipette.

3.7 Air-dry the RNA pellet for 1–2 min at room temperature (RT).

3.8 Resuspend the RNA pellet in 20 μL nuclease-free water. Keep the sample on ice and protect it from light.

3.9 Measure RNA concentration and purity using a microvolume spectrophotometer. Ensure that A260/A280 is approximately 2.0 and A260/A230 is greater than 2.0.

4. Preparation of in vitro RNA clustering reaction

NOTE: In this protocol, induction of RNA clustering requires spermine and PEG 8000, based on previous studies2, 4, 5. Specifically, a 100 mM spermine tetrahydrochloride stock solution prepared in nuclease-free water was aliquoted into multiple 1.5 mL microcentrifuge tubes and stored at −20 °C.  

4.1 Thaw a tube of 100 mM spermine solution and 50% PEG 8000 on ice. 

NOTE: After opening, 50% PEG 8000 should be used for no longer than two months due to potential degradation.  

4.2 To prepare 500 μL freshly made 10× RNA refolding buffer, combine 50 μL 2M KCl, 50 μL 1M MgCl2, 50 μL 1M Tris (pH 7.0), and 350 μL nuclease-free water. Mix thoroughly by pipetting up and down. Centrifuge at 2,000 × g for 2 s in a benchtop minicentrifuge.

NOTE: The refolding buffer should be prepared on the day of the RNA clustering experiment.

NOTE: Steps 4.3-4.4 depend on the experimental conditions and may be adjusted as needed. Two example conditions for RNA clustering used in this study are described below. The co-folding condition is adapted from a method used to anneal antisense oligonucleotides to RNA2. In this method, RNAs are mixed in a salt buffer and heated together to promote intermolecular base pairing between RNAs carrying complementary sequences. In contrast, for the separate folding condition, each RNA is folded individually prior to mixing. This condition is intended to approximate a cellular scenario in which RNAs are folded prior to interacting.

4.3 Co-folding 

NOTE: This condition promotes intermolecular base pairing between RNAs containing the top and bottom sequences. It serves as a positive control for reporter-driven intermolecular base pairing under the RNA clustering condition. 

4.3.1 In a 200 μL PCR tube, combine 16 pmol of each in vitro transcribed RNA carrying either top or bottom sequence, 2 μL of 10× refolding RNA buffer, and nuclease-free water to a final volume of 14 μL. Mix thoroughly by pipetting up and down. Centrifuge at 2,000 × g for 2 s in a benchtop minicentrifuge.

NOTE: To calculate the RNA mass corresponding to 16 pmol.

4.3.2 Heat the RNA sample at 90 °C for 2 min. 

4.3.3 Immediately transfer the sample to RT and protect it from light. Incubate the reaction at RT for 1 h. 

4.4 Separate folding

4.4.1 Heat the RNA sample at 90 °C for 2 min and then immediately place it on ice for at least 15 min. 

4.4.2 In a 200 μL PCR tube, combine 16 pmol of in vitro transcribed RNA carrying either top or bottom sequence, 1 μL of 10× refolding RNA buffer, and nuclease-free water to a final volume of 7 μL.

NOTE: To calculate the RNA mass corresponding to 16 pmol.

4.4.3 Incubate the reaction at RT for 30 min, protected from light. 

4.4.4 Combine the RNA samples containing the top and bottom sequences into a single PCR tube. Mix thoroughly by pipetting up and down. Centrifuge at 2,000 × g for 2 s in a benchtop minicentrifuge. Incubate at RT for 30 min. 

4.5 Add 6 μL of a 1:2 (v/v) premix of 100 mM spermine and 50% PEG 8000. Mix thoroughly by pipetting up and down. Centrifuge at 2,000 × g for 2 s in a benchtop minicentrifuge.

NOTE: 50% PEG 8000 is highly viscous. Pipette slowly and carefully.  

4.6 Add 2 μL of 1 mM DFHBI-1T to the reaction. Mix thoroughly by pipetting up and down. Centrifuge at 2,000 × g for 2 s in a benchtop minicentrifuge. The reaction should appear yellow-green. 

NOTE: To prepare a 20 mM DFHBI-1T stock solution from 1 mg of DFHBI-1T (MW: 320.21) lyophilized dye, add 156 μL of molecular biology-grade anhydrous DMSO. Aliquot the stock in small amounts in multiple microcentrifuge tubes and store in -20 °C. Avoid repetitive freeze-thaw cycles for the dye. Prepare a freshly diluted 1 mM DFHBI-1T working solution by diluting the 20 mM stock in nuclease-free water and storing it on ice. 

4.7 Load the reaction into a glass chambered coverglass.

4.8 Incubate the chamber at RT for 4 h in the dark with the cover on to minimize evaporation.   

5. Preparing for imaging

5.1 Acquire three-dimensional images using a structured illumination or confocal microscope equipped with appropriate lasers and objectives.

NOTE: Confocal microscopy is required to minimize out-of-focus light.

5.2 Configure the microscope to image each region of interest (ROI) with the Cy5 channel first at each z-plane, followed by imaging the same ROI using the GFP channel.

5.3 Set exposure time to 500 ms for all channels. Set laser power to 80% for GFP and 40% for Cy5.

5.4 Image a coverslip region outside the reaction droplet at RT using a z-step size of 150 nm.

6. Quantification of intermolecular base pairing

6.1 Import images into image analysis software21. Identify GFP (DFHBI-1T) and Cy5 (RNA) channels.

6.2 Draw a 5 × 5 pixel ROI within an RNA cluster and measure integrated density for both channels at the same z-plane. Select 5–8 ROIs from different RNA clusters in each image.

NOTE: Adjust ROI size depending on camera setup, but maintain consistency across experiments.

6.3 Select 5–8 ROIs outside the reaction droplet for background measurement and calculate the average integrated density for both channels.

6.4 Calculate normalized DFHBI-1T intensity for each ROI using:
 


7. Common problems and troubleshooting

7.1 If no RNA pellet is observed after centrifugation, consider RNA degradation, insufficient transcription time, inactive polymerase, residual salts, or low RNA concentration. Use RNase-free reagents, extend transcription time, use fresh enzyme, and purify templates.

7.2 If no Cy5-labeled RNA clusters are observed, consider RNA degradation or degraded PEG 8000 or UTP-Cy5. Use fresh reagents and RNase-free conditions.

7.3 If no DFHBI-1T signal is observed under co-folding conditions, consider poor dye quality, lack of Broccoli structure formation, or truncated transcripts. Use fresh dye, ensure proper buffer composition, and verify transcript size by gel analysis.

7.4 If fluorescence signal bleaches, reduce laser power and exposure time, minimize imaging steps, and protect samples from light during incubation.

RESULTS: 
In this demonstration experiment, the ability of the top and bottom RNA reporters alone to base pair and form the Broccoli structure was first evaluated using the previously described in vitro RNA clustering protocol⁴. Base pairing between top and bottom generates two Broccoli arms, each capable of intercalating one DFHBI-1T molecule (Figures 1A–C)¹⁸,²².

Upon induction of RNA clustering with spermine and PEG 8000, both RNAs formed clusters either individually or together (Figures 1D–Eii). When top or bottom RNAs were examined in isolation, DFHBI-1T fluorescence within RNA clusters was substantially lower than in the co-folding condition, in which the two RNAs were combined prior to heat denaturation and refolding (Figure 1F). In the co-folding condition, the molar ratio of DFHBI-1T (0.1 mM) to top (0.8 μM) and bottom (0.8 μM) was estimated to be 125:1:1. This corresponds to an approximately 62.5-fold excess of DFHBI-1T relative to the maximum number of potential Broccoli structures.

The low but non-zero DFHBI-1T signal observed for top and bottom alone is consistent with previous reports showing minimal DFHBI-1T fluorescence when each reporter is expressed individually¹⁸. DFHBI-1T also exhibited very low but detectable background fluorescence in the absence of RNA (Figure 1F). Together, these results demonstrate that DFHBI-1T is compatible with the in vitro RNA clustering assay and that co-folding enhances intermolecular base pairing between top and bottom RNAs. 

After normalization to RNA intensity, the normalized DFHBI-1T fluorescence intensity in the co-folding condition reached 1.03, which was significantly higher than that of top and bottom alone (0.054 and 0.023, respectively) (Figure 1D, Figure 1Ei, and Figure 1F). RNA clusters formed by mixing top and bottom RNAs that were folded separately prior to clustering were then examined (Figure 1D, Figure 1Eii, and Figure 1F). In this separate folding condition, the normalized DFHBI-1T signal was 0.031, comparable to baseline levels observed in the negative controls (top or bottom alone) (Figure 1F). These results indicate that co-folding promotes intermolecular base pairing between top and bottom RNAs, whereas separate folding restricts such interactions.

The top and bottom sequences were next inserted into the 3′ untranslated region (UTR) of Drosophila melanogaster shutdown (shu), a germ granule mRNA⁴,²³,²⁴, and its antisense counterpart (shuanti). The shu 3′ UTR was selected because previous work demonstrated that this RNA predominantly exists as a monomer in Drosophila melanogaster and does not dimerize even at high molar concentrations in RNA gel assays⁴,²⁴. In addition, shu-top and shu-bottom do not form homodimers in RNA gels⁴, allowing more direct assessment of intermolecular interactions between top and bottom and the influence of flanking sequences derived from shu.
The DNA templates for shu-top, shu-bottom, shuanti-top, and shuanti-bottom are listed in Table 2. The top and bottom sequences were inserted into the middle of the shu or shuanti 3′ UTR, requiring structural remodeling to facilitate interaction and better mimic physiological RNA–RNA interactions, in which interacting regions are typically embedded within transcripts⁴.

Upon induction of RNA clustering, shu-top, shu-bottom, shuanti-top, and shuanti-bottom individually exhibited minimal DFHBI-1T fluorescence, similar to top and bottom alone (Figures 2A and 2B). Consistently, co-folding of shu-top with shu-bottom or shuanti-top with shuanti-bottom produced higher DFHBI-1T signal than separate folding (Figures 2Ci and Cii). After normalization to RNA intensity and negative controls (defined as the average normalized DFHBI-1T signal from each RNA alone), co-folding of shu-top and shu-bottom resulted in a 5.63-fold increase in normalized DFHBI-1T fluorescence (Figures 2Di and 2Dii). In contrast, separate folding showed only a 1.04-fold increase, comparable to baseline levels observed for shu-top and shu-bottom individually. Similar trends were observed for shuanti-top and shuanti-bottom under co-folding and separate folding conditions (Figures 2Di and 2Dii). These results indicate that separate folding does not promote intermolecular base pairing between shu-top and shu-bottom or shuanti-top and shuanti-bottom, whereas co-folding enhances these interactions, likely due to the inserted reporter sequences.

To test whether shu and shuanti can base pair, shu-top was mixed with shuanti-bottom, and shuanti-top was mixed with shu-bottom. Both combinations exhibited higher DFHBI-1T fluorescence under both co-folding and separate folding conditions compared to shu-top with shu-bottom or shuanti-top with shuanti-bottom (Figures 2Ci and 2Cii). After normalization, co-folding of shu-top with shuanti-bottom and shuanti-top with shu-bottom resulted in 61.86- and 82.60-fold increases in DFHBI-1T fluorescence, respectively (Figures 2Di and 2Dii). In contrast, separate folding yielded only 2.69- and 4.94-fold increases, respectively (Figures 2Di and 2Dii). Although substantially lower than under co-folding conditions, these values were higher than those observed for shu-top with shu-bottom or shuanti-top with shuanti-bottom (1.04 and 1.16, respectively).

Together, these results indicate that reporters carrying additional complementary sequences have a greater capacity to base pair than those without such sequences. This effect is further enhanced under the co-folding condition, which promotes intermolecular interactions.

FIGURE AND TABLE LEGENDS: 

Figure 1: Predicted secondary structures of top and bottom RNAs and quantification of their intermolecular base pairing in in vitro RNA clusters. (A–B) Examples of secondary structures of top (A) and bottom (B) folded individually, as predicted by RNAfold²⁵. When folded separately, top and bottom do not reconstitute the Broccoli aptamer, and DFHBI-1T (gray star) produces minimal fluorescence. (C) Example of the secondary structure of base-paired top and bottom RNAs, as predicted by RNAcofold²⁵. Intermolecular base pairing between the two RNAs reconstitutes two Broccoli arms¹⁸, enabling DFHBI-1T binding and resulting in strong green fluorescence (green stars). (D) Images of DFHBI-1T alone (dye-only control) and in vitro RNA clusters (magenta) formed by top and bottom RNAs in the presence of DFHBI-1T (green). (Ei, ii) In vitro RNA clusters (magenta) formed by top and bottom RNAs under co-folding (i) and separate folding (ii) conditions in the presence of DFHBI-1T (green). For panels D and E, RNAs were labeled with Cy5 such that, on average, approximately one-third of RNAs contain a single Cy5-labeled uracil, while the remaining two-thirds are unlabeled. Images represent average Z-projections of 27 slices acquired with a 150 nm step size, using the same exposure and laser power for each channel across all conditions. DFHBI-1T fluorescence was normalized to the same intensity range across conditions. Scale bars: 2 μm. (F) DFHBI-1T intensity was normalized to RNA abundance, as measured by Cy5 fluorescence. Data are presented as mean ± SEM. P-values for two-tailed t-test (**** vs. co-folding): 1.0 × 10⁻²² (dye-only), 2.3 × 10⁻²² (top), 4.9 × 10⁻²³ (bottom), and 7.0 × 10⁻²³ (separate folding). n = 30 regions for the dye-only condition and 30–31 RNA clusters for all other conditions.

Figure 2: Representative images and quantification of intermolecular base pairing for shu and shuanti carrying top and bottom reporters. (A) Images of DFHBI-1T alone (dye-only control) and in vitro RNA clusters (magenta) formed by shu-top, shu-bottom, shuanti-top, and shuanti-bottom RNAs in the presence of DFHBI-1T (green). RNAs were labeled with Cy5 such that, on average, three UTP-Cy5 uracils were incorporated during in vitro transcription. Images represent average Z-projections of 27 slices acquired with a 150 nm step size, using the same exposure and laser power for each channel across all conditions. DFHBI-1T fluorescence was normalized to the same intensity range across conditions. Scale bars: 2 μm. (B) DFHBI-1T intensity was normalized to RNA abundance, as measured by Cy5 fluorescence. Data are presented as mean ± SEM. n.s., not significant. P-values for two-tailed t-test (vs. dye-only): 3.1 × 10⁻³ (**; shu-top), 1.7 × 10⁻¹ (n.s.; shu-bottom), 2.9 × 10⁻³⁵ (***; shuanti-top), and 2.2 × 10⁻² (; shuanti-bottom). n = 30 regions for the dye-only condition and 30–32 RNA clusters for all other conditions. (Ci, ii) Images of in vitro RNA clusters (magenta) formed by mixing shu-top with shu-bottom, shuanti-top with shuanti-bottom, shu-top with shuanti-bottom, and shuanti-top with shu-bottom in the presence of DFHBI-1T (green) under co-folding (i) and separate folding (ii) conditions. Images represent average Z-projections of 27 slices acquired with a 150 nm step size, using the same exposure and laser power for each channel across all conditions. For the low range, DFHBI-1T fluorescence was normalized to the same intensity range as Figure 1D–Eii and Figure 2A. For the high range, DFHBI-1T fluorescence was normalized to a higher but consistent intensity range across all conditions in panels Ci and Cii. Scale bars: 2 μm. (Di, ii) DFHBI-1T intensity was normalized first to RNA intensity and then to negative controls, defined as the average normalized DFHBI-1T signal from each RNA alone. Data are presented as mean ± SEM. n.s., not significant.
(i) P-values for two-tailed t-test (**** vs. shu-top + shu-bottom): 1.1 × 10⁻³¹ (shuanti-top + shuanti-bottom), 1.1 × 10⁻²² (shu-top + shuanti-bottom), and 4.3 × 10⁻²⁷ (shuanti-top + shu-bottom). (ii) P-values for two-tailed t-test (vs. shu-top + shu-bottom): 2.2 × 10⁻¹ (n.s.; shuanti-top + shuanti-bottom), 1.9 × 10⁻⁹ (; shu-top + shuanti-bottom), and 1.3 × 10⁻¹⁵ (; shuanti-top + shu-bottom). n = 29–32 RNA clusters for all conditions.

Table 1: Sequences of T7 promoter, split Broccoli reporters, and primers used to amplify DNA templates for T7 transcription. The listed primers were used to generate DNA templates for in vitro transcription of the top and bottom RNAs, which were subsequently used in RNA clustering assays described in this study.

Table 2: Sequences of shu-top, shu-bottom, shuanti-top, shuanti-bottom, and primers used to amplify DNA templates for T7 transcription. The listed primers were used to generate DNA templates for in vitro transcription of shu and shuanti RNAs carrying the top and bottom reporters, which were subsequently used in RNA clustering assays described in this study.

DISCUSSION: 
In this study, the split Broccoli aptamer system¹⁸ was adapted for direct visualization and quantification of intermolecular base pairing under in vitro RNA clustering conditions. This approach enables assessment of intermolecular base pairing across different in vitro conditions and complements downstream biochemical assays, such as RNA pull-down experiments using base-pairing crosslinkers¹⁵–¹⁷ and gel electrophoresis⁴,⁶,⁷. Unlike these biochemical methods, which lack the spatial resolution to distinguish base pairing within RNA clusters from that occurring outside them, this approach enables direct spatial visualization of these interactions within clusters. Specifically, it allows monitoring of base pairing between top and bottom RNAs, or RNAs carrying these reporters, under defined RNA clustering conditions. In addition, it provides a real-time, quantitative readout of base pairing between reporter RNAs without requiring crosslinking or RNA extraction, thereby minimizing sample loss and buffer incompatibility.

Using fluorescence microscopy, intermolecular base pairing between the split Broccoli aptamer sequences was quantitatively measured through DFHBI-1T signal, demonstrating compatibility of DFHBI-1T with the in vitro RNA clustering protocol. The extent of intermolecular base pairing varied depending on RNA folding conditions, as observed under co-folding and separate folding conditions (Figure 1F and Figure 2Di–2Dii). These findings indicate that RNA folding conditions critically influence intermolecular RNA interactions and should be carefully considered when interpreting experimental results.

This assay also provides a platform to evaluate whether sequences flanking the top and bottom reporters enhance intermolecular base pairing, as demonstrated using shu. DFHBI-1T fluorescence was higher for shu-top with shuanti-bottom and shuanti-top with shu-bottom than for shu-top with shu-bottom or shuanti-top with shuanti-bottom, indicating that intermolecular interactions involving shu and shuanti further enhance the Broccoli signal. These observations suggest that the DFHBI-1T fluorescence signal obtained from the co-folding of the top and bottom reporters alone does not represent the upper limit of the assay.

DFHBI-1T fluorescence measured in these experiments spanned a broad dynamic range, from a 1.04-fold increase (shu-top with shu-bottom under separate folding) to an 82.60-fold increase (shuanti-top with shu-bottom under co-folding conditions). This dynamic range enables the detection of differences in intermolecular RNA interactions among RNAs carrying these reporters.

Several steps in this protocol are critical for the successful detection of intermolecular RNA base pairing between split Broccoli top and bottom RNAs in RNA clusters. Fresh aliquots of PEG 8000 should be used to reliably induce RNA clustering, and repeated freeze–thaw cycles should be minimized due to reagent instability. DFHBI-1T should be aliquoted and stored at −20 °C to preserve fluorescence properties. In vitro transcription products should be analyzed on a denaturing RNA gel prior to clustering to confirm the correct transcript size. In addition, maintaining RNase-free conditions, including a clean working environment and imaging chamber, is essential because RNA droplets are incubated at room temperature for extended periods prior to imaging.

One limitation of this assay is that DFHBI-1T specifically reports intermolecular base pairing mediated by the top and bottom sequences. Other intermolecular base pairing events occurring in different RNA regions cannot be detected. In addition, the Broccoli structure formed by base pairing between the top and bottom strands is thermodynamically stable²⁶ and may not fully reflect weaker or transient interactions, such as those formed by scattered, surface-exposed bases, as observed in Drosophila germ granule mRNA clusters⁴.

Furthermore, intermolecular RNA–RNA interactions can be promiscuous and non-specific, and sequences flanking the top and bottom reporters may influence DFHBI-1T fluorescence. These flanking regions may directly interact with the reporter sequences, inhibiting Broccoli formation or altering RNA structure, thereby affecting interactions between RNAs carrying the reporters. Accordingly, the assay reflects the combined effects of RNA structure, top–bottom base pairing, interactions among flanking sequences, and interactions between flanking sequences and the reporters.

This assay provides opportunities for future investigation. For example, altering RNA sequences flanking the reporters, introducing RNA helicases or chaperones, or modifying salt conditions may influence intermolecular base pairing in RNA clusters. Such effects can be assessed by measuring the DFHBI-1T signal under co-folding and separate folding conditions. Given that similar RNA aptamers have been used in cells, bacteria, and yeast²⁶–³⁰, this approach may be extended to in cellulo systems or model organisms to examine intermolecular base pairing in mRNA clusters.
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