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i. Modifications to Oligonucleotides and Spectral Discrimination of Dyes

Figure S1. Dyes and Modifications Utilized: Chemical structure of the various dye 

conjugates utilized, Cy3 and Cy3B appear in green and Cy5 and ATTO647N in red. Conjugate (a) 

utilized in 𝑅20
𝑆  is a cytidylate terminated 3’ overhang with Cy3 tethered to the phosphate at position

3’ of the ribose via a succinimide linker. Conjugate (b) utilized in 𝑅20
𝐴  is an internal Cy3 tethered

to the phosphate backbone (internal amidite). Conjugate (c) utilized in 𝑅20
𝑆  is a cytidylate

terminated 3’ overhang with Cy3B tethered to the phosphate at position 3’ of the ribose via a 

succinimide linker. Structure (d) shows the biotin conjugation at the 3’ end of the DNA strand. (e) 
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and (f) correspond to Cy5 and ATTO647N1 conjugates at the 5’ end of the DNA strand 

respectively. 

Figure S2. Cy3, Cy3B and Cy5 Spectral Discrimination. Absorbance (dotted line) and 

fluorescence (solid line) spectra of Cy3 (green) Cy3B (light green) and Cy5 (red) labeled 

oligonucleotides. Superimposed on the spectra are the bandpass profiles for the emission filters 

utilized for the Cy3 and Cy5 channels. 

ii. Revision of the Most Important Equations Used in FRET

The rate constant of energy transfer 𝑘𝑇 was defined by Förster as shown in equation (1) 

below. 2 , 3-4 It depends on the spectral overlap integral between donor and acceptor dyes 𝐽(𝜆), the 

fluorescence quantum yield of the donor in the absence of acceptor 𝑓
𝐷, the donor lifetime in the 

absence of acceptor 𝜏𝑑
𝐷, the refractive index of the medium 𝑛, the Avogadro’s number 𝑁𝐴, the

geometric factor 𝜅2 which accounts for the relative dipole orientation between the donor and

acceptor and the interfluorophore distance 𝑟. The Förster Radius 𝑅0, defined as the distance 𝑟 at 
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which 50 percent of the energy is transferred to the acceptor, is described by equation (2). 

Combining equations (1) and (2), the rate of energy transfer may be written as shown in equation 

(3). 

𝑘𝑇 =
𝑓

𝐷𝜅2

𝜏𝑑
𝐷𝑟6 (

9000(𝑙𝑛10)

128𝜋5𝑁𝐴𝑛4) 𝐽(𝜆) (1) 

𝑅0 = (𝑓
𝐷𝜅2 (

9000(𝑙𝑛10)

128𝜋5𝑁𝐴𝑛4
) 𝐽(𝜆))

1/6

(2) 

𝑘𝑇 =
1

𝜏𝑑
𝐷 (

𝑅0

𝑟
)

6

(3) 

The energy transfer efficiency 𝐸, defined as the fraction of the donor excitation that is 

transferred to the acceptor, is given by equation (4).5 Where 𝑘𝑟 is the radiative decay rate constant

and 𝑘𝑛𝑟 is the sum of all other non-radiative decay rates constants (excluding energy transfer). 

Several methods have been utilised to measure FRET Efficiency. It may be calculated from the 

donor emission intensity as shown in equation (5), where 𝑓
𝐷 and 𝑓

𝐷𝐴 are the fluorescence 

quantum yields of the donor in the absence and presence of acceptor, respectively. Intensities (𝐼𝐷

and 𝐼𝐷𝐴) or lifetimes (𝜏𝑑
𝐷 and 𝜏𝑑

𝐷𝐴) can be used instead of quantum yield.

𝐸 =
𝑘𝑇

𝑘𝑇+ 𝑘𝑟+𝑘𝑛𝑟
=

1

1+(
𝑟

𝑅0
)

6 (4) 

𝐸 = 1 −
𝑓

𝐷𝐴

𝑓
𝐷 = 1 −

𝐼𝐷𝐴

𝐼𝐷
= 1 −

𝜏𝑑
𝐷𝐴

𝜏𝑑
𝐷 (5) 
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Provided that the acceptor is fluorescent, 𝐸 may also be obtained using equation (6) below, 

where 𝐼𝐷 and 𝐼𝐴
𝑒𝑥𝑝

 are the background corrected experimental intensities of the donor and acceptor

respectively.6  

In order to obtain accurate values for 𝐸, corrections must be applied to account for crosstalk 

(leakage) of the donor into the acceptor channel, differences in the donor and acceptor quantum 

yields of fluorescence and differences in the detection efficiencies of the two channels 

(Supplementary Figure 3).7-8 In some cases, direct excitation of the acceptor 𝐼𝐴
𝐷𝐸 can also be

taken into account, especially when efficiency is low and direct excitation becomes an important 

part of the acceptor signal. In equation (6) 𝛽𝐼𝐷 corrects for the crosstalk of donor emission into 

the acceptor channel and 𝐼𝐴
𝐷𝐸 for direct excitation of the acceptor. 𝐼𝐴 is then the fully corrected

acceptor intensity. The parameter γ as shown in equation (7) accounts for the differences in the 

fluorescence quantum yield  𝑓  and detection efficiency 𝜂 of donor and acceptor channels. 

𝐸 =
𝐼𝐴

𝑒𝑥𝑝
−𝛽𝐼𝐷−𝐼𝐴

𝐷𝐸

𝐼𝐴
𝑒𝑥𝑝

−𝛽𝐼𝐷−𝐼𝐴
𝐷𝐸+γ𝐼𝐷

=
𝐼𝐴 

𝐼𝐴+γ𝐼𝐷
(6) 

𝛾 =
𝜂𝐴

𝜂𝐷

𝑓
𝐴

𝑓
𝐷 (7) 

Correction parameters 𝛽 and γ can be calculated from single molecule intensity-time 

trajectories.5, 9-11 The correction factor γ is equivalent to -∆𝐼𝐴
𝑒𝑥𝑝/∆𝐼𝐷

𝑒𝑥𝑝
 when there is neither

crosstalk from the donor to the acceptor channel nor direct excitation of the acceptor (see Figure 

S3 and text therein), where ∆𝐼𝐴
𝑒𝑥𝑝

 and ∆𝐼𝐷
𝑒𝑥𝑝

are the acceptor and donor intensity changes, 

respectively when acceptor photobleaching occurs. 𝛽 is determined according to 𝐼𝐴
′ / 𝐼𝐷

′ , where 𝐼𝐴
′
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and 𝐼𝐷
′  are the intensities in the acceptor and donor channels respectively, corrected for background 

and recorded following acceptor photobleaching and prior to donor photobleaching. 

 

The most frequently used single-molecule spectroscopy analysis based on FRET to monitor 

distance-conformational fluctuations uses the ratiometric method as an approximation to the real 

FRET efficiency. This analysis represents the ratio between the acceptor detected fluorescence and 

the total detected fluorescence (donor + acceptor). When intensities are neither corrected for 

background nor for crosstalk the result has been termed proximity factor 𝑃 12, proximity ratio 𝑃13 

PR14 or relative proximity ratio 𝐸𝑝𝑟
9. When intensities are corrected for background and crosstalk 

it has been called apparent FRET efficiency 𝐸𝑎𝑝𝑝.15-16 Recently, proximity ratio 𝐸𝑝𝑟 has been 

amply adopted with a new computation involved, where intensities are corrected for both 

background and crosstalk.17-19  In this work we have adopted 𝐸𝑝𝑟 in its new definition as the 

nomenclature of use. In this specific case, we have also corrected by direct excitation (see equation 

(8)).  

 

𝐸𝑝𝑟 =
𝐼𝐴

𝑒𝑥𝑝
−𝛽𝐼𝐷−𝐼𝐴

𝐷𝐸

𝐼𝐴
𝑒𝑥𝑝

−𝛽𝐼𝐷−𝐼𝐴
𝐷𝐸+𝐼𝐷

=
𝐼𝐴

𝐼𝐴+𝐼𝐷
        (8) 

In utilizing the above equation to calculate FRET efficiency 𝐸, it is assumed that  𝜂𝐷𝑓
𝐷 =

𝜂𝐴𝑓
𝐴. This method provides an apparent value for 𝐸 as recognized in the published literature.  
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iii. Extracting Changes in the Fluorescence Quantum Yield from FRET Traces 

 

In single molecule experiments, depending on the power of the excitation source, a 

fluorescent dye may usually undergo several excitation cycles per second and therefore it is 

convenient to focus in the quanta of energy absorbed, transferred, lost as heat or emitted per 

second. In the case of absorption and emission processes, those quantum of energy are called 

photons. For convenience we will discuss the rates (v) of the processes to differentiate them from 

the rate constants (𝑘) (𝑘𝑟 for radiative and 𝑘𝑛𝑟  for non-radiative processes). These new rates (v) 

may change over the course of the experiment as they will depend on the flux of photons from the 

excitation source (laser excitation power for the donor and energy transfer rate for the acceptor). 

 

The excitation rate 𝑣𝑒𝑥 is the number of times a molecule is excited per unit time. The 

radiative rates 𝑣𝑟
𝐷 and 𝑣𝑟

𝐴 are the number of times the excited donor and acceptor respectively, 

emit a photon per unit time. Non-radiative rates 𝑣𝑛𝑟
𝐷  and 𝑣𝑛𝑟

𝐴  are the number of times the excited 

donor and acceptor respectively deactivate the excited state through non-radiative processes, 

excluding energy transfer. Finally, 𝑣𝑇 is the number of times the donor can transfer a quantum of 

energy to the acceptor per unit time (see Figure 1)  

 

A kinetic balance may be obtained from all the processes that populate and depopulate the 

excited state. The rate of excitation of the donor is equal to the sum of the rates for all the processes 

that depopulate the excited state of the donor. In the absence of an acceptor, the excited state is 

depopulated by radiative (emission of a photon) and non-radiative processes (all other paths) as 
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shown by equation (9), where 𝐼𝑒𝑥(𝑡) and 𝜎𝐷 are the excitation flux of photons (s-1 cm-2) and the 

absorption cross section on the donor (cm2) respectively. 

 

𝐼𝑒𝑥(𝑡)𝜎𝐷 = 𝑣𝑒𝑥
𝐷 = 𝑣𝑛𝑟

𝐷 +  𝑣𝑟
𝐷         (9) 

 

The fluorescence quantum yield of the donor can be written as: 

 

𝑓
𝐷 =

𝑘𝑟
𝐷

𝑘𝑛𝑟
𝐷 +𝑘𝑟

𝐷 =
𝑣𝑟

𝐷

𝑣𝑛𝑟
𝐷 +𝑣𝑟

𝐷         (10) 

 

In the presence of an acceptor, a new deactivation process involving energy transfer to the 

acceptor dye is added to the excited donor, therefore the new balance is: 

 

𝑣𝑒𝑥
𝐷 = 𝑣𝑛𝑟

𝐷 +𝑣𝑟
𝐷 + 𝑣𝑇          (11) 

 

As shown in equation (9) (main manuscript), only a fraction of the energy transferred from 

the donor to the acceptor will be converted into photons, this fraction is given by the quantum yield 

of fluorescence of the acceptor dye. 

 

 𝑓
𝐴 = 𝑣𝑟

𝐴/𝑣𝑇           (12) 

 

Replacing equations (12) and (10) in (11) will yield equation (13). This equation is valid 

independently of the rate 𝑣𝑇 of energy transfer. 

 



S10 
 

𝑣𝑒𝑥
𝐷 =

𝑣𝑟
𝐷

𝑓
𝐷 +

𝑣𝑟
𝐴

𝑓
𝐴           (13) 

 

In order to convert 𝑣𝑟
𝐷 to rates of photon detection for the acceptor (𝐼𝐴(𝑡)) and donor 

(𝐼𝐷(𝑡)), it is necessary to correct for a detection efficiency factor accounting for the collection 

efficiency of the objective, losses due to reflection at multiple interfaces and quantum detection 

efficiency of the detector utilized. Then 𝑣𝑟
𝐷 = 𝐼𝐷(𝑡)/𝜂𝐷 and  𝑣𝑟

𝐴 = 𝐼𝐴(𝑡)/𝜂𝐴. Replacing in 

equation (13), we obtain equation (14). Multiplying equation (14) by 𝜂𝐴𝑓
𝐴 and using the 

definition of 𝛾 in equation (7) will lead to equation (15). 

 

𝑣𝑒𝑥
𝐷 =

𝐼𝐷(𝑡)

𝜂𝐷𝑓
𝐷 +

𝐼𝐴(𝑡)

𝜂𝐴𝑓
𝐴          (14) 

𝑣𝑒𝑥
𝐷 𝜂𝐴𝑓

𝐴 =
𝜂𝐴𝑓

𝐴

𝜂𝐷𝑓
𝐷 𝐼𝐷(𝑡) + 𝐼𝐴(𝑡) = 𝛾𝐼𝐷(𝑡) + 𝐼𝐴(𝑡)      (15) 

 

Armed with equation (15), the fluorescence quantum yield of the donor can be written in 

terms of the initial fluorescence quantum yield of the donor and a factor 𝐷 accounting for 

fluctuations in 𝑓
𝐷 over time (equation (16). Replacing equation (16) in (15) yield equation (17). 

 

𝑓
𝐷 = 𝐷

𝑓

𝐷0
            (16)  

𝑣𝑒𝑥
𝐷 𝜂𝐴𝑓

𝐴 =
𝜂𝐴𝑓

𝐴

𝜂𝐷𝐷
𝑓
𝐷0

𝐼𝐷(𝑡) + 𝐼𝐴(𝑡) =
𝛾0

𝐷
𝐼𝐷(𝑡) + 𝐼𝐴(𝑡)      (17)  

 

Note that 𝛾0 is defined as a fixed initial parameter and it does not depend on variations of 

the fluorescence quantum yield of the donor.  If the rate of the donor excitation 𝑣𝑒𝑥
𝐷 , detection 
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efficiency 𝜂𝐴 and fluorescence quantum yield of the acceptor 𝑓
𝐴 remain constant, the left side of 

equation (17) is a constant, and then the right side of the equation (17) should also remain 

constant. Using an initial value of 𝐷 = 𝐷0 = 1, an initial condition can be calculated as: 

 

(𝑣𝑒𝑥
𝐷 𝜂𝐴𝑓

𝐴)
0

= 𝑋0 =  𝛾0𝐼𝐷0
+ 𝐼𝐴0

        (18) 

 

As discussed above 𝑋0 will remain constant over the course of the experiment, provided 

that  ∆ (𝑣𝑒𝑥
𝐷 𝜂𝐴𝑓

𝐴) = 0. Equation (17) and (18) can then be combined to yield: 

 

𝛾0𝐼𝐷0
+ 𝐼𝐴0

= 𝑋0 =
𝛾0

𝐷
𝐼𝐷(𝑡) + 𝐼𝐴(𝑡)        (19) 

 

Rearranging equation (19), the factor 𝐷 by which the fluorescence quantum yield of the 

donor is varied, can be calculated as: 

 

𝐷 =
𝐼𝐷(𝑡)𝛾0

𝛾0𝐼
𝐷0

+ 𝐼𝐴0
−𝐼𝐴(𝑡)

=
𝐼𝐷(𝑡)𝛾0

𝑋0−𝐼𝐴(𝑡)
         (20) 

 

Similarly, an equation to track changes in the fluorescence quantum yield of the acceptor, 

assuming that 𝑓
𝐷 is constant, can be derived from equation (14) where 𝑓

𝐴 = 𝐴
𝑓

𝐴0
. 

 

𝑣𝑒𝑥
𝐷 𝜂𝐷𝑓

𝐷 = 𝐼𝐷(𝑡) +
𝜂𝐷𝑓

𝐷

𝜂𝐴A
𝑓
𝐴0

𝐼𝐴(𝑡)        (21) 
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Using equation (8), equation (21) can be reduced to: 

 

𝑣𝑒𝑥
𝐷 𝜂𝐷𝑓

𝐷 = 𝐼𝐷(𝑡) +
1

𝐴𝛾0
𝐼𝐴(𝑡)         (22) 

 

Using an initial value of 𝐴 = 1, the initial condition can be calculated as: 

 

(𝑣𝑒𝑥
𝐷 𝜂𝐷𝑓

𝐷)0 = 𝑌0 = 𝐼𝐷0
+

1

𝛾0
𝐼𝐴0

        (23) 

 

Rearranging the equation (23), the factor 𝐴 by which the fluorescence quantum yield of the 

acceptor is varied, can be calculated as: 

 

𝐴 =  
𝐼𝐴(𝑡)

𝛾0(𝑌0−𝐼𝐷(𝑡))
          (24) 

 

iv. Determination of 𝛾 from SMF Experiments Considering Donor-acceptor Cross-talk 

and Direct Excitation of the Acceptor 

 

The parameter 𝛾 is typically determined following photobleaching of the acceptor, where 

the experimentally observed anticorrelated changes in the donor and acceptor signals, ∆𝐼𝐷
𝑒𝑥𝑝

 and 

∆𝐼𝐴
𝑒𝑥𝑝

, respectively, are measured and used in the calculation, according to equation (25) see also 

Fig. S3. This equation assumes that the recorded changes are purely due to deactivation of FRET 

energy transfer following photodestruction of the acceptor chromophore, where quanta not 
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delivered to and emitted in the acceptor channel are in turn available for emission from the donor 

channel. 

 

𝛾 = −
∆𝐼𝐴

𝑒𝑥𝑝

∆𝐼𝐷
𝑒𝑥𝑝           (25) 

 

 

Figure S3. Measurement of 𝜸 from the Donor and Acceptor Intensity-time Trajectories. 

Representation of traces for a donor-acceptor pair where 𝛾 can be calculated upon the anti-

correlated change in acceptor (red) and donor (green) intensity when the acceptor photobleaches. 

Acceptor and donor photobleaching are indicated with inverted triangles ▼. The black trace 

represents an imaginary trace for the leakage and its respective change after a donor change in 

intensity. (𝛽 = 0.1, 𝛾 = 2.16) 

 

The experimental change in the donor channel, ∆𝐼𝐷
𝑒𝑥𝑝

, is purely the result of the 

deactivation of emissive losses from the donor that takes place via energy transfer from the donor 
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to the acceptor channel ∆𝐼𝐷
𝐸𝑇. This deactivation upon acceptor photobleaching results in an increase 

in intensity (equation (26)). In turn, the intensity drop in the acceptor channel, ∆𝐼𝐴
𝑒𝑥𝑝

, may contain 

elements from donor acceptor cross-talk as well as from the direct excitation of the acceptor, not 

considered in equation (25). The experimentally observed change in the acceptor signal will then 

be given by equation (27), where ∆𝐼𝐷
𝐸𝑇 accounts for energy transfer from the donor dye to the 

acceptor dye via dipole-dipole interaction and where a parameter ∆𝐼𝐴
𝐶𝑇 is introduced accounting 

for donor cross-talk into the acceptor channel. A second parameter ∆𝐼𝐴
𝐷𝐸 is introduced to account 

for direct excitation of the acceptor by the laser line. The parameter 𝛾 is then given by equation 

(28). 

 

∆𝐼𝐷
𝑒𝑥𝑝 = ∆𝐼𝐷

𝐸𝑇           (26) 

∆𝐼𝐴
𝑒𝑥𝑝 = ∆𝐼𝐴

𝐸𝑇 − ∆𝐼𝐴
𝐶𝑇 + ∆𝐼𝐴

𝐷𝐸         (27) 

𝛾=
∆𝐼𝐴

𝐸𝑇

∆𝐼𝐷
𝐸𝑇 =

∆𝐼𝐴
𝐸𝑇

∆𝐼𝐷
𝑒𝑥𝑝           (28) 

 

Utilizing equations (26) and (27), the experimental change in the acceptor channel over 

the donor channel can be written as shown below in equation (29). It may be appreciated that the 

first term to the right in equation (29) corresponds to 𝛾. In turn, the second and third term may be 

computed. Specifically, one may show that the change in cross talk signal in the acceptor channel 

∆𝐼𝐴
𝐶𝑇 upon acceptor photobleaching is directly proportional to the simultaneous increase in donor 

signal ∆𝐼𝐷
𝑒𝑥𝑝

 upon acceptor photobleaching, where the proportionality constant is 𝛽, see equation 

(30) and also equation (6) and text therein. Then, the second term to the right is equal to 𝛽.  
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The third term to the right may be calculated from a simple consideration based on the 

absorption cross section values for the donor 𝜎𝐷 and acceptor 𝜎𝐴 dye dyes at the donor excitation 

wavelength, see equation (31). Specifically, the emission arising upon direct excitation of the 

acceptor (constant throughout the experiment in as far as 𝑓
𝐴 remains constant) 𝐼𝐴

𝐷𝐸 should be 

proportional to that arising upon direct excitation of the donor. The latter is given by 𝐼𝐷
′ , see Figure 

S3. The proportionality constant is given by the correction factor due to fluorescence quantum 

yield and detection efficiencies for both dyes 𝛾, and the correction factor for differences in cross 

section for both dyes, 𝜎𝐴/𝜎𝐷 = 𝜀𝐴/𝜀𝐷, where 𝜀𝐷 and 𝜀𝐴 are the absorption coefficients at the 

excitation wavelength of the experiment. In turn, one may show that following acceptor 

photobleaching, the change in intensity from direct excitation is equal to the intensity arising from 

direct excitation ∆𝐼𝐴
𝐷𝐸 = 𝐼𝐴

𝐷𝐸. 

 

∆𝐼𝐴
𝑒𝑥𝑝

∆𝐼𝐷
𝑒𝑥𝑝 =

∆𝐼𝐴
𝐸𝑇

∆𝐼𝐷
𝑒𝑥𝑝 −

∆𝐼𝐴
𝐶𝑇

∆𝐼𝐷
𝑒𝑥𝑝 +

∆𝐼𝐴
𝐷𝐸

∆𝐼𝐷
𝑒𝑥𝑝         (29) 

∆𝐼𝐴
𝐶𝑇 = 𝛽∆𝐼𝐷

𝑒𝑥𝑝
          (30) 

∆𝐼𝐴
𝐷𝐸 = 𝐼𝐴

𝐷𝐸 = 𝐼𝐷
′  𝛾

𝜎𝐴

𝜎𝐷
  = 𝐼𝐷

′  𝛾
𝜀𝐴

𝜀𝐷
        (31) 

 

Replacing equations (28), (30) and (31) in equation (29) gives: 

 

∆𝐼𝐴
𝑒𝑥𝑝

∆𝐼𝐷
𝑒𝑥𝑝 = 𝛾 − 𝛽 + 𝛾

𝐼𝐷
′

∆𝐼𝐷
𝑒𝑥𝑝

𝜀𝐴

𝜀𝐷
         (32) 

 

Rearranging for 𝛾, we obtain the desired equation to determine 𝛾 following acceptor 

photobleaching. 
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𝛾 =
−

∆𝐼
𝐴
𝑒𝑥𝑝

∆𝐼𝐷
𝑒𝑥𝑝+𝛽

1+
𝐼𝐷
′

∆𝐼𝐷
𝑒𝑥𝑝

𝜀𝐴
𝜀𝐷

           (33) 

 

v. Apparent FRET Efficiency Correction due to Crosstalk and Direct Excitation of the 

Acceptor 

 

In order to obtain proximity ratio 𝐸𝑝𝑟 as defined in section ii, the background subtracted 

intensitiy of the acceptor 𝐼𝐴
𝑒𝑥𝑝

 must be corrected for both donor-acceptor crosstalk and direct 

excitation of the acceptor. Corrections require subtracting the contribution from both those 

phenomena (𝐼𝐴
𝐶𝑇 and 𝐼𝐴

𝐷𝐸) to the experimental intensity recorded for the acceptor channel 𝐼𝐴
𝑒𝑥𝑝

. The 

acceptor intensity due to energy transfer 𝐼𝐴
𝐸𝑇 will then be given by equation (34). The contribution 

from cross-talk can be expressed as 𝛽𝐼𝐷
𝑒𝑥𝑝

 (see also equation (30)). The contribution due to direct 

excitation of the acceptor can be calculated according to equation (31). Replacing those values in 

equation (34) yields equation (35).  

 

𝐼𝐴
𝐸𝑇 = 𝐼𝐴

𝑒𝑥𝑝 − 𝐼𝐴
𝐶𝑇 − 𝐼𝐴

𝐷𝐸         (34) 

𝐼𝐴
𝐸𝑇 = 𝐼𝐴

𝑒𝑥𝑝 − 𝛽𝐼𝐷
𝑒𝑥𝑝 − 𝐼𝐷

′  𝛾
𝜀𝐴

𝜀𝐷
        (35) 

 

The parameter 𝛽 may be calculated experimentally from single molecule trajectories after 

photobleaching of the acceptor and prior to photobleaching of the donor as described in the 
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literature.5, 9-11 𝐼𝐴
𝐷𝐸 can be calculated from each trajectory using a combination of equation (32) 

and (33), as shown in equation (36) 

 

𝐼𝐴
𝐷𝐸 = 𝐼𝐷

′  𝛾
𝜀𝐴

𝜀𝐷
= 𝐼𝐷

′  
𝜀𝐴

𝜀𝐷
(

−
∆𝐼

𝐴
𝑒𝑥𝑝

∆𝐼𝐷
𝑒𝑥𝑝+𝛽

1+
𝐼𝐷
′

∆𝐼𝐷
𝑒𝑥𝑝

𝜀𝐴
𝜀𝐷

)        (36) 

 

It is now possible to define 𝐸𝑝𝑟 as shown in equation (37), where 𝐼𝐷
𝑒𝑥𝑝

and 𝐼𝐴
𝑒𝑥𝑝

 are the 

experimental donor and acceptor intensities, respectively.  

 

𝐸𝑝𝑟 =
𝐼𝐴

𝐸𝑇

𝐼𝐷
𝐸𝑇+𝐼𝐴

𝐸𝑇 =
𝐼𝐴

𝑒𝑥𝑝
−𝐼𝐴

𝐶𝑇−𝐼𝐴
𝐷𝐸

𝐼𝐷
𝑒𝑥𝑝

+𝐼𝐴
𝑒𝑥𝑝

−𝐼𝐴
𝐶𝑇−𝐼𝐴

𝐷𝐸        (37) 

 

Alternatively, and for cases where donor photobleaches first, 𝐼𝐴
𝐷𝐸 can be calculated 

according to equations (38-41) using the known 𝛾. Here equation (38) may be directly inferred 

from equation (19). 

 

 𝐼𝐷
𝑒𝑥𝑝 +

𝐼𝐴
𝐸𝑇

𝛾
= 𝐼𝐷

′           (38) 

 

Combining equations (31) and (38) gives: 

 

𝐼𝐴
𝐷𝐸 = (𝛾𝐼𝐷

𝑒𝑥𝑝 + 𝐼𝐴
𝐸𝑇) 

𝜀𝐴

𝜀𝐷
         (39) 

 

Combining equations (35) and (39) gives: 
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𝐼𝐴
𝐷𝐸 = (𝛾𝐼𝐷

𝑒𝑥𝑝 + 𝐼𝐴
𝑒𝑥𝑝 − 𝛽𝐼𝐷

𝑒𝑥𝑝 − 𝐼𝐴
𝐷𝐸) 

𝜀𝐴

𝜀𝐷
         (40) 

 

Reorganizing equation (40) for 𝐼𝐴
𝐷𝐸 and using 𝑓 = (1 + 𝜀𝐷/𝜀𝐴)−1 results in a new 

expression for 𝐼𝐴
𝐷𝐸, equation (41).  

 

𝐼𝐴
𝐷𝐸 = 𝑓((𝛾 − 𝛽)𝐼𝐷

𝑒𝑥𝑝 + 𝐼𝐴
𝑒𝑥𝑝)        (41) 
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vi. Distribution of 𝑬𝒑𝒓 Values Recorded from smFRET TIRF Experiments after 

Correction for Crosstalk and before Correction for Direct Excitation of the Acceptor. 

 

 

Figure S4. Distribution of 𝑬𝒑𝒓 Values Recorded from smFRET TIRF Experiments Before 

Direct Acceptor Excitation Corrections. a. Cartoon illustrating a DNA/RNA duplex before (left) 

and after (right) HCV-NS5B binding. b. Uncorrected ensemble histograms of single-molecule 𝐸𝑝𝑟 

values for DNA/RNA duplexes before (left) and after (right) HCV-NS5B binding. c. chemical 

structures of the linkers utilized to couple the donor (either Cy3 or Cy3B) in  Cy3B/R20
S , Cy3/R20

A  

and Cy3/R20
S . 
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vii. Correction Parameters Utilized to Correct Single-Molecule Data  

Table S1: Correction Parameters  

𝐝𝐲𝐞 𝐩𝐚𝐢𝐫/𝐑𝐧
𝐗  Crosstalk (𝜷) Gamma (𝜸) 𝜺𝑫/𝜺𝑨 (532nm) 

𝐂𝐲𝟑 − 𝐂𝐲𝟓/𝐑𝟐𝟎
𝐒 a 0.09 ± 0.04 (74) 2.6 ± 0.6 (52) 86823/6723 

𝐂𝐲𝟑 − 𝐂𝐲𝟓/𝐑𝟐𝟎
𝐀 b 0.08 ± 0.02 (225) 1.3 ± 0.3 (127) 97893/6723 

𝐂𝐲𝟑𝐁−𝐂𝐲𝟓/𝐑𝟐𝟎
𝐒 c 0.08 ± 0.02 (105) 0.37 ± 0.04 (57) 77586/6723 

𝐂𝐲𝟑−𝐀𝐓𝐓𝐎𝟔𝟒𝟕𝐍/𝐑𝟐𝟔
𝐀  b - 2.6 ± 0.4 (94) 97893/4500 

Superscripts letters indicate the structure of the dye in Figure S1. Parenthesis indicate the number 

of trajectories utilized. 

 

viii. smPIFE TIRF Trajectories of 𝐂𝐲𝟑/𝐑𝟐𝟎
𝐀  in the Presence of 100 nM NS5B 

 

 

Figure S5. smPIFE Trajectories of 𝐂𝐲𝟑/𝐑𝟐𝟎
𝐀  when Flowing 100 nM NS5B. Normalized 

trajectories representing different Cy3 photophysical behaviours (associated to different binding 

modes) upon NS5B binding to Cy3/R20
A . The red trace displays an enhancement-only trajectory. 

The blue trace shows a trajectory where enhancement and quenching of Cy3 are both recorded in 

the presence of NS5B. 
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