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Materials and Methods 
 
DNA preparation. Oligonucleotides required to make the partial DNA duplex substrates 
were purchased from Synthegen (Figures 1 and 2) and IDT DNA (Figure 3).  The 
sequence and modifications are as follows. 
 
3’Biot 18ds partial duplex used in Figures 1A,B and 2A-C 
Top strand: 
5’ 1 ACC TCG CGA CCG TCG CCA 3’ 
Where 1 = 5’amino modifier C6 (for labeling with Cy5) 
 
Bottom Strand: 
5’ TGG CGA CGG TCG CGA GG2 AGA GGA GCA GAG GGA GCA CA biotin 3’ 
Where 2 = amino modifier C6 dT (for labeling with Cy3) 
 
3’Biot 9+9ds partial duplex used in Figures 1C, D and 2D-F 
Top strand: 
5’ ACC TCG CGA 3CG TCG CCA 3’ 
Where 3 = amino modifier C6 dC (for labeling with Cy5) 
 
Bottom Strand: 
5’ TGG CGA CGG 4CG CGA GGT AGA GGA GCA GAG GGA GCA CA biotin 3’ 
Where 4 = amino modifier C6 dT (for labeling with Cy3) 
 
3’ss 18ds biot dyes at junction used in Figure 3A-C and F 
Top strand: 
5' Cy5 GCC TCG CTG CCG TCG CCA biotin 3'  
 
Bottom strand:         
5' TGG CGA CGG CAG CGA GGC 5 T30 3’ 
Where 5 = 5’amino modifier C6dT (for labeling with Cy3) 
 
3’ss 18ds biot dyes at junction used in Figure 3D, E and G 
Top strand: 
5' Cy5 GCC TCG CTG CCG TCG CCA biotin 3'  
 
Bottom strand:         
5' Cy3 TGG CGA CGG CAG CGA GGC T20 3’ 
 
Amino modified oligonucleotides were labeled with Cy3 or Cy5 monofunctional NHS 
ester (GE Healthcare, NJ). Briefly, 10nmoles of amino modified oligo in 20µl of 50mM 
sodium tetraborate buffer pH 8.5 and 10% (v/v) DMSO were added to 100nmoles of 
dried Cy3/Cy5 NHS ester and incubated with shaking overnight at room temperature. 
Following ethanol precipitation, dye labeled oligos were purified by denaturing PAGE.  
 



Partial duplexes were prepared by mixing top and bottom strand oligos at a molar ratio of 
1:1.6 in 20mM Tris-HCl pH 7.5, 0.2mM EDTA, 50mM NaCl and incubating at 80oC for 
5 minutes then slowly cooling to room temperature for 2 hour. Duplex DNA was purified 
from ssDNA using native PAGE. 
 

Protein purification. NS3 full length protein was purified according to the method 
appeared in R.K. Beran et al (S1) 
 
Reaction Condition for Single-Molecule Assay.  DNA is immobilized on a quartz 
surface (Finkenbeiner), which is coated with polyethyleneglycol in order to eliminate 
nonspecific surface adsorption of proteins(S2) . The immobilization was mediated by 
biotin-Neutravidin binding between biotinylated DNA, Neutravidin (Pierce), and 
biotinylated polymer (PEG-MW5,000, Nektar Therapeutics). About 100 pM of DNA 
molecules are immobilized.  DNA density was checked via green laser.  Then 25nM of 
NS3 full length protein was incubated for 15 min at 37oC in standard unwinding buffer 
condition: Tris at pH7.5, 30mM NaCl, 3mM MgCl2 in the presence of oxygen scavenging 
system of 1 mg/ml glucose oxidase (Sigma), 0.4% (w/v)D-glucose (Sigma), 0.04mg/ml 
catalase (Roche), and 1% v/v 2-mercaptoethanol (Acros).  Temperature was varied from 
30 to 39oC to slow down or speed up the unwinding reaction.  After the preincubation, 
the unwinding reaction was initiated by flowing in 4mM ATP in the same buffer.   
 
Single-Molecule Data Acquisition.  Cy3 on DNA is excited by an Nd:YAG laser (532 
nm, 75 mW, Crysta-Laser) via total internal reflection. The fluorescence signal from Cy3 
and Cy5 that is collected by a water immersion objective lens (603, Olympus) goes 
through a 550 nm long-pass filter to block out laser scattering. It is separated by a 630 nm 
dichroic mirror and is detected by EMCCD camera (Andor) with a time resolution of 15–
30 ms. Fluorescence signal of donor and acceptor molecules is amplified before camera 
readout; therefore, the recorded fluorescence intensity is in an arbitrary unit (au). The 
signal was recorded using software written in Visual C++. Single-molecule traces were 
extracted from the recorded video file by IDL software. 
 
Single-Molecule Data Analysis.  Basic data analysis on the single-molecule traces were 
carried out by Origin and software written in Matlab, with which FRET efficiency, E, is 
calculated as the intensity of the acceptor channel divided by the sum of  donor and 
acceptor channel intensities. In the current study, we did not correct for crosstalks 
between the two detection channels in order to avoid accentuating the effect of spatial 
heterogeneity of the fluorescence detection system.  The stepwise decrease in FRET 
observed in unwinding was processed via stepfinder matlab program adopted from 
Kerssemakers et al (15), summary of which is in fig S2.    
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