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Methods 

 

DNA constructions  

cDNA encoding human ferritin light subunit (FT; GeneBank Acc. No. BC016346) was 

cloned into KpnI and BamHI sites of pcDNA3.1 (Invitrogen), and then mCerulean PCR 

product was cloned into AflII and KpnI sites of that plasmid, resulting in mCerulean-FT. 

Subsequently, cDNAs of FRB and FKBP were fused by overlap extension PCR with 

NheI and AflII sites at the 5’ and 3’ ends of the genes, respectively. The restricted 

product was then cloned in-frame into NheI and AflII sites of mCerulean-FT for 

generating FRB-FKBP-mCerulean-FT plasmid. Coding region of mCerulean from 

mCerulean-FT was excised by NheI and KpnI and replaced with haloalkane 

dehalogenase and O6-alkylguanine-DNA alkyltransferase for HD-FT and AGT-FT 

plasmids, respectively. For generating Zip1-FT or Zip2-EGFP plasmids, Zip1 (ALK 

KEL QANK KEL AQL KWEL QAL KKE LAQ) or Zip2 (EQLE KKL QALE KKL 

AQL EWKN QAL EKK LAQ)1 was fused to N-terminus of human ferritin heavy 

subunit (GeneBank Acc. No. BC016009) or EGFP, respectively. FYVE domain (274-

349) of FENS1 was excised by BglII and KpnI and fused to the C-terminus of EYFP 

(EYFP-C1, Clontech) to generate EYFP-FYVEFENS1 plasmid. Constructions of plasmids 

for FRB-EGFP-FT, FRB-mRFP-FT, FKBP-mRFP-FT, IB-ECFP-FT, EYFP-RelA, 

and DHFR-mRFP-FT were described previously.2 Plasmid of FRB-mCherry-Rab5B 

was described in elsewhere.3 

 

Cell culture and transfection  

HeLa cells were maintained in DMEM (Invitrogen) supplemented with 10 % fetal 

bovine serum (FBS, Invitrogen) at 37℃ and 5% CO2. Transfection was performed using 

a MicroporatorTM (MP-100; Digital Bio Technology) and Lipofectamine®2000 

(Invitrogen) according to the manufacturer’s instructions. The optimized conditions of 

electroporation for HeLa cell were 2 pulses of 1080V for 35 millisec. 

 

Molecular target interaction assay 

At 24 h after transfection, medium was replaced with OPTI-MEM (Invitrogen) and 

treated with selected concentrations of rapamycin (Calbiochem). For competition 

experiments, transfected cells were pre-incubated with 25 M FK506 (Sigma) for 10 

min before treatment with rapamycin. For analyzing interactions of human and E.coli 

DHFR with their small molecule ligands (DHFR Ligand-FL and E.coli DHFR Ligand-

FL), transfected cells were incubated with 10 M methotrexate-FL (Invitrogen) and 
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trimethoprim-FL (Active Motif) ligands according to the manufacture’s protocols and 

then treated with 500 nM rapamycin. For analyzing interactions of HD (haloalkane 

dehalogenase) and AGT (O6-alkylguanine-DNA alkyltransferase) with their small 

molecule ligands (HD Ligand-FL, HD Ligand-TMR, and AGT Ligand-FL), transfected 

cells were incubated with HaloTag-Oregon Green (Promega), HaloTag-TMR (Promega), 

and SNAP-Cell 505 (NEB) ligands according to the manufacture’s protocols and then 

treated with 500 nM rapamycin. For quantitative analysis, cells were fixed with 4 % 

formaldehyde and washed with DPBS.  

 

Confocal imaging  

Confocal microscopy was performed on the Nikon A1R with a CFI Plan Apochromat 

VC objective lens (60x/1.40NA) along with digital zooming of NIS-element software 

(Nikon) according to the manufacturer’s instructions. For acceptor bleaching FRET, 10 

pulses of laser were stimulated without delay and fluorescent images for donor and 

acceptor were captured simultaneously. 

 

Image processing and analysis  

Confocal images were stored as a ND2 (or JPEG2000) file format. Cropping of images 

was performed with MetaMorph offline version 7.6.0.0 (MDS Analytical Technologies). 

ND2 files were converted into ICS format and the “Make Movie” tool in the 

MetaMorph software was used to make video files. For quantification of nanocluster 

formation, nanoclusters were defined as discrete punctated dots of fluorescence with 

criteria of fluorescent intensity (2500-4095), size (>0.2 m2), and circularity (0.5-1.0). 

Number and size of nanoclusters per cells were measured with the “Object Count” tool 

in Nikon imaging software (NIS-element AR 64-bit version 3.10, Laboratory Imaging). 

Co-localization between two molecules with different fluorescent colors was measured 

by using “Co-localization” tool in Nikon imaging software. To visualize changes of 

fluorescent intensities and patterns in the course of nanocluster formation, the “Intensity 

Surface Plot” tool in the NIS-element software was used. Donor and acceptor intensities 

in FRET analysis were measured by using the “Time Measurement” tool in Nikon 

imaging software. 
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Supplementary Videos 

 

Video S1. Specific nanocluster formation induced by FKBP-rapamycin-FRB 

interactions inside living cells. HeLa cells transfected with FRB-FKBP-mCerulean-FT 

were treated with 500 nM rapamycin to trigger FKBP-FRB heterodimerization and 

induce nanocluster formation. Images for FRB-FKBP-mCerulean-FT were captured in 

every 20 sec for 20 min. Rapamycin was added at 1 min after imaging. 

 

Video S2. Specific nanocluster formation induced by FKBP-rapamycin-FRB 

interactions inside living cells. HeLa cells co-transfected with FRB-EGFP-FT and 

FKBP-mRFP-FT were treated with 500 nM rapamycin. Images were captured in every 

10 sec for 5 min. Rapamycin was added at 1 min after imaging. 

 

Video S3. Visualizing specific interactions of DHFR with its small molecule ligand on 

inducibly assembled nanoclusters/nanoscaffolds. HeLa cells co-transfected with FRB-

FKBP-mCerulean-FT and DHFR-mRFP-FT were incubated with 10 M DHFR Ligand-

FL prior to treatment with 500 nM rapamycin. Images were captured in every 1 min for 

10 min. Rapamycin was added at 1 min after imaging. 
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Figure S1. Time-lapse images for visualizing nanocluster formation by interactions of 

rapamycin with FKBP and FRB inside living cells. HeLa cells were co-transfected with 

expression plasmids as indicated and then treated with 500 nM rapamycin. Scale bar = 

20 μm. 
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Figure S2. Effect of nanocluster formation on cell viability. HeLa cells transfected with 

FRB-FKBP-mCerulean-FT were treated with 500 nM rapamycin for three different 

incubation periods (1, 24, and 48h). Incubated cells were harvested and stained with 

trypan blue to measure the percentages of viable cells. For each time point, over 300 

cells were counted to measure the average value of cell viability. Error bars, s.d. 
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Figure S3. Visualization of specific interactions of DHFR with its small molecule 

ligand on assembled biosynthetic nanoscaffolds. (a) HeLa cells co-transfected with 

expression plasmids as indicated were incubated with 10 M DHFR Ligand-FL 

(fluorescein-labeled methotrexate) prior to treatment with 500 nM rapamycin. Dashed 

line indicates cell boundary. (b) Co-localization of DHFR with DHFR Ligand-FL was 

analyzed by measuring Pearson’s correlation coefficient. Scale bar = 20 μm.  
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Figure S4. Visualization of species-specific interactions of DHFR with its small 

molecule ligand on assembled biosynthetic nanoscaffolds. HeLa cells expressing E.coli 

or human DHFR-mRFP displayed on FT-derived nanoclusers were incubated with 100 

nM E.coli DHFR Ligand-FL (fluorescein-labeled trimethoprim). Scale bar = 20 m. 
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Figure S5. Visualization of specific interactions of AGT with its small molecule ligand 

on assembled biosynthetic nanoscaffolds. HeLa cells co-transfected with expression 

plasmids as indicated were incubated with 5 M AGT Ligand-TMR prior to treatment 

with 500 nM rapamycin. Scale bar = 20 μm.  
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Figure S6. Detection of lecuine zipper interactions on assembled biosynthetic 

nanoscaffolds. HeLa cells co-transfected with expression plasmids as indicated were 

treated with 500 nM rapamycin. Scale bar = 20 μm. 
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Figure S7. Co-localization of Rab5B with FYVE domain of FENS1 in endosomes. 

Fluorescent images of HeLa cells co-expressing endosomal localized proteins of FRB-

mCherry-Rab5BQ79L and EYFP-labeled FYVE domain were captured. Scale bar = 20 

μm.  
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Figure S8. Analysis of IB-RelA and DHFR-methotrexate interactions with FRET. 

(a) Normalized ratio of YFP to CFP intensities in live HeLa cells co-expressing EYFP-

RelA and IB-ECFP-FT. Images were captured in every 20 sec for 15 min. (b-e) 

Acceptor bleaching FRET analyzed in fixed HeLa cells co-transfected with expression 

plasmids as indicated. Intensities of donor (CFP or GFP) were quantified and 

normalized before and after bleaching of acceptor (YFP or RFP). For analyzing DHFR-

methotrexate interaction, HeLa cells were incubated with 10 M fluorescein-labeled 

methotrexate with or without nanocluster formation. Arrow indicates the timepoint for 

acceptor bleaching. Images were captured in every 5 sec. 
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Table S1. Comparison of nanocluster assay with previously developed technologies for 

molecular target interactions 

 

Method Pros Cons Ref 

Affinity 

purification 

- Easy manipulation of binding 

conditions 

- Detection of endogenous target 

protein(s) with specific antibody

- In vitro binding conditions 

- High false positives/negatives 

- Hard to detect dynamic 

interactions 

- Laborious procedure 

- Ensemble averaging over 

heterogenous cell populations 

5-10 

Yeast three 

hybrid 

- Easy to genetic manipulation 

- Suitable for screening 

- Indirect readout 

- Non-mammalian cells 

- High false positives/negatives 

- Hard to detect dynamic 

interactions 

- Required to translocate into the 

nucleus of bait and prey 

- Not applicable to single cell 

level 

4-7,11,12 

BiFC - Direct readout 

- Rapid analysis 

- Applicable to live cell 

- Single cell analysis 

- Suitable for screening 

- Applicable to subcellular 

organelles 

- Delayed readout 

- Careful consideration of fusion 

protein constructions 

- Hard to quantify binding 

kinetics 

13-15 

FRET - Direct readout 

- Rapid analysis 

- Applicable to live cell 

- Single cell analysis 

- Applicable to subcellular 

organelles 

- Monitoring molecular 

dynamics and kinetics 

 

- Relatively low sensitivity 

- Not suitable for screening 

diverse molecular interactions at 

the same time 

- Careful consideration of 

fluorescence pair and fusion 

protein constructions 

13,16-19 
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Recruitment/ 

redistribution 

- Direct readout 

- Rapid analysis 

- Applicable to live cell 

- Single cell analysis 

- Suitable for screening 

- Background signals caused by 

molecules inherently localized at 

the recruitment sites 

- Hard to quantify binding 

kinetics 

- Hard to apply to interactions 

within intracellular small 

organelles 

13,20-23 

Nanocluster-

based 

recruitment/ 

redistribution 

- Direct readout 

- Rapid analysis 

- Applicable to live cell 

- Single cell analysis 

- Suitable for screening 

- High sensitivity and selectivity

- Synthetic recruitment site 

independent of intracellular 

compartments 

- Hard to quantify binding 

kinetics 

- Hard to apply to interactions 

within intracellular small 

organelles 

2 
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