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Supplementary Figure 1. Transfer efficiency histograms of ssNAs. Transfer efficiency histograms 
(gray) of ssNAs at 150 mM NaCl in 10 mM HEPES buffer pH 7 fitted with shot noise-limited photon 
distribution analysis (PDA)1-3 (black solid line). The donor-only populations obtained from PDA (� ≈ 0) 
are shown in dark gray and the FRET populations in orange. The similarity in width of measured and 
PDA histograms indicates the absence of dynamics on a timescale of the diffusion time (300 µs – 
1 ms) or slower. dC�� shows a second FRET-active population (pale green), which was excluded from 
the lifetime and nsFCS analyses. This population increases at low salt, low pH, and low temperatures, 
and is likely to correspond to the formation of an i-motif4. Source data are provided as a Source Data 
file. 
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Supplementary Figure 2. Example data from nsFCS of ssNAs at different solvent viscosities. 
Normalized donor (green) and acceptor (red) fluorescence auto- and crosscorrelation (blue) curves of 
ssNAs at different solvent viscosities, �, with fits (Eq. 11, black solid lines) and timescale of chain 
dynamics (���) indicated. The uncertainty of ��� in the absence of viscogen (� = 0.9 ± 0.2 mPa s) 
represents the standard deviation from three measurements, two without and one with ZMW. See 
Methods for information on the uncertainty in solvent viscosity. The small negative amplitudes in the 
crosscorrelations measured for dA�� and rA�� indicate a low amplitude of long-range distance 
dynamics. Source data are provided as a Source Data file.  
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Supplementary Figure 3. 2D histograms of relative donor fluorescence lifetime versus transfer 
efficiency. Joint distributions of relative lifetime and transfer efficiency of ssNA variants measured at 
150 mM NaCl in HEPES buffer pH 7. Indicated are the variances, ��

� (colored) and ��
�

�����
 (black), 

donor lifetimes in the absence of FRET, ��� (see SI/Methods, Table S2), and differences of mean 
transfer efficiency, Δ� = 〈�〉 − 〈�〉 , between experimental values and values expected from the 
HCGBioEn ensembles (for calculation of 〈�〉 from HCGBioEn ensembles, see Bayesian ensemble 
refinement). The black solid curves represent the dynamic lines calculated for the WLC polymer model 
by varying the persistence length (Eq. 2, Supplementary Table 3), and the black dashed lines 
represent the relation expected for static inter-dye distances. In the case of dC��, a second population 
at � ≈ 0.9 is visible, which was excluded from further analysis. For dT��, the donor-only population was 
excluded for clarity by excluding photon burst with PIE stoichiometry ratios above 0.7. Source data are 
provided as a Source Data file. 
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Supplementary Figure 4. Fluorescence lifetime and anisotropy decays of Alexa Fluor 488 and 
594 conjugated to ssNAs. Normalized parallel (∥) and perpendicular (⊥) polarized fluorescence 
intensity, I(t), and anisotropy decays, r(t) (points), of single-donor labeled (top, green) and double-
labeled (bottom, red) ssNAs (150 mM NaCl in HEPES buffer pH7) after donor (top) and acceptor 
excitation (bottom), respectively, with fits (solid and dashed black lines: Eq. 12, see Table S2) and 
instrument response function (gray). The rapid anisotropy decays of both donor and acceptor indicate 
high mobility of the fluorophores. Source data are provided as a Source Data file. 
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Supplementary Figure 5. Dye-to-dye distance distributions and corresponding potentials of 
mean force from polymer models and hierarchical chain growth. Probability density functions, 
P(r), of the dye-to-dye distances and corresponding potentials of mean force, F(r), from polymer 
models (GC: blue, WLC: orange, SAW-ν: red) and from HCG (gray). The HCG ensembles for dA19, 
dC19, dT19, and dT38 were not used in the analysis of the chain reconfiguration times and are only 
shown for reference (see Bayesian ensemble refinement for details). The reweighted distributions 
(PMBioEn, HCGBioEn) are shown in purple and cyan, respectively (reweighted according to the 
experimentally obtained means and variances of the transfer efficiency distributions of ssNAs, see 
Methods). Root mean squared dye-to-dye distance are indicated as vertical lines. Source data are 
provided as a Source Data file. 
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dA�� 5’-5ThioMC6-D/AAAAAAAAAAAAAAAAAAA/3AmMO/-3’ 

dC�� 5’-5ThioMC6-D/CCCCCCCCCCCCCCCCCCC/3AmMO/-3’ 

dT�� 5’-5ThioMC6-D/TTTTTTTTTTTTTTTTTTT/3AmMO/-3’ 

dT��
�� 5’-5ThioMC6-D/TidSpTidSpTidSpTidSpTidSpTidSpTidSpTidSpTidSpT/3AmMO/-3’ 

dT�� 5’-5ThioMC6-D/TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT /3AmMO/-3’ 

rA�� 5’-5ThioMC6-D/rArArArArArArArArArArArArArArArArArArA/3AmMO/-3’ 

rC�� 5’-5ThioMC6-D/rCrCrCrCrCrCrCrCrCrCrCrCrCrCrCrCrCrCrC/3AmMO/-3’ 

rU�� 5’-5ThioMC6-D/rUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrUrU/3AmMO/-3’ 

Supplementary Table 1. Sequences of oligoribonucleotides (rA��, rC��, rU��) and 

oligodeoxyribonucleotides (dA��, dC��, dT��, dT��, dT��
��). 

5’-5ThioMC6-D/  dithiol with a 6-carbon spacer for maleimide labeling 

/idSp/   1,2’-Dideoxyribose modification used to insert single base space  

/3AmMO/-3’  amino modifier for succinimidyl ester labeling 
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 ���(����) 

(ns) 

���(����) (ns) ����(����)(ns)|� (%) ����(����)(ns)|� 

(%) 

��(ns) 

dA�� 3.5 4.0 0.46 | 89 0.57 |76 1.55 

dC�� 3.9 4.0 0.40 | 87 0.65 |79 1.97 

dT�� 4.0 4.1 0.44 | 79 0.59 | 86 1.38 

rA�� 3.7 3.9 0.41 | 88 0.62 | 72 2.01 

rC�� 3.9 4.0 0.39 | 69 0.51 | 80 1.42 

rU�� 4.0 4.0 0.43 | 82 0.69 | 77 1.56 

Supplementary Table 2. Results from polarization-resolved fluorescence lifetime analysis. To 
exclude the influence of the FRET process on the fluorescence lifetime and anisotropy decay analysis 
of the donor, we measured donor fluorescence decays of ssNAs labeled only with the donor. Note the 
reduction in fluorescence lifetime of the donor in the presence of purine bases (dA�� and rA��), 
indicating slight dynamic quenching of Alexa Fluor 488 by adenine. For dT�� and dT��

��, we used the 
lifetimes measured for dT��. 

  



9 
 

 ����  (nm) ���  (nm) ���� | �� 

(nm) 

����� (nm) | � �� (nm) � (nm) | � 

dA�� 6.4 7.3 6.8 | 1.3 6.7 | 0.71 19.1 0.55 | 34 

dC�� 5.6 6.1 5.9 | 0.9 5.8 | 0.67 19.1 0.55 | 34 

dT�� 5.5 5.8 5.6 | 0.9 5.6 | 0.66 19.1 0.55 | 34 

dT��
�� 5.3 6.1 5.9 | 1.1 5.8 | 0.67 19.1 0.55 | 34 

dT�� 10.2 10.9 10.2 | 1.4 9.1 | 0.69 32.4 0.55 | 59 

rA�� 5.5 6.1 5.9 | 0.9 5.8 | 0.67 19.1 0.55 | 34 

rC�� 6 6.7 6.4 | 1.1 6.2 | 0.69 19.1 0.55 | 34 

rU�� 5.1 5.6 5.5 | 0.8 5.4 | 0.65 19.1 0.55 | 34 

 

Supplementary Table 3. Fit results (�, ��, �) obtained by relating the experimentally determined 

transfer efficiencies to the analytical polymer models and the values used for ��, �, and �. The 
contour length, ��, used for the analysis of the WLC model was calculated assuming an inter-phosphate 
distance of 0.7 nm for both ssRNA and ssDNA5. The linkers including donor and acceptor dye were 
modeled in PyMol6 in an all-trans conformation, resulting in a total length of 5.8 nm for all constructs. 
For the SAW-� polymer model, a segment length of b = 0.55 nm was assumed7.  
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 dA19 dC19 dT19 dT��
�� rA19 rC19 rU19 dT38 

��� (ns) 14 ±2 12 ±2 10 ±1 8 ±1 17 ±3 10 ±2 10 ±2 21 ±3 

��
��  (ns) 17 ±2 13 ±2 11 ±2 9 ±1 19 ±2 12 ±2 11 ±2 37±5 

��
���  (ns) 15 ±2 12 ±2 10 ±1 8 ±1 18 ±3 11±2 10±2 29±4 

��
���� (ns) 15 ±2 12 ±2 10 ±1 8 ±1 17 ±3 10 ±2 10 ±2 21 ±3 

��
���  (ns) 14 ±2 12 ±2 10 ±1 8 ±1 17 ±3 10 ±2 10 ±2 26 ±4 

��
��������  (ns) 15 ±2 13 ±2 11 ± 1 9 ±1 17 ±3 10 ±2 11 ±2 31 ± 4 

��
�������  (ns) 16 ±2  13 ±2 11 ± 1 9 ±1 18 ±4 11 ±2 11 ±2 30 ± 4 

Supplementary Table 4. Measured fluorescence correlation times, τcd, and resulting chain 
reconfiguration times, τr, obtained using Eq. 14 for the different polymer models (GC, WLC, SAW-ν) 
and the HCG ensembles as well as for the reweighted distributions (HCGBioEn, PMBioEn) of ssDNAs and 
ssRNAs (150mM NaCl in HEPES buffer pH7). The uncertainties of ��� and �� represent the standard 
deviation from three independent measurements. Reconfiguration times in gray are only shown for 
completeness (see Bayesian ensemble refinement for details).  
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kee (10� ���) dA19 dC19 dT19 dT��
�� rA19 rC19 rU19 dT38 

���
��  2.37 3.64 4.23 5.33 2.42 3.41 4.88 0.69 

���
���  1.48 2.39 2.80 3.51 1.56 2.20 3.27 0.53 

���
���� 0.76 1.26 1.52 1.86 0.84 1.13 1.76 0.33 

���
��������  0.27 0.26 0.41 0.39 0.26 0.21 0.40 0.04 

���
�������   0.37 0.67 0.97 0.50 0.93 0.61 0.69 0.15 

Supplementary Table 5. End-to-end contact rates (kee) obtained with Eq. 15 for the different 
polymer models (GC, WLC, SAW-ν) and the HCGBioEn ensembles.  
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 dA19 dC19 dT19 dT��
�� rA19 rC19 rU19 dT38 

〈�〉 0.40±0.03 0.54±0.03 0.56±0.03 0.53±0.03 0.54±0.03 0.46±0.03 0.60±0.03 0.17±0.03 

��
�  0.074±0.003 0.069±0.003 0.068±0.003 0.055±0.003 0.087±0.003 0.074±0.003 0.054±0.003 0.043±0.003 

Supplementary Table 6. Experimentally determined variances, ��
�, and mean transfer efficiencies, 

〈�〉, of ssDNA and ssRNA (150mM NaCl in HEPES buffer pH7). Uncertainties of ��
� were estimated 

from the standard deviations of ��
� from relative donor and acceptor fluorescence lifetimes versus 

transfer efficiency. The uncertainty in 〈�〉 represents the systematic experimental uncertainty in 
transfer efficiency of ~0.03 in single-molecule FRET8, 9. 
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