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Supplementary Methods
Activation energy from quantum yields
As a measure for the relative intensity of the fluorescence depopulation pathway, the quantum yield of
sCy3 is defined as 7
k
Pr= ke+ kg +];cN_,t(T,n) =k
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where k¢ and k. are the rates of fluorescence and internal conversion respectively and ky_,, the rate
limiting step of the photoisomerization reaction (for Cy3B ky_; = 0). Assuming both & and k;. to be

equal in sCy3 and Cy3B we can write
kN—)t(Tlr])

®!(sCy3) - ;' (Cy3B) = 3
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Modeling the temperature dependence of the isomerization reaction with the Arrhenius equation ky_,,=
A exp(-Ey_/RT) yields
In[® ' (sCy3) - ®F'(Cy3B)]” =In (A/k/) - E_,/RT (5)

Dynamic light scattering (DLS)
Experiments were carried out on a DynaPro Titan (Wyatt Technologies) equipped with a thermostat and
a 50 mW laser operating at 827.8 nm. Data was collected at a scattering angle of 90° over a two second
interval and averaged over 50 acquisitions. The autocorrelation function g(z) is described in terms of
the moments about the mean ®

9P =B+ Bexp (- ZT"T)(l + ;‘L’Z + 213)2 (6)
where I"is the mean decay rate, u, and u; the second and third moment about the mean, f the amplitude
and B a y-axis offset. The decay rate I is given by I" = Dg? with D being the diffusion coefficient and ¢
the norm of the scattering vector

4n (0

q= — sin (E) . (7)
Here, n represents the refractive index 4 the laser wavelength and 0 the scattering angle.
The diffusion coefficient again is related to the hydrodynamic radius 7, via the Stokes-Einstein equation

kpT
"h= 6mnD
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with the Boltzmann constant kg, the absolute temperature 7 and the dynamic viscosity 7.



From the overall tumbling the hydrodynamic radius #, can then be computed as °

3k Tt
rh=( : r)” )

4mn

where 7 is the viscosity of the solvent, kg the Boltzmann constant and 7T the absolute temperature. For

the d3'EBS1* hairpin we derive a hydrodynamic radius of 21+1A which is in good agreement with the

value from dynamic light scattering (DLS, 16+1 A, Supplementary Figure 4), given that the latter were

performed without the dyes attached to the RNA.

Anisotropy decay from Monte Carlo (MC) sampling

Anisotropy decays were calculated on the basis of MD trajectories using a Monte Carlo algorithm.

1.
2.

sample the time of the excitation laser pulse 7, uniformly with &=1,2,...,n

sample the time point when the emitted photon hits the detector #, based on a probability
distribution which is given be the lifetime decay /() = > ;a; exp(-#/z;) with Y, a; =1

calculate the angle 6(¢-t,) between the vectors of the absorption and emission transition dipole
u(ts) and u(#*) respectively

determine the polarization of the incoming photon based on the probability P(p) = |cos(6)| for
detecting a p-photon

increase the counter (+1) in either the s- or the p-polarization channel for arrival time #,yjya = £
1

bin the arrival times for the s- and p-channel independently

calculate the anisotropy r(#) from the intensity /,(¢) and /,(¢) according equation 1, setting G = 1
and including an additional prefactor of 2/5 to account for photoselection in the ensemble
experiment

correct for the viscosity of the water model by multiplying the arrival times with cgitt = Dgim/Dexp
where D is the self-diffusion of H,O in the simulation (calculated from the mean square

displacement) or the experimentally determined value!'®



Table 1. Influence of K* on the fluorescence lifetime and dynamic anisotropy (divalent metal ions are chelated by

100 uM EDTA).

100 uM EDTA 100 uM EDTA + 100 uM K*
a 7;(ns) 72 (ns) a; 7;(ns) 72 (ns)
sCy3
sCy3 - 0.17(1) - - 0.17(1) -
sCy3-RNA-oligo 0.89(2) 0.29(2) 1.3(1) 0.88(3) 0.29(2) 1.3(1)
sCy3-DNA-oligo 0.92(3) 0.28(2) 1.4(1) 0.88(3) 0.26(2) 1.3(1)
sCy3-d3'EBS1* 0.79(3) 0.34(2) 1.7(1) 0.77(3) 0.36(2) 1.8(1)
sCy3-d3'dEBS1* 0.75(2) 0.38(2) 1.9(1) 0.72(2) 0.42(3) 2.0(1)
sCy5
sCy5 0.35(2) 0.45(3) 0.88(4) 0.31(2) 0.32(2) 0.85
sCy5-RNA 0.48(2) 0.63(3) 1.6(1) 0.47(2) 0.62(3) 1.6(1)
sCy5-DNA 0.45(2) 0.58(3) 1.5(1) 0.44(2) 0.55(3) 1.6(1)
sCyS-IBS1* 0.54(3) 0.48(3) 1.5(1) 0.57(3) 0.49(3) 1.4(1)
sCy5-dIBS1* 0.42(2) 0.51(2) 1.4(1) 0.40(2) 0.50(3) 1.3(1)

Table 2. Photophysics of carbocyanine dyes in different microenvironments (50 mM K*, 10 mM Mg?*, pH 7.5,

25°C, r,=0.38).

a; 77 (ns) 7, (ns) Tetocal (1S) | Trglobal () | Felobal ry (nm) D
sCy3
sCy3 (water) - 0.17(1) [ - - 0823)* |- 0.97(4)* [ 0.07(1)
sCy3 (glycerol) 0.37(2) | 0.64(2) | 1.9(1) - 60(5) - 0.40(3) -
sCy3B - 25(1) | - - 0.46(2) ** | — 0.80(3) ** | —
sCy3-RNA-oligo | 0.873) | 0302) | 1.5(1) [0552) |6.72) 0.24(1) | 2.0(1) -
sCy3-DNA-oligo 0.85(2) | 0.32(2) | 1.6(1) | 0.55(2) 5.7(2) 0.25(1) | 1.9(1) 0.20(1)
sCy3-DNA-btuB 0.73(3) | 0.40(3) | 1.7(1) | 0.42(2) 30(3) ** 0.29(1) | 3.2(3) ** 0.25(2)
sCy3-d3'EBS1* 0.72(3) | 0.41(3) | 1.9(1) | 0.36(3) 8.9(4) 0.32(1) | 2.1(1) 0.28(1)
sCy3-d3'dEBS1* 0.67(2) | 0.44(3) | 2.1(1) | 0.55(2) 8.3(3) 0.30(1) | 2.1(1) -
sCy5
sCy5 0.33(1) | 0.36(2) | 0.86(3) | — 0.50(2) - 0.82(3) 0.30(1)
sCy5-RNA 0.45(2) | 0.62(3) | 1.7(1) | 0.63(2) 13(2) 0.21(1) | 2.4(4) -
sCy5-DNA 0.46(2) | 0.62(3) | 1.7(1) | 0.75(3) 14(2) 0.19(1) | 2.54) -
sCy5-DNA-btuB 0.31(1) | 0.60(3) | 2.2(1) | 0.49(2) >100 ** 0.32(1) | >4.8 ** 0.53(4)
sCy5-IBS1* 0.65(3) | 0.56(3) | 1.5(1) | 0.76(3) 2.9(2) 0.13(1) | L.5(D) 0.34(6)
sCy5-dIBS1* 0.40(2) | 0.52(2) | 1.3(1) 1.0(1) 2.4(3) 0.09(1) | 1.4(2) -

limited accuracy because of narrow observation time window (*) or very slow anisotropy decay (**).
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Supplementary Figure 1. Influence of the microenvironment on the photophysics of carbocyanine dyes. (a) Increase of the
fluorescence lifetime (left) and dynamic anisotropy (right) of sCy3 upon restricting the torsion angle of the polymethine linker
(viscosity of solvent or cyclization). (b) Broadening of the time window for fluorescence depolarization (as a result of a longer
lifetime) upon addition of ATP# (left) or CTP* (right) with a background of 50 mM K* and 3 mM Mg?". (c) Effect of the
solvent polarity on the interaction propensity of sCy3 and ATP. In a 60% 1,4-dioxane-water mixture addition of 50 mM ATP
does not increase the fluorescence lifetime, hinting that stacking interactions between the dye and the nucleotide are reduced.

(d) NTP titration displaying a relative increase of the fluorescence lifetime of sCy5 with respect to the initial value at 0 mM

NTP (50 mM K* and 3 mM Mg?").
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Supplementary Figure 2. Secondary and tertiary structures of the RNA constructs used in this study. (a) sCy3 modified

d3'EBS1* with 3'-tetraU tail (melting temperature measured without the dangling end, Ty, = 49.4(2)°C !; the NMR structure?
(PDB 2m24) has been extended with a canonical tetraU overhang) (b) sCy5 labeled IBS1* (c) sCy3-RNA oligonucleotide

complementary to the expression platform of the btuB riboswitch (secondary structure and Ty, predicted by Mfold?, T;,, = 36°C;

tertiary structure prediction by RNAComposer?) (d) sCy5-RNA oligonucleotide complementary to the 5'-elogation segment of

the btuB. (Mfold prediction of entire sequence: T;, = 63°C, for 5'-terminal stem loop: 77, = 50°C) (e) Anti-aptamer (gene-on)

conformation of the engineered bfuB riboswitch which hybridizes to an sCy3-DNA and an sCy5-DNA oligonucleotide with a

terminal biotin (B).>¢
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Supplementary Figure 3. Effect of metal ions and temperature on the photophysics of cyanine labeled nucleic acids. (a/b)
Mg?* titration with sCy3-RNA or sCy5-RNA in presence of 50 mM K. Initially, all divalent metal ions are chelated by 100
uM EDTA (0 mM Mg?*, independent sample). (c) Linear increase of the residual anisotropy r., as a function of the Mg?*
concentration, corresponding to a larger amplitude (relative weight) of the global correlation time 7405, 0f sCy3 (higher
interaction propensity with the RNA). (d) Quantum yield of sCy5 as a function of the temperature for different

microenvironments. (e/f) Fluorescence lifetime and anisotropy decays of sCyS5 conjugated to various RNA and DNA constructs
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(instrument response function (IRF) in gray; fundamental anisotropy r = 0.38; 50 mM K*, 10 mM Mg?*, 25°C).
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Supplementary Figure 4. Intensity autocorrelation function g’(z) calculated from dynamic light scattering (DLS)

measurements for the hairpin d3'EBS1*.
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Supplementary Figure 5. Accessible volume (AV) calculations of Cy-labeled RNAs. The contact volume (CV) is represented
as a mesh within the AV cloud for (a) sCy3-RNA and (b) sCy5-RNA. (c¢) Parameterization of the sCy3 dye and the C6 amino
linker. The fluorophore is modeled by an ellipsoid and a cylinder using a total of five distances (Raye(1-3), Wiink, Liink)-!! The

extention of the polymethine chain in sCy5 by one C-C double bond affords Rgye)= 10. 1A.
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