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Sequences used in this project 
  

 

Bold letter sequences indicate kissing loop regions.  

 

RNA nanorings 3’-side functionalized with Dicer substrate (DS) 

antisenses against enhanced Green Fluorescent Protein (eGFP S11, 2) 

 

   (((((((.......)))))))((((((((.......))))))))............................. 

DS A_GFP 

5’-GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGCuucgguggugcagaugaacuucaggguca 

DS B_GFP 

5’-GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGCuucgguggugcagaugaacuucaggguca 

DS C_GFP 

5’-GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGCuucgguggugcagaugaacuucaggguca 

DS D_GFP 

5’-GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGCuucgguggugcagaugaacuucaggguca 

DS E_GFP 

5’-GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGCuucgguggugcagaugaacuucaggguca 

DS F_GFP 

5’-GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGCuucgguggugcagaugaacuucaggguca 

Dicer substrate sense 

5’-ACCCUGAAGUUCAUCUGCACCACCG 

 

RNA nanorings 3’-side functionalized with Malachite Green (MG) 

aptamers3, 4 

 
 (((((((.......)))))))((((((((.......))))))))..((((((.........(((((....)))))...)))))) 

A_MG 

5’-GGGAACCGUCCACUGGUUCCCGCUACGAGAGCCUGCCUCGUAGCUUGACAUGGUAACGAAUGACAGUUCGCUGUCCGACAUGUC 

B_MG 

5’-GGGAACCGCAGGCUGGUUCCCGCUACGAGAGAACGCCUCGUAGCUUGACAUGGUAACGAAUGACAGUUCGCUGUCCGACAUGUC 

C_MG 

5’-GGGAACCGCGUUCUGGUUCCCGCUACGAGACGUCUCCUCGUAGCUUGACAUGGUAACGAAUGACAGUUCGCUGUCCGACAUGUC 

D_MG 

5’-GGGAACCGAGACGUGGUUCCCGCUACGAGUCGUGGUCUCGUAGCUUGACAUGGUAACGAAUGACAGUUCGCUGUCCGACAUGUC 

E_MG 

5’-GGGAACCACCACGAGGUUCCCGCUACGAGAACCAUCCUCGUAGCUUGACAUGGUAACGAAUGACAGUUCGCUGUCCGACAUGUC 

F_MG 

5’-GGGAACCGAUGGUUGGUUCCCGCUACGAGAGUGGACCUCGUAGCUUGACAUGGUAACGAAUGACAGUUCGCUGUCCGACAUGUC 

 

RNA rings 3’-side modified with six identical  ssRNA toeholds 

 

Toeholds are underlined. 
 

   ((((((((.......))))))))(((((((.......)))))))............ 

A_toehold 

5’-GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGCCUGCCUGUGACuucgguggugca 

B_toehold 

5’-GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGACuucgguggugca 

C_toehold 

5’-GGGAAUCCGCGUUCUGGAUUCCCGUCACAGACGUCUCCUGUGACuucgguggugca 

D_toehold 

5’-GGGAAUCCGAGACGUGGAUUCCCGUCACAGUCGUGGUCUGUGACuucgguggugca 

E_toehold 

5’-GGGAAUCCACCACGAGGAUUCCCGUCACAGAACCAUCCUGUGACuucgguggugca 

F_toehold 

5’-GGGAAUCCGAUGGUUGGAUUCCCGUCACAGAGUGGACCUGUGACuucgguggugca 

DS sense with toehold  

5’-ACCCUGAAGUUCAUCUGCACCACCGUGCACCACCG 

DS antisense  

5’-CGGUGGUGCAGAUGAACUUCAGGGUCA 



RNA nanoring 3’-side functionalized with DS antisenses against six 

different HIV-15  

The names of corresponding dicer substrates (DS) RNAs are indicated for 

each concatenated ring strand. Nanorings constructs contain a 

combination of six different DS RNAs that target the HIV-1 genome. 

Nanoring construct A targets:  PBS-Matrix (PBS-MA), Envelope (gp120), 

Capsid (CA), Reverse Transcriptase (RT), Protease (PR) and Nef. 

Nanoring construct B targets:  PBS-Matrix (PBS-MA), Capsid (CA), 

Reverse Transcriptase (RT), Protease (PR), Nef and Rev-Tat. 

Abbreviations: PBS, Primer Binding Site region; gp120, surface 

glycoprotein of 120KDa; Rev, Regulator of Expression Virion Proteins; 

Tat, Trans-Activator of Transcription; Nef, Negative Factor. 
 
   ((((((((.......))))))))(((((((.......)))))))............................. 
For nanoring A 

DS A_PBS-Matrix 

5’-GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGCCUGCCUGUGACuugacggacucgcacccaucucucuccuu 

DS B_Envelope/gp120 

5’-GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGACuuggacaauuggagaagugaauuauauu   

DS C_Capsid 

5’-GGGAAUCCGCGUUCUGGAUUCCCGUCACAGACGUCUCCUGUGACuuccuggaaugcugucaucauuucuucuu 

DS D_Reverse Transcriptase 

5’-GGGAAUCCGAGACGUGGAUUCCCGUCACAGUCGUGGUCUGUGACuuauuuaucuacuuguucauuuccucca 

DS E_Protease 

5’-GGGAAUCCACCACGAGGAUUCCCGUCACAGAACCAUCCUGUGACuuucuucuaauacuguaucaucugcuccu 

DS F_Nef 

5’-GGGAAUCCGAUGGUUGGAUUCCCGUCACAGAGUGGACCUGUGACuuggaggaaauuagcccuuccagucccuu 

 

For nanoring B 

DS B_Rev-Tat 

5’-GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGACuucgcugacuccgcuucuuccugccauuu  

 

Corresponding DS senses(HIV-1)5  
For nanoring A 

DS PBS-Matrix 

5’-pGGAGAGAGAUGGGUGCGAGUUCGUC  

DS Envelope/gp120 

5’-pUAUAAUUCACUUCUCCAAUUGUCC 

DS Capsid  

5’-pGAAGAAAUGAUGACAGCAUUUCAGG 

DS Reverse Transcriptase 

5’-pGAGGAAAUGAACAAGUAGAUAAAU     

DS Protease 

5’-pGAGCAGAUGAUACAGUAUUAGAAGA     

DS Nef 

5’-pGGGACUGGAAGGGCUAAUUUUCUCC 

 

For nanoring B 

DS Rev-Tat 

5’-pAUGGCAGGAAGAAGCGGAGUUAGUG 

 

RNA nanorings 3’-side functionalized with DS antisenses against GSTP1-1 

(These constructs were used as negative controls in HIV-1 experiments) 

 

DS A_GSTP1-1 

5’-GGGAAUCCGUCCACUGGAUUCCCGUCACAGAGCCUGCCUGUGACuugcagugccuucacauagucauccuugc 

DS B_GSTP1-1 

5’-GGGAAUCCGCAGGCUGGAUUCCCGUCACAGAGAACGCCUGUGACuugcagugccuucacauagucauccuugc  

DS C_GSTP1-1 

5’-GGGAAUCCGCGUUCUGGAUUCCCGUCACAGACGUCUCCUGUGACuugcagugccuucacauagucauccuugc 



DS D_GSTP1-1 

5’-GGGAAUCCGAGACGUGGAUUCCCGUCACAGUCGUGGUCUGUGACuugcagugccuucacauagucauccuugc 

DS E_GSTP1-1 

5’-GGGAAUCCACCACGAGGAUUCCCGUCACAGAACCAUCCUGUGACuugcagugccuucacauagucauccuugc 

DS F_GSTP1-1 

5’-GGGAAUCCGAUGGUUGGAUUCCCGUCACAGAGUGGACCUGUGACuugcagugccuucacauagucauccuugc 

DS sense 
5’-pAAGGAUGACUAUGUGAAGGCACUGC 

 

Sense strand (underlined) concatenated with J18 aptamer selected to 

bind Epidermal Growth Factor Receptor (EGFR)6 

 

Starting sequence (in lower case) required for high yield transcription 

with T7 RNA polymerase was removed post-transcriptionally using RNase 

H. Underlined sequence corresponds to the sense strand of DS RNA of GFP 

and is used for binding to RNA nanorings 3’-side functionalized with DS 

antisenses against GFP. 

 

J18_sense 

5’gggaaaggaagagcGGCGCUCCGACCUUAGUCUCUGCAAGAUAAACCGUGCUAUUGACCACCCUCAACACACUUAUU

UAAUGUAUUGAACGGACCUACGAACCGUGUAGCACAGCAGAUUUGACCCUGAAGUUCAUCUGCACCACCG 

DNA used for RNase H mediated degradation of J18_sense starting sequence 

5`-gctcttcctttccc 

 

Fluorescently labeled sequences 

 

All fluorescently labeled RNA and DNA sequences were purchased from 

IDT. 

 

 Sense strand of DS RNA duplex designed against eGFP2 

RNA sense Alexa 546 (for in vitro uptake studies) 

5`-/5AlexF546N/ACCCUGAAGUUCAUCUGCACCACCG 

RNA sense IRDye700 (for in vivo studies) 

5`-/5IRD700/ACCCUGAAGUUCAUCUGCACCACCG 

 

 

DNA sequences designed for auto-recognizing R/DNA hybrid experiments 

DNA for sense Alexa488 

5’–GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCAtt/3AlexF488N/ 

DNA for antisense Alexa546 

5’–/5AlexF546N/aaTGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC 

 

DNAs designed for visualization 
DNA-sense-Alexa546 (for in vitro transfection experiments) 

5’–/5AlexF546N/aaTGACCCTGAAGTTCATCTGCACCACCG 

DNA-sense-IRDye700 (for in vivo experiments) 

5`-/5IRD700/ACCCTGAAGTTCATCTGCACCACCG 

 

Biotinilated DNAs 
DNA-sense-Biotin 

5’ /5Biosg/aaTGACCCTGAAGTTCATCTGCACCACCG  

 

DNA sequences designed for auto-recognizing RNA-DNA hybrids against 

eGFP7 

Auto-recognizing toe-holds are underlined. 

DNA for sense (12 nts toehold) 

5’-GGAGACCGTGACCGGTGGTGCAGATGAACTTCAGGGTCA 

DNA for antisense (12 nts toehold) 

5’-TGACCCTGAAGTTCATCTGCACCACCGGTCACGGTCTCC 

 



SUPPORTING FIGURES 
 

 
 

Figure S1. (a) Native-PAGE results representing assemblies leading to the formation of 

RNA nanorings functionalized with different numbers of DS RNAs (0-6). Dynamic light 

scattering (DLS) confirms assembly result and denotes nanoring radius. (b) In vitro 

dicing experiments
1
. RNA nanorings functionalized with six siRNAs were incubated with 

human recombinant Dicer enzyme (Methods). Constructs treated with Dicer were 

analyzed using native-PAGE (left) and denaturing 8M urea PAGE (right) and show 

successful siRNA cleavage. Non-functionalized RNA nanoring was used as a control. 

One-pot (c) and co-transcriptional (d) assemblies of nanorings functionalized with up to 

six Malachite Green (MG) aptamers. Assemblies of RNA nanorings functionalized with 

different numbers (0-6) of a Malachite Green (MG)-specific aptamer (PDB: 1F1T
8
) 

demonstrate the sequential increase in the fluorescence of MG dye. (d) Co-transcriptional 

assemblies of RNA nanorings
9
 (verified by native-PAGE, on top) functionalized with six 

MG aptamers visualized through the increase in the fluorescence of MG dye over the 

transcription time (bottom graph). 



 
 

Figure S2. Cryo-EM reconstruction demonstrates that the arms in the siRNA ring do not 

point straight out. (a) Looking from the top, the DS RNA arms are positioned in a 

pinwheel fashion around the ring. The six DS RNA arms point about 53 degrees 

clockwise compared to the arms in the Figure 1 model. (b) Looking from the side, siRNA 

arms point about 25 degrees upward thus creating a crown shape of the hexagonal 

molecule. (c) The resolution of the Cryo-EM density map was assessed to be 16 Å using 

the gold-standard criterion of Fourier Shell Correlation (FSC) cutoff at 0.143 from two 

independent half-sets of data. 

 



 
 

Figure S3. Relative transfection efficiencies for DS RNAs and nanorings functionalized 

with six DS RNAs (three independently taken images for each case). On the next day 

after the transfection of cells (~90% confluence) with DS RNAs and nanorings 

functionalized with six DS RNAs labeled with Alexa546, the efficiencies were analyzed 

by confocal fluorescence microscopy. 



 
 

 

Figure S4. GFP knockdown visualization assays for human breast cancer cells (MDA-

MB-231) which stably express enhanced GFP (eGFP) transfected with different 

concentrations of nanorings functionalized with six DS RNAs (at 100, 50, 25, 12, 6, 3, 

1.5, and 0.75 nM final) and DS RNA duplexes (at 600, 300, 150, 75, 30, 15, 9, and 4.5  

nM final). Note that due to the use of one-type of siRNA against eGFP, siRNA duplexes 

were transfected at six-fold higher concentrations compared to the corresponding 

functionalized nanorings. The relative levels of eGFP expression were visually analyzed 

for silencing of GFP expression with fluorescent microscopy three days post transfection. 

Note that the total number of cells per randomly selected field may vary from sample to 

sample. 
 

 



 
 

Figure S5. (a) GFP knockdown assays for human breast cancer cells (MDA-MB-

231/GFP) which stably express enhanced GFP (eGFP) transfected with nanorings, 

nanorings functionalized with six DS RNAs against GFP and nanorings functionalized 

with six DS RNAs against GSTP1 at 100 nM each. (b) Cell viability assay conducted at 

different time points. Error bars denote SD, N=3. (c) GFP knockdown assays recorded at 

different time points for DS RNAs (at 6 nM) and nanorings functionalized with six DS 

RNAs (at 1 nM). The relative levels of eGFP expression were statistically (30,000 cells) 

analyzed with flow cytometry experiments 1 day, 2 days, 5 days, 6 days, 7 days, 8 days 

and 9 days post transfection. (d) FACS data for corresponding non-normalized control 

cells at different time points. In (a) and (c), gMFI corresponds to the geometric mean 

fluorescence intensity. Error bars denote SEM. 
 

 
 



 

Figure S6. Nanorings functionalized with J18 aptamers bind specifically to target EGFR 

on A431 cells. (a) 3D model representing nanorings labeled with phycoerythrin (PE) and 

containing five J18 aptamers selected to specifically bind EGFR expressed on A431 cells. 

The J18 RNA aptamer model is a conceptual cartoon, based on the minimum free energy 

secondary structure (MFE) predicted for the sequence by the RNAfold program
10, 11

 and 

the most compact 3D structure predicted by the RNAComposer program for this MFE
12, 

13
. (b) Binding of NPs is mediated by RNA aptamers since the treatment with RNases 

resulted in a loss of the fluorescence signal. Note that the corresponding samples without 

RNase treatment are presented in Figure 3d.  (c) The binding of monoclonal antibodies 

against EGFR. Simultaneous treatment using mAb against EGFR and RNases does not 

lead to loss of detection of EGFR, which confirms that loss of signal upon treatment with 

RNases is due to the degradation of RNA aptamers and not their target. (d) Competition 

of NP binding using rEGF resulted in a decrease of the signal as shown for a NP with one 

J18 aptamer. Also, the decrease of fluorescence was not caused by nonspecific 

degradation of RNA by the recombinant protein, because treatment with rIgG did not 

change the signal. 



 

 
 

 

Figure S7. Functionalization of nanorings through toehold interactions. (a) Schematic 

representation of assemblies leading to the formation of RNA nanorings functionalized 

with six DS RNAs via toehold interactions. (b) Native-PAGE results representing 

assemblies leading to the formations of RNA nanorings functionalized with six ssRNA 

toeholds and six DS RNAs. (c) GFP knockdown assays in human breast cancer cells 

(MDA-MB-231/GFP) which stably express enhanced GFP (eGFP). Statistical analysis 

(30,000 cells per sample) of flow cytometry experiments of eGFP expression three days 

after the transfection of cells with nanorings carrying six toeholds and nanorings 

functionalized via toehold interactions with six DS RNAs against eGFP.  

 



 
 

 

Figure S8. Cytotoxicity of functional anti-HIV nanoring constructs A and B and controls 

(LCPS = luciferase counts per second) in HIV-1-expressing HeLa cells. Cytotoxicity is 

minimal at 1nM of nanoring (B). Cells are co-transfected with pNL4-3 (HIV-1 molecular 

clone) and psiCHECK™-1 (Renilla Luciferase vector, Promega), with and without 

nanorings or dicer substrates (DS) RNAs. At 48 h post-transfection, cells were lysed and 

Renilla luciferase was measured. Data are shown normalized to virus controls (HIV-1). 

Anti-HIV DS RNAs (A and B), mixture of 6 different DS RNAs were used as positive 

control. Nanoring control has 6 copies of GSTP1 DS RNAs, and it was used as a negative 

control. HIV-1, Virus control. Error bars denote +/-SEM; N=4.  
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