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SUPPLEMENTARY TABLES 

Supplementary Table 1. Oligonucleotide sequences for static 3WJs. Labelling positions 

are indicated by X (C-Cy5) or Y (T-Alexa488). 
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Supplementary Table 2. Oligonucleotide sequences for mobile 3WJs. Labelling 

positions are indicated by X (C-Cy5) or Y (T-Alexa488) or Z (C-Atto647N). 
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Supplementary Table 3. Strands used to form static 3WJs.  
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Supplementary Table 4. Strands used to form mobile 3WJs.  
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Supplementary Table 5. FRET levels for static and mobile 3WJs calculated by MFD 

and TIRF.a 

 
a For MFD, FRET states were obtained from Gaussian fits of the FRET histogram. For TIRF, FRET 
states were obtained from Hidden Markov Modelling. Full width half maxima are shown in parentheses. 
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Supplementary Table 6. FRET levels calculated by MFD and TIRF for a static 3WJ with 

20 CTG repeats (S3_20), with a fully-complementary slip-out of 10 CTG repeats (S3_F), 

with Atto647N as the acceptor dye [(CTG)10-Atto)] and with an alternate location for Cy5 

[(CTG)10-DP].a 

 
a For MFD, FRET states were obtained from Gaussian fits of the FRET histogram. For TIRF, FRET 
states were obtained from Hidden Markov Modelling. Full width half maxima are shown in parentheses. 
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Supplementary Table 7. Fractional occupancya of FRET states for mobile 3WJs with 

CAG slip-outs.  

 
a Fraction of the entire FRET trajectory that is spent in a start FRET state that eventually transits into 
an end FRET state. 
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Supplementary Table 8. Fractional occupancya of FRET states for mobile 3WJs with 

CTG slip-outs.  

 
 

a Fraction of the entire FRET trajectory that is spent in a start FRET state that eventually transits into 
an end FRET state. 
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SUPPLEMENTARY FIGURES 

 

Supplementary Fig. 1. Structure of static 3WJs with (CTG)10 and (CAG)10 slip-outs. Static 

3WJs formed from hybridisation of two DNA strands. One strand is labelled with Alexa488 

and the other with Cy5. The CTG slipouts are S1 (a), S2 (b), S3 (c) and S4 (d); the CAG 

slipouts are S-CAG-1 (e), S-CAG-2 (f), S-CAG-3 (g) and S-CAG-4 (h). 
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Supplementary Fig. 2. SM-FRET of static (CTG)10 3WJs using MFD: 2D plots. a-d, 2D 

plot shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime [𝜏!(#)] for S1 

(a), S2 (b), S3 (c) and S4 (d). The overlaid red line is the theoretical FRET relationship 

𝐸%&'( = 1 − '𝜏!(#) 𝜏!⁄ ), where 𝜏! = 4.1 ns. The blue overlaid line is the Perrin equation 𝑟! =

𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation time 𝜌!  = 0.35 ns and fundamental 

anisotropy 𝑟) = 0.375. The gray scale indicates an increasing number of single-molecule bursts 

from white to black. The samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. 
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Supplementary Fig. 3. SM-FRET of static (CAG)10 3WJs using MFD: 2D plots. a-d, 2D 

plot shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime [𝜏!(#)] for S-

CAG-1 (a), S-CAG-2 (b), S-CAG-3 (c) and S-CAG-4 (d). The overlaid red line is the 

theoretical FRET relationship 𝐸%&'( = 1 − '𝜏!(#) 𝜏!⁄ ), where 𝜏! = 4.1 ns. The blue overlaid 

line is the Perrin equation 𝑟! = 𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation time 𝜌! 

= 0.35 ns and fundamental anisotropy 𝑟)  = 0.375. The gray scale indicates an increasing 

number of single-molecule bursts from white to black. The samples were measured at 20 ℃ in 

a buffer with 1 mM MgCl2. 
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Supplementary Fig. 4. SM-FRET of static (CAG)10 3WJs using MFD: FRET histograms. 

FRET histograms of FRET efficiency (EFRET) vs. number of bursts for S-CAG-1 (a), S-CAG-

2 (b), S-CAG-3 (c), and S-CAG-4 (d) fitted to one donor-only state and two FRET states. The 

samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. See Supplementary Fig. 1 for 

the structures of S-CAG-1-4.  
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Supplementary Fig. 5. SM-FRET using TIRF for static (CTG)10 3WJs. FRET histograms 

for S1 (a), S2 (b) and S3 (c) and S4 (d) fitted to one (S4) or two Gaussians (S1-S3). The 

samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. See Supplementary Fig. 1 for 

the structures of S1-4. 
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Supplementary Fig. 6. SM-FRET using TIRF for static (CAG)10 3WJs. FRET histograms 

for S-CAG-1 (a), S-CAG-2 (b), S-CAG-3 (c) and S-CAG-4 (d) fitted to two Gaussians. The 

samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. See Supplementary Fig. 1 for 

the structures of S-CAG-1-4. 
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Supplementary Fig. 7. Transition density plots for static (CAG)10 3WJs. Transition density 

plots from TIRF time traces of static 3WJs with (CAG)10 for S-CAG-1 (a), S-CAG-2 (b), S-

CAG-3 (c), and S-CAG-4 (d). The samples were measured at 20 ℃ in a buffer with 1 mM 

MgCl2. See Supplementary Fig. 1 for the structures of S-CAG-1-4. 
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Supplementary Fig. 8. SM-FRET for a static 3WJ with 20 CTG repeats. a, Sequence and 

dye positions. b, 2D plot shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor 

lifetime [ 𝜏!(#) ] The overlaid red line is the theoretical FRET relationship𝐸%&'( = 1 −

'𝜏!(#) 𝜏!⁄ ) , where 𝜏!  = 4.1 ns. The blue overlaid line is the Perrin equation 𝑟! =

𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation time 𝜌!  = 0.35 ns and fundamental 

anisotropy 𝑟) = 0.375. The gray scale indicates an increasing number of single-molecule bursts 

from white to black. c, FRET histograms from MFD fitted to one donor-only state and two 

FRET states. d, TIRF time traces of surface-immobilized 3WJ; Alexa488 (green) and Cy5 (red) 

intensities, and calculated FRET efficiency (EFRET) and idealized trace (red) from Hidden 

Markov modeling. e, FRET histograms from TIRF fitted to two FRET states. f, Transition 

density plots of TIRF FRET traces.  Measured at 20 ℃ in a buffer containing 1 mM MgCl2. 
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Supplementary Fig. 9. SM-FRET for a fully-complementary 3WJ with a 10-repeat slip-

out. a, Sequence and dye positions. b, 2D plot shows FRET efficiency (EFRET) or donor 

anisotropy (𝑟! ) vs donor lifetime [𝜏!(#) ] The overlaid red line is the theoretical FRET 

relationship 𝐸	%&'( = 1 − '𝜏!(#) 𝜏!⁄ ), where 𝜏! = 4.1 ns. The blue overlaid line is the Perrin 

equation 𝑟! = 𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation time 𝜌!  = 0.35 ns and 

fundamental anisotropy 𝑟) = 0.375. The gray scale indicates an increasing number of single-

molecule bursts from white to black. c, FRET histograms from MFD fitted to one donor-only 

state and two FRET states. d, TIRF time traces of surface-immobilized 3WJ; Alexa488 (green) 

and Cy5 (red) intensities, and calculated FRET efficiency (EFRET) and idealized trace (red) from 

Hidden Markov modeling. e, FRET histograms from TIRF fitted to two FRET states. f, 

Transition density plot of TIRF FRET trace.  Measured at 20 ℃ in a buffer containing 1 mM 

MgCl2. 
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Supplementary Fig. 10. SM-FRET of static 3WJs using MFD vs. [Mg2+]: 2D plots. 2D plot 

shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime [𝜏!(#)] for S1-4 (left 

to right) at MgCl2 concentrations of 10 (top), 50 (middle), and 100 mM (bottom). The overlaid 

red line is the theoretical FRET relationship 𝐸%&'( = 1 − '𝜏!(#) 𝜏!⁄ ), where 𝜏! = 4.1 ns. The 

blue overlaid line is the Perrin equation 𝑟! = 𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational 

correlation time 𝜌! = 0.35 ns and fundamental anisotropy 𝑟) = 0.375. The gray scale indicates 

an increasing number of single-molecule bursts from white to black. The samples were 

measured at 20 ℃. See Supplementary Fig. 1 for the structures. 
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Supplementary Fig. 11. SM-FRET of static 3WJs using MFD vs. [Mg2+]: FRET 

histograms. FRET histograms of FRET efficiency (EFRET) vs. number of bursts for S1-4 (left 

to right) at MgCl2 concentrations of 10 (top), 50 (middle), and 100 mM (bottom). Histograms 

for S4 were fitted to two Gaussians (for one donor-only and one FRET state). For S1-S3, four 

(10 mM) or five (50 and 100 mM) Gaussians were required, corresponding to three or four 

FRET states, respectively. Samples were measured at 20 ℃. See Supplementary Fig. 1 for the 

structures. 
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Supplementary Fig. 12. Structure of mobile 3WJs with (CAG)n slip-outs. a-f, Four 

positional isomers for n = 2 (a), n = 4 (b), n = 6 (c), n = 8 (d), n = 10 (e), n = 20/30 (f). For 

mobile 3WJs with (CTG)n slip-outs, CAG repeats in orange and the CTG repeats in blue are 

replaced by CTG and CAG repeats, respectively.  
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Supplementary Fig. 13. SM-FRET of mobile 3WJs with (CAG)n slip-out using MFD: 2D 

plots. a-f, 2D plot shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime 

[𝜏!(#)] for 3WJs with (CAG)n slip-out with n =2 (a), n=4 (b), n=6 (c) n=8 (d), n=20 (e) and 

n=30 (f). The overlaid red line is the theoretical FRET relationship	𝐸%&'( = 1 − '𝜏!(#) 𝜏!⁄ ), 

where 𝜏! = 4.1 ns. The blue overlaid line is the Perrin equation 𝑟! = 𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with 

mean rotational correlation time 𝜌! = 0.35 ns and fundamental anisotropy 𝑟) = 0.375. The gray 

scale indicates an increasing number of single-molecule bursts from white to black. The 

samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. 
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Supplementary Fig. 14. SM-FRET of mobile 3WJs with (CTG)n slip-out using MFD: 2D 

plots. a-g, 2D plot shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime 

[𝜏!(#)] for 3WJs with (CTG)n slip-out with n =2 (a), n=4 (b), n=6 (c) n=8 (d), n=10 (e), n=20 

(f) and n=30 (g). The overlaid red line is the theoretical FRET relationship 𝐸%&'( = 1 −

'𝜏!(#) 𝜏!⁄ ) , where 𝜏!  = 4.1 ns. The blue overlaid line is the Perrin equation 𝑟! =

𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation time 𝜌!  = 0.35 ns and fundamental 

anisotropy 𝑟) = 0.375. The gray scale indicates an increasing number of single-molecule bursts 

from white to black. The samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. 
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Supplementary Fig. 15. SM-FRET using MFD for (CAG)n mobile 3WJs: FRET 

histograms. FRET histograms for n = 2 (a), n = 4 (b) n = 6 (c) n = 8 (d), n = 20 (e), n = 30 

(f) fitted to one (n=2), two (n = 4) or six (n = 6, 8, 20 and 30) FRET states. The samples were 

measured at 20 ℃ in a buffer with 1 mM MgCl2. See Supplementary Fig. 12 for the 

structures. 
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Supplementary Fig. 16. SM-FRET using MFD for (CTG)n mobile 3WJs: FRET 

histograms. FRET histograms for n = 2 (a), n = 4 (b) n = 6 (c) n = 8 (d), n = 10, (e) n = 20 (f), 

n = 30 (g) fitted to one (n=2, 10), two (n = 4) or six (n = 6, 8, 20 and 30) FRET states. The 

samples were measured at 20 ℃ in a buffer with 1 mM MgCl2. See Supplementary Fig. 12 for 

the structures. 
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Supplementary Fig. 17.  SM-FRET of mobile 3WJs with (CAG)10 slip-out using MFD and 

TIRF as a function of Mg2+ concentration and at 37 °C. a-d and i, 2D plot of FRET 

efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime [𝜏!(#)]. The overlaid red line is 

the theoretical FRET relationship 𝐸%&'( = 1 − '𝜏!(#) 𝜏!⁄ ) , where 𝜏!  = 4.1 ns. The blue 

overlaid line is the Perrin equation 𝑟! = 𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation 

time 𝜌!  = 0.35 ns and fundamental anisotropy 𝑟)  = 0.375. The gray scale indicates an 

increasing number of single-molecule bursts from white to black. e-h, and j, FRET histograms 

from MFD fitted to one donor-only state and six FRET states. MgCl2 concentrations are 0 mM 

(a, e), 1 mM (i, j) 10 mM (b, f), 50 mM (c, g), 100 mM (d, h). Samples were measured at 20 

℃ (a-h) or 37 °C (i, j). k-l, TIRF with 0 mM MgCl2, 20 ℃, showing the Alexa488 (green) and 

Cy5 (red) intensities, and calculated FRET efficiency (EFRET) and idealized trace (red) from 

Hidden Markov modeling (l) and the corresponding FRET histogram (k).  
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Supplementary Fig. 18. SM-FRET using TIRF for (CAG)n mobile 3WJs. FRET histograms 

for n = 2 (a), n = 4 (b) n = 6 (c) n = 8 (d), n = 20 (e), n = 30 (f), fitted to one (n=2), two (n = 4) 

or six (n = 6, 8, 20 and 30) Gaussians. The samples were measured at 20 ℃ in a buffer with 1 

mM MgCl2. See Supplementary Fig. 12 for the structures. 
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Supplementary Fig. 19. SM-FRET using TIRF for (CTG)n mobile 3WJs. FRET histograms 

for n = 2 (a), n = 4 (b) n = 6 (c) n = 8 (d), n = 10 (e), n = 20 (f), n = 30 (g) fitted to one (n=2, 

10), two (n = 4) or six (n = 6, 8, 20 and 30) Gaussians. The samples were measured at 20 ℃ in 

a buffer with 1 mM MgCl2. See Supplementary Fig. 12 for the structures. 
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Supplementary Fig. 20. Dependence of dynamics on repeat length. Transition density plots 

from TIRF time traces of 3WJs with three complementary CAG and CTG repeats in the duplex 

and (CTG)n slip-outs (n = 4, 6, 8, 20 and 30). a, n = 4. b, n = 6. c, n = 8. d, n = 20. e, n = 30.  

Measured at 20 ℃ in a buffer containing 1 mM MgCl2. 
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Supplementary Fig. 21. SM-FRET for a mobile 3WJ with (CTG)10 slip-out labelled with 

Atto647N. a, Structure of the 3WJ (corresponding to positional isomer P1 in Supplementary 

Fig. 12e). b, 2D plot shows FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor lifetime 

[𝜏!(#)]. The overlaid red line is the theoretical FRET relationship 𝐸%&'( = 1 − '𝜏!(#) 𝜏!⁄ ), 

where 𝜏! = 4.1 ns. The blue overlaid line is the Perrin equation 𝑟! = 𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with 

mean rotational correlation time 𝜌! = 0.35 ns and fundamental anisotropy 𝑟) = 0.375. The gray 

scale indicates an increasing number of single-molecule bursts from white to black. c, FRET 

histograms from MFD fitted to one donor-only state and six FRET states. d, TIRF time traces 

of surface-immobilized 3WJ; Alexa488 (green) and Cy5 (red) intensities, and calculated FRET 

efficiency (EFRET) and idealized trace (red) from Hidden Markov modeling. e, FRET 

histograms from TIRF fitted to six FRET states. f, Transition density plots of TIRF FRET 

traces.  Measured at 20 ℃ in a buffer containing 1 mM MgCl2. 
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Supplementary Fig. 22. SM-FRET for a mobile 3WJ with (CTG)10 slip-out labelled with 

Cy5 in an alternate position. a, Structure of the 3WJ (corresponding to positional isomer P1 

in Supplementary Fig. 12e). b, FRET efficiency (EFRET) or donor anisotropy (𝑟!) vs donor 

lifetime [𝜏!(#) ]. The overlaid red line is the theoretical FRET relationship 𝐸%&'( = 1 −

'𝜏!(#) 𝜏!⁄ ) , where 𝜏!  = 4.1 ns. The blue overlaid line is the Perrin equation 𝑟! =

𝑟) '1 + 𝜏!(#) 𝜌!⁄ )⁄ , with mean rotational correlation time 𝜌!  = 0.35 ns and fundamental 

anisotropy 𝑟) = 0.375. The gray scale indicates an increasing number of single-molecule bursts 

from white to black. c, FRET histograms from MFD fitted to one donor-only state and six 

FRET states. Measured at 20 ℃ in a buffer containing 1 mM MgCl2. 

 

 


