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            Abstract
Fluorescent RNAs (FRs), aptamers that bind and activate fluorescent dyes, have been used to image abundant cellular RNA species. However, limitations such as low brightness and limited availability of dye/aptamer combinations with different spectral characteristics have limited use of these tools in live mammalian cells and in vivo. Here, we develop Peppers, a series of monomeric, bright and stable FRs with a broad range of emission maxima spanning from cyan to red. Peppers allow simple and robust imaging of diverse RNA species in live cells with minimal perturbation of the target RNAâ€™s transcription, localization and translation. Quantification of the levels of proteins and their messenger RNAs in single cells suggests that translation is governed by normal enzyme kinetics but with marked heterogeneity. We further show that Peppers can be used for imaging genomic loci with CRISPR display, for real-time tracking of proteinâ€“RNA tethering, and for super-resolution imaging. We believe these FRs will be useful tools for live imaging of cellular RNAs.
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                    Fig. 1: Characterization of Pepper530 RMFP.[image: ]


Fig. 2: Expanding spectral range of FRs.[image: ]


Fig. 3: Multi-color imaging of genomic loci using CRISPR display of Pepper.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Screening, optimization and characterization of Pepper530 RMFP.
(a) Fluorescence intensity of HBC in different environments. The fluorescence of HBC in solution or in constraining PMMA glass was excited with ultra-violet light (365 nm). (b) Fluorescence activation of HBC by RNA pools from each round of SELEX. One Î¼M RNA aptamer in each round was mixed with 5 Î¼M HBC and the fluorescence was measured. (c)-(f) Validation of the HBC aptamers from SELEX. (c) HBC fluorescence in the presence of different aptamers. One Î¼M HBC was incubated with 5 Î¼M aptamers. (d) Excitation (dashed) and emission (solid) spectra of D11-HBC (green) and D12-HBC (blue). (e) Imaging of D11 and D12 aptamers in E. coli. BL21 Starâ„¢ (DE3) cells expressing F30-D11 or F30-D12 were induced by adding IPTG at 37 oC for 4 h. The cells were plated on glass slides and incubated with 2 ÂµM HBC in HEPES buffer (containing 5 mM Mg2+). Fluorescence was visualized using a confocal laser scanning microscope with a 488 nm laser. BL21 Starâ„¢ (DE3) cells transformed with empty vector or no vector were used as the controls. Scale bar, 5 Î¼m. (f) FACS analysis of D11-HBC and D12-HBC complexes in BL21 Starâ„¢ (DE3) cells. The fluorescence of the cells was analyzed using a Beckman Cytoflex S with a 488/8 nm excitation filter and a 525/40 nm emission filter. (g)-(h) Identification of the D11 core motif responsible for fluorescence activation by truncation analysis. (g) The Mfold-predicted secondary structures of D11 and its truncation mutants. (h) Quantification of HBC fluorescence induced by D11 and its truncation mutants. The markedly reduced fluorescence of the T3 aptamer suggests that T2 is the minimal aptamer sequence required for activation of HBC fluorescence. Data represent the mean Â± s.d. from three technical replicates. (i)-(k), Mutation analysis of T2 truncation. (i) Mutation sites (red bases) in T2 truncation. (j) Quantification of fluorescence of T2 mutants using 1 Î¼M aptamer and 5 Î¼M HBC. Data represent the mean Â± s.d. from three technical replicates. (k) Magnesium dependence of Pepper and T2. One Î¼M RNA aptamer was mixed with 5 Î¼M HBC and the fluorescence signal of the complex was measured with different concentrations of MgCl2. Data represent the mean Â± s.d. from three technical replicates. (l) Normalized UV-vis absorbance spectra of 5 Î¼M Pepper530 (green) or free HBC (gray). (m) Polyacrylamide gel electrophoresis (PAGE) analysis of Pepper. F30-Pepper, F30-Broccoli and F30-dBroccoli were analyzed on an 8% native PAGE gel. After PAGE, the gel was first stained with HBC and DFHBI-1T and imaged at 488/30 nm excitation and 535/30 nm emission (left), then stained with SYBR Gold and imaged at 305 nm excitation and 590/30 nm emission (right). F30-Pepper is 103 nt in length; F30-Broccoli is 105 nt in length; F30-dBroccoli is 234 nt. The â€œladder ss50â€� contains ssDNA of 50, 100, and 150 nt (multiples of 50 nt). (n) Pepper530 fluorescence in the presence of increasing concentrations of HBC. Data represent the mean Â± s.d. from three technical replicates. (o) Thermostability of Pepper530 and Broccoli-DFHBI-1T. Data represent the mean Â± s.d. from three technical replicates. (p) Effect of pH on the fluorescence of Pepper530 or Broccoli-DFHBI-1T. Data represent the mean Â± s.d. from three technical replicates. (q) Measurement of the Kon and Koff for the association and disassociation of HBC to Pepper. (i) The ON kinetics of the association of HBC to Pepper. A sepharose bead coated by streptavidin protein (GE Healthcare) was labeled by Pepper RNA coupled with biotin at the 3â€™ end. Two-photon fluorescence images were taken immediately after the beads were incubated with 10 nM HBC. Scale bar, 10 Î¼m. (ii) Quantitative analysis of the Pepper-HBC complex formation. The data were fitted to the formula of exponential rise to maximum (y = y0+aÂ·(1-e-bx) (methods for details). Data represent the mean fluorescence of three sepharose beads. (iii) The OFF kinetics of the disassociation of HBC to Pepper. The beads in (i) were placed in buffer without HBC fluorophore. Scale bar, 10 Î¼m. (iv) Quantitative analysis of the fluorescence of Pepper-HBC complex. The data were fitted to the formula of exponential decay (y = y0+aÂ·e-bx) (methods for details). Data represent the mean fluorescence of three sepharose beads. (r) Potassium independence for Pepper-induced fluorescence. For RNA refolding, solutions containing 1 ÂµM Pepper and 5 ÂµM HBC in 40 mM HEPES, 5 mM MgCl2, with or without 100 mM KCl or LiCl were heated to 70â€‰Â°C for 5 min and cooled to room temperature over 15 min. The Broccoli aptamer, which has essentially the same core structure as Spinach1 and thus contains the same G-quadruplex, was used as a positive control. Unlike Broccoli, whose fluorescence is highly dependent on potassium, Pepperâ€™s fluorescence is independent of potassium, suggesting that it has no G-quadruplex structure and probably has a new structure distinct from previously reported FRs. Data represent the mean Â± s.d. from three technical replicates. (s) Tolerance of 5â€™ flanking RNA by Pepper. Pepper was fused to the 3â€² end of the 5S RNA, 7SK RNA, and U6 RNA, or by placing it between 50-nt-long flanking sequences derived from the human Î²-actin 3â€² untranslated region. Pepper with F30, tRNA, or no RNA fusion scaffold were used as controls. Fluorescence was measured by mixing 1 ÂµM Pepper RNA with the indicated flanking sequence and 5 ÂµM HBC, and normalized to the fluorescence of Pepper without scaffold RNA. Data represent the mean Â± s.d. from three technical replicates. (t) Mutation analysis of T2 truncation. Stem-loop indicated in Pepper structure was replaced by either one of the three randomly selected stem-loops of difference sequence. Quantification of fluorescence of Pepper with different stem-loops, using 1 Î¼M aptamer and 5 Î¼M HBC. Data represent the mean Â± s.d. from three technical replicates. (u) Schematic representation of different tandem arrays of Pepper. (v) Quantification of fluorescence of different tandem arrays of Pepper using 1 Î¼M aptamer and 20 Î¼M HBC. Data represent the mean Â± s.d. from three technical replicates. (w) FACS analysis of Pepper530 fluorescence in mammalian cells. 293T/17 cells expressing mCherry and Pepper or Broccoli were incubated with 0.2 Î¼M HBC or 20 Î¼M DFHBI-1T, respectively, before analysis. mCherry expressed from another plasmid was used for assessing transfection efficiency. Untransfected cells or cells expressing only F30 scaffold RNA were used as the control. The cells were analyzed in two channels: green (ex = 488/8 nm, em = 525/40 nm) and red (ex = 561/10 nm, em = 610/20 nm). (x) The same fluorescence images in Fig. 1f with increased contrast (5x for confocal and 10x for two-photon). Scale bar, 10 Î¼m. (y) Live-cell imaging of different tandem arrays of Pepper using single-photon (â€˜confocalâ€™) excitation and two-photon excitation in COS-7 cells. Scale bar, 20 Î¼m. (z) Quantitation of the cellular fluorescence of different tandem arrays of Pepper. Data represent the mean Â± s.d. (N = 100 cells). For a, d-f, l-m, q(i), q(iii), w-y, at least two independent experiments were carried out with similar results.


Supplementary Figure 2 Fluorescence imaging of diverse RNAs tagged with Pepper in live cells.
(a) Quantification of the fluorescence of Pepper and its fusions with scaffold RNAs in 293T/17 cells. Data represent the mean Â± s.d. (N = 60 cells). (b) Effects of scaffold RNAs on the stability of Pepper in living cells. 293T/17 cells transfected with plasmids expressing Pepper or its fusions with scaffolds were treated with 5 Âµg/ml Actinomycin D (an inhibitor of RNA polymerases) 24 hrs after transfection. Fluorescence of Pepper was recorded during the time course of the inhibitor treatment. Data represent the mean Â± s.d. (N = 10 cells). (c) Effects of scaffold RNAs on the long-term stability of in vitro transcribed Pepper exposed to air at 37 oC. Fluorescence of Pepper and its fusions was measured in the presence of 5 Î¼M HBC fluorophore. Data represent the mean Â± s.d. from three technical replicates. (d) Detection of Pepper tagged 7SK, U6 and 5S RNAs by FISH imaging (red) counterstained with DAPI (blue). Cells were co-transfected with SC35-BFP, or SART3-BFP expressing plasmids. SC35 and SART3 were used to localize nuclear speckles and Cajal body in live cells, as they interact with 7SK and U6, respectively. BFP fluorescence (blue) in live cells was imaged before FISH procedures. Scale bar, 5 Î¼m. (e) Fluorescence imaging of Broccoli-, Corn- and Pepper-tagged BFP or ACTB mRNAs. COS-7 cells were labeled with 20 Î¼M DFHBI-1T, 10 Î¼M DFHO and 1 Î¼M HBC, respectively. BFP or ACTB mRNAs without aptamer tag were used as the controls. Scale bars, 20 Î¼m. (f) Detection of BFP, GAPDH and ACTB mRNA by FISH (red) with DAPI counterstaining (blue). Scale bar, 10 Î¼m. (g) Detection of TMED2, BCAP31 and RCN2 RNA by FISH (red) with DAPI counterstaining (blue). Scale bar, 10 Î¼m. (h) and (j) Detection of 4Pepper tagged mRNAs of cytosolic and nuclear proteins (h) or ER and integral membrane localized proteins (j) by sequential live cell Pepper imaging (green) and fixed cell FISH imaging (red). For the study of ER and integral membrane proteinsâ€™ mRNA localization in (j), ER (blue) were visualized by co-transfecting the cell with Srprb-BFP (a subunit of the signal recognition particle receptor localizes to ER membrane2) expression plasmid. Scale bars, 10 Î¼m. (i) and (k) Detection of mRNAs of cytosolic and nuclear proteins (i) or ER and integral membrane localized proteins (k) by FISH (red) with DAPI counterstaining (blue). Scale bar, 10 Î¼m. For d-k, two independent experiments were carried out with similar results.


Supplementary Figure 3 Large-scale single-cell analysis of mammalian mRNA translation control.
(a) Schematic representation of light-induced Pepper expression based on the LightOn system. Upon blue light exposure, GAVPO binds to the UASG sequence and actives the transcription of BFP-4Pepper. (b) and (c) Consecutive imaging (b) and quantitative analysis (c) of light-induced BFP-4Pepper mRNA expression. Data were normalized to the 13 hr time point. Data represent the mean Â± s.d. (N = 20 cells). Scale bars, 10 Î¼m. (d) Pepper has little effects on mRNA translation, transcription, or degradation. Left, The effect of Pepper on mRNA translation. 293T/17 cells expressing BFP-4Pepper or BFP mRNA under the control of the LightOn system were cultured in light illumination for 24 hrs before BFP fluorescence was analyzed. Untransfected cells were used as the control. Right, the effect of Pepper on mRNA transcription and degradation. 293T/17 cells expressing BFP-4Pepper or BFP mRNA under the control of the LightOn system were illuminated for 6 hrs and then transferred to dark conditions. mRNA levels at the indicated time points were analyzed using RT-qPCR. Data were normalized to the BFP sample at time 0. Left, two independent experiments were carried out with similar results. Right, data represent the mean Â± s.d. from three technical replicates. (e) FACS analysis of COS-7 cells expressing BFP, 4Pepper, BFP and 4Pepper from two separate vectors, or BFP-2A-sfGFP. (f) Flow cytometry analysis of BFP and its mRNA tagged with 4Pepper in single live cells at different time after transfection. (g) flow cytometry analysis of BFP, mCherry and SNAP-tag protein and their mRNA tagged with Pepper in single live cells. The data were fit to a Michaelis-Menten equation (green dashed line with R2 and Km as indicated) or a linear equation (black dashed line), respectively. (h) Fluorescence imaging and quantitative analysis of BFP, mCherry and SNAP-tag protein and their mRNA tagged with Pepper in single live cells. The data were fit to a Michaelis-Menten equation (R2 as indicated). Scale bars, 50 Î¼m. For e-h, at least two independent experiments were carried out with similar results. (i) and (j) The effect of translation regulating agents on the coefficient of determination between BFP protein and its mRNA levels. Data in (j) represent the mean Â± s.d. from three cell cultures. (k) and (l) The coefficient of determination between protein and their mRNA levels of different protein species. The mRNAs encoding cytosol and nuclear (orange bars), ER and integral membrane proteins (blue bars) were fused to BFP-4Pepper RNA. Data in (l) represent the mean Â± s.d. from four to five cell cultures. (m) and (n) The coefficient of determination between BFP protein and its mRNA levels in different cell lines. Statistical comparison was performed by two-tailed t test. Data in (n) represent the mean Â± s.d. from four to five cell cultures.


Supplementary Figure 4 Strategy to tune the spectra of fluorophores.
HBC has a typical chromophore structure consisting of an electron donor and an acceptor linked by Ï€ conjugation. In this architecture, emission wavelength of the dye is usually determined by their HOMO-LUMO gap, which is closely related to the Ï€-structure and capabilities of electron donor and acceptor3,4. Increasing the electron withdrawing capability of the electron acceptor group or electron donating capability of the electron donor group usually lowers the HOMO-LUMO gap, enhances the bathochromic shift, and red-shifts the fluorescence. Extending the Ï€-conjugation also lowers the HOMO-LUMO gap and red-shifts the spectra5,6. Decrease the electron density of the Ï€-conjugation may lower the electron donating ability of the electron donor group7, and enhance the HOMO-LUMO gap, which resulted blue-shifting of the spectra. We therefore achieved spectroscopic shifting of Pepper using the following strategies, by tuning the aromatic Ï€-structure or adjusting the electron donor and acceptor capability of HBC dyes: Strategy 1: Extend the conjugation length with condensed aromatic rings such as benzothiophene and bithiophene, to obtain red-shifted HBC599 and HBC620. Strategy 2: Decrease the electron withdrawing capability of the electron acceptor group using 2-benzoxazole to obtain slightly blue-shifted HBC525. Strategy 3: Introduce nitrogen atoms into the benzene Ï€ -conjugation to generate pyridine and pyrazine conjugation, to obtain blue-shifted HBC497 and HBC508. Strategy 4: Ammoniate the hydroxyethyl group of HBC497, to obtain HBC485 with further blue-shifted spectra. The aliphatic amine group of HBC485 may be protonated by the phosphoric acid of Pepper in the complex. The protonated amine group shall decrease the electron donating ability of the electron donor group, which leads to blue-shifting the spectra of the probes.


Supplementary Figure 5 HBC and its analogues showed no significant toxicity in live cells.
HeLa cell viability was measured in the presence of different concentrations of the following dyes: (a) HBC; (b) HBC485; (c) HBC497; (d) HBC508; (e) HBC514; (f) HBC525; (g) HBC599; (h) HBC620. Cells were grown in DMEM medium containing different concentrations of each fluorophore for 48 hrs, after which their viability was measured by the CCK-8 assay. Data represent the mean Â± s.d. from three cell cultures.


Supplementary Figure 6
CRISPR display of Pepper arrays for imaging genomic loci. (a) Schematic presentation of CRISPR display of different pepper arrays for imaging genomic loci. Different Pepper arrays were inserted into the tetraloop, loop2, or both the tetraloop and loop2. (b) Co-labeling of human centromeric-satellites using the modified sgRNA scaffold (red) and dCas9-GFP (green). The nucleus was stained with Hoechst 33342 (blue). Scale bar, 5 Î¼m. (c) Total number of centromeres detected per cell for the three modified sgRNAs. Data represent the mean Â± s.d. (N = 10 cells). (d) Quantification of the fluorescence intensities of genomic loci labeled with different Pepper modified sgRNAs. Data represent the mean Â± s.d. (nâ‰ˆ400 loci from 10 cells). (e) Dual-color imaging of telomeres and centromeres using Pepper- and Broccoli-modified sgRNA in HeLa cells. Broccoli-DFHBI-1T fluorescence image (original in the insert) was shown with 10Ã—-increased contrast for visualization. Inset, the original image. Scale bar, 10 Î¼m. For b and e, two independent experiments were carried out with similar results.


Supplementary Figure 7
Real-time imaging of protein-RNA tethering. (a) Schematic representation of the protein-RNA tethered reporting system based on the interaction of tdMCP and the MS2 binding hairpin RNA. (b) Live cell imaging of Pepper-MS2. HeLa cells were transfected with plasmid expressing Pepper-MS2 and cultured for 30 hrs. Images were taken in the presence of 1 Î¼M HBC620. Scale bar, 10 Î¼m. (c) Imaging of HeLa cells expressing Pepper-MS2 and tdMCP-BFP targeted to different subcellular compartments: i, Histone 2B (Nucleic); ii, LifeAct (Filamentous actin); iii, Î±-tubulin; iv, a palmitoylation sequence (Membrane); v, a Golgi apparatus targeting signal; vi, TOMM20 (Outer mitochondrial membrane); vii, Srprb (ER membrane); viii, a peroxisomal targeting sequence. Scale bar, 10 Î¼m. (d) Schematic representation of optogenetic manipulation of RNA localization. Upon blue light exposure, the CRY2-mCherry-tdMCP fusion protein interacts with plasma membrane-targeted CIBN and recruits Pepper-MS2 to the plasma membrane. Imaging (e) and quantification (f) of light-induced translocation of Pepper485 and mCherry to the plasma membrane. Both Pepper485 and mCherry fluorescence localized to the cytosol under dark conditions; however, they began accumulating at the plasma membrane upon light illumination. Cells were illuminated with a 458 nm laser (30 Î¼W) spaced 17 min apart during three consecutive light-dark cycles. Scale bars, 10 Î¼m. Data represent the mean Â± s.d. (N = 5 cells). (g) Time course of CRY2-mCherry-tdMCP and Pepper-MS2 recruitment to the plasma membrane after illumination with a 458 nm laser (30 Î¼W). Scale bar, 5 Î¼m. (h) Quantification of plasma membrane and cytosolic CRY2-mCherry-tdMCP protein and Pepper-MS2 RNA in (g). Data represent the mean Â± s.d. (N = 5 cells). (i) Fluorescence imaging of mCherry and Pepper485 in HeLa cells expressing CIBN, CRY2-mCherry-tdMCP, and Pepper-MS2 during dark recovery after initial blue light activation. Cells were firstly illuminated using a 458 nm laser (30 Î¼W), and then imaged using a 900 nm two-photon excitation for Pepper485 fluorescence and a 561 nm excitation for mCherry fluorescence. Scale bar, 10 Î¼m. (j) Quantification of plasma membrane and cytosolic CRY2-mCherry-tdMCP protein and Pepper-MS2 RNA. Data represent the mean Â± s.d. (N = 5 cells). For b, c and i, at least two independent experiments were carried out with similar results.


Supplementary Figure 8 Comparison of Peppersâ€™ and MS2 systemâ€™s Performance for RNA imaging in COS-7 Cells.
(a) Schematic representation of constructs expressing NLS-tdMCP-FPs, or mRNAs fused with 4P4M dual tag. mRNAs without 4P4M tag were used as controls. (b) and (c) Fluorescence imaging of Pepper620 (red) and tdMCP-EGFP (green) in cells expressing BFP mRNA (b) or ACTB mRNA (c), with or without 4P4M tag. (d) and (e) Fluorescence imaging of Pepper530 (green) and tdMCP-mCherry (red) in cells expressing BFP mRNA (d) or ACTB mRNA (e), with or without 4P4M tag. (f-i) Quantification of the fluorescence of MS2 system channel (tdMCP-EGFP or tdMCP-mCherry) and Pepper channel (Pepper530 or Pepper620) in the cytosol of cells expressing mRNAs with or without 4P4M tag. These data showed much higher signal/background contrast was detected in the Pepper channel comparing to the MS2 system channel. Statistical comparison was performed by two-tailed t test. Data represent the mean Â± s.d. (N = 50 cells). (j) Schematic representation of constructs for the targeting of ACTB mRNA to outer membrane of mitochondria through TOMM20-tdPCP-BFP tethering. (k) and (m) Fluorescence imaging of tdMCP-EGFP and Pepper530 (k) or tdMCP-mCherry and Pepper620 (m) in cells expressing mitochondrial localized ACTB mRNA with 4P4M tag. Cells were co-transfected with ACTB-4P4M-4xPP7, TOMM20-tdPCP-BFP and NLS-tdMCP-EGFP (k) or NLS-tdMCP-mCherry (m) plasmids. The fluorescence signals of the MS2 system (EGFP or mCherry) were measured in cells before HBC ligands incubation. The fluorescence signals of Pepper were measured by the enhanced fluorescence in the same cells after incubation with HBC ligands, which reflected the formation of Pepper complex spectral matched to FPs of MS2 system (Pepper530 for EGFP, Pepper620 for mCherry). (l) and (n) Quantification of the MS2 systemâ€™s or Pepperâ€™s fluorescence signal of ACTB mRNA tagged with 4P4M tag, and TOMM20-tdPCP-BFP fluorescence in mitochondria and cytosol of the cells. Statistical comparison was performed by two-tailed t test. N.S., no significant difference. Data represent the mean Â± s.d. (N = 50 cells). Scale bar, 10 Âµm. For b-e, k and m, at least two independent experiments were carried out with similar results.


Supplementary Figure 9 Performance comparison of Peppers and Riboglow platform.
(a) Structures of Cbl-5xPEG-ATTO 590 and HBC620. Cbl-5xPEG-ATTO 590 is a macromolecule (MW>2000) that is hard to traverse plasma membrane. (b) Excitation and emission spectra of Pepper620 and Riboglow (the complex of RNA tag A and Cbl-5xPEG-ATTO 590). (c) Fluorescence activation of Cbl-5xPEG-ATTO 590 and HBC620 upon binding with their specific aptamers measured at 590 nm excitation 640 nm emission. Data represent the mean Â± s.d. from three technical replicates. (d) and (e) Live cell imaging of G3BP1-BFP and ACTB-(A)4x (d) or ACTB-4Pepper (e) during stress granules (SGs) formation in cells treated with NaAsO2. (A)4x is the tandem tetramer of RNA tag A. G3BP1 protein is a granule-associated RNA-binding protein and a marker to localize SGs. Scale bar, 10 Âµm. (f) and (g) Line profiles of the fluorescence from G3BP1-BFP and ACTB-(A)4x (f) or ACTB-4Pepper (g) of the dashed lines in (d) and (e). (h) Schematic representation of constructs expressing 4Pepper or A(4x) alone from Pol II (U6 promoter), or mRNAs fused with 4Pepper or A(4x) tag from Pol III (CMV promoter). (i) Live cell imaging of Riboglow or Pepper620, and their fusions transcribed by Pol II or Pol III. Scale bar, 10 Âµm. (j) Quantitative analysis of the fluorescence of Riboglow or Pepper620, and their fusions in cells. Statistical comparison was performed by two-tailed t test; N.S., no significant difference. Data represent the mean Â± s.d. (N = 50 cells). (k) Schematic representation of constructs for the targeting of 4Pepper or A(4x) fused ACTB mRNA to outer membrane of mitochondria through TOMM20-tdMCP-BFP tethering. (l) Imaging of mitochondrial localized mRNA labeled with Riboglow and Pepper620. The COS-7 cells co-transfected with TOMM20-tdMCP-BFP and ACTB-4Pepper or ACTB-(A)4x expression plasmids were incubated with HBC620 or loaded with Cbl-5xPEG-ATTO 590, respectively. Scale bar, 10 Âµm. (m) Quantification of the fluorescence of Pepper620, Riboglow and BFP in the outer membrane of mitochondrial and cytosol. Statistical comparison was performed by two-tailed t test. Data represent the mean Â± s.d. (N = 50 cells). For b, d-g, i and l, at least two independent experiments were carried out with similar results.


Supplementary Figure 10 Live cell super-resolution imaging of RNA aptamers.
(a)-(c), Photostability of different RMFPs and FPs in live 293T/17 cells. (a) Cells expressing Pepper, Broccoli, mCherry-H2B, mVenus-H2B, UnaG-H2B, EGFP-H2B, or ECFP-H2B were imaged using a confocal laser scanning microscope with a 561 nm laser for Pepper599, Pepper620 and mCherry, a 488 nm laser for Pepper525, Pepper530, mVenus-H2B, UnaG-H2B and EGFP-H2B, a 458 nm laser for Pepper514, Pepper508, Pepper497, Pepper485, Broccoli-DFHBI-1T and ECFP-H2B. The curves were normalized to spectra of the RNA-fluorophore complexes or fluorescent proteins. (b) The same cells in (a) were imaged using a 1040 nm two-photon excitation for Pepper599, Pepper620 and mCherry, a 976 nm two-photon excitation for Pepper525, Pepper530, mVenus-H2B, UnaG-H2B and EGFP-H2B, a 900 nm two-photon excitation for Pepper514, Pepper508, Pepper497, Pepper485, Broccoli-DFHBI-1T and ECFP-H2B. (c) Photoswitching properties of Broccoli, Pepper497, Pepper508, Pepper 514, Pepper525, Pepper530 in live cells. Cells expressing Pepper or Broccoli were labeled by their cognate ligands and imaged with five cycles of continuous 458 nm or 488 nm laser scanning for 10 seconds (solid lines in the white regions), with 60 seconds of darkness between cycles (gray regions). The percent recovery (%REC) of the peak initial fluorescence was almost 100% for both Broccoli and Peppers, for according to the equation: \(\% REC = \frac{{f_r - f_{bl}}}{{f_0 - f_{bl}}}\), where f0 is the peak initial fluorescence, fbl is the post-bleach fluorescence, and fr is the post-dark recovery fluorescence8. All data in (a-c) are normalized to the initial image intensity (at time 0), N=10 cells. (d-n) HeLa cells expressing Pepper tethered to H2B in nuclei (d-g) or TOMM20 on the outer mitochondrial membrane (k-m) were studied by widefield and 3D-SIM imaging in the presence of HBC620. The lateral and axial spatial resolutions of SIM imaging were 116-nm and 350-nm, respectively. (d, k) Wide-field imaging showing co-localization of BFP and Pepper620. (e) Apical section taken from the surface of the nuclear envelope close to the coverslip. (f) Images of H2B-tethered Pepper in mid-cross-section. 3D-SIM images reveal a punctated pattern of regions devoid of Pepper620 fluorescence. (g) An x-z planar cross-section through the dashed line shown in (f). (h-j) Raw images of Broccoli-DFHBI-1T, Pepper530 and Pepper620 for SIM imaging. HeLa cells expressing 2Broccoli-MS2 (h) or 4Pepper-MS2 and tdMCP-tagBFP-H2B (i, j) were imaged by structured illumination microscopy (SIM) imaging in the presence of 20 Î¼M DFHBI-1T (h), 2 Î¼M HBC (i) or 1 Î¼M HBC620 (j). (l) Images of TOMM20-tethered Pepper shown in maximum-intensity projection along the z dimension through the cell volume. (m) One xâ€“z planar cross-section through the dashed line shown in (l). (n) 3D SIM versus conventional wide-field with depth encoded in color. This `ure shows the maximum-intensity projection of a HeLa cell expressing 4Pepper-MS2 and TOMM20-tdMCP-tagBFP, and is mostly the same as (l) except that different colors are used to indicate the axial position, or depth, of the Pepper620. The depth-to-color map is shown at the bottom right corner. Scale bars in (d-f), 5 Î¼m; (h-l) and (n), 10 Î¼m; (g) and (m), 1 Î¼m. For d-n, at least two independent experiments were carried out with similar results.
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