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Abstract 

Fluorescent labels are widely used in biochemistry to study the conformational dynamics 
and intermolecular interactions in biomolecules. Understanding the basic photophysical 
mechanisms of these fluorescent labels and their environment dependence can improve 
the design and accuracy of biophysical techniques. In the presented work, the influence 
of biomolecular environment on the fluorescent properties of covalently-linked organic 
dye labels are investigated and the potential of fluorescent probes to sense the local and 
global biomolecular environments demonstrated. 

To reveal the distinct photophysical signatures of different RNA micro-environments, a 
systematic study of the fluorescence properties of commonly used organic fluorophores, 
Alexa488 and Cy5, in different RNA environments are carried out. The results are 
corroborated by accessible volume (AV) and molecular dynamics (MD) simulations to 
provide structural insights on potential interaction modes. In addition to sensing the local 
environment, the ability of fluorescent labels to shed light on the tertiary and global 
structures of RNA is demonstrated. The influence of the protein environment on dye 
properties is explored with Alexa488 and Alexa647 dyes labeled on the bacteriophage T4 
Lysozyme. Combining spectroscopic studies and MD simulations, a detailed insight into 
the origin, extent and modes of dye-protein interactions is achieved. AV calculations are 
employed to determine the role of positively charged amino acids in dye trapping and in 
providing a quenching environment. AV also reveals the manner in which protein 
dynamics affect dye properties. Detection of substrate binding and protein denaturation 
are reported as illustrative cases of fluorescence sensing. 

Förster resonance energy transfer (FRET) is a fluorescence-based technique that 
employs a pair of fluorescent labels to report on the structural dynamics of a biomolecule. 
The insights obtained from the photophysical studies of dyes are discussed in the context 
of FRET measurements and guidelines are provided to avoid or minimize detrimental 
effects of dye-biomolecular interactions. Those interactions which significantly alter the 
dye distribution are incorporated into the label description for FRET dyes and these 
modifications proven to significantly improve the accuracy of FRET-derived structural 
models. Thus, in future fluorescence-based studies, the knowledge acquired from the 
present study regarding the environmental sensitivity of dyes in different biomolecular 
environments can be used to improve the label or model design, the experiment plan or 
the interpretation of observations.
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Chapter 1. Introduction 

1.1  Fluorescently labeled biomolecules  

Fluorescence is a powerful approach for studying the conformational dynamics and intra- 

and intermolecular interactions occurring in biomolecules. Fluorescently labeled 

biomolecules have been widely used in the mechanistic studies of proteins (transcription 

factors1, chromatin2, enzyme3 etc.) and nucleic acids (DNA4, Holliday junction5), cell 

imaging (of single RNA molecules6, multiplexed RNA7, cancer cells8, proteins9), 

diagnostic assays(probing nucleic acid hybridization10, oligonucleotide structure11, viral 

nucleic acid12, disease13, serum proteins14) etc. Fluorescence has multiple parameters 

that can be exploited to yield information about the biomolecule, namely fluorescence 

lifetime and anisotropy, absorption and emission spectra and fluorescence quantum yield 

and brightness15,16. Additionally, when two or more fluorophores are attached to a 

biomolecule, for example, in Förster resonance energy transfer (FRET), we obtain 

additional information via the dipolar coupling15. In this popular biophysical technique, 

distance-dependent energy transfer occur between site-specifically labeled donor and 

acceptor fluorescent labels17,18. Fluorescence correlation spectroscopy (FCS) is another 

widely-used technique where the conformational flexibility, structural dynamics and the 

hydrodynamic transport properties in biomolecules are determined from the fluctuating 

signal (brightness) of a fluorophore diffusing through a confocal volume19-21. In this way, 

various distinct fluorescence-based techniques can be applied to monitor biomolecular 

processes spanning over a time range from femtoseconds to seconds. The attractive 

features of fluorescence spectroscopy can be effectively utilized by the selection of an 

appropriate fluorescence technique22 for the required application, the choice and design 

of suitable fluorescent probes and a thorough understanding of their photophysical 

properties. 

1.1.1 Sites for fluorophore labeling and coupling chemistry 

Fluorescent labeling can be performed at different sites in a nucleic acid or protein and 

the chemistry of dye-biomolecule coupling is diverse. The choice of labeling sites and 

chemistry has to be made with a focus on the requirements of the study. A general 

overview of the possible sites and methods of dye attachment are described below. 
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a)  Nucleic acid labeling sites 

Since the nucleobases in nucleic acids are intrinsically non-fluorescent, they are replaced 

with a chemically modified fluorescent nucleobase analogue to introduce fluorescent 

nature. These modifications result in isomorphic, expanded, chromophoric or extended 

nucleosides23. While isomorphic nucleoside analogues contain small substituents or 

additional heteroatoms on the natural nucleoside, expanded nucleosides contain 

additional aromatic rings on the natural nucleoside and chromophoric nucleosides replace 

the natural nucleoside analogues with bulky, aromatic chromophores. This thesis deals 

exclusively with extended modifications where small molecule organic fluorophores are 

covalently coupled to the nucleosides via linkers. This is accomplished either through 

groups present naturally in nucleic acids (like amino, hydroxyl, phosphate groups) or 

through some other reactive groups (primary amines, thiols, azides etc.) introduced 

specifically for targeted coupling24. Covalent fluorescent labeling can occur at various 

sites on a nucleic acid, namely the phosphate backbone, the sugar moiety or the 

nucleobases25-33(Fig. 1.1). 

Fluorescent dye coupling at the backbone can occur at phosphate groups at the terminal 

sites, 5’ or 3’ end24,34,35 or at the internucleotidic phosphate group. In some cases, the 

phosphate group itself is modified to a phosphorothioate group by substituting sulfur for 

one of the non-bridging oxygens of the phosphate group36-40. Of the different possibilities 

for backbone labeling, the 5’ labeling appears more frequently in applications36,41,42 than 

3’ labeling43-45 or internucleotidic labeling39,40,46-48. The prevalence of 5’ labels in 

comparison to 3’ labels could be because most of the biological applications of chemically 

synthesized oligonucleotides require molecules with free 3'-hydroxyl functions and 

therefore the common automated solid phase oligonucleotide synthesizers anchor the 3’ 

end of an oligonucleotide to a support such that this end is cleaved only during the final 

deprotection, while the 5’ end is available for modifications45. DNA backbone dye labeling 

has been used in the literature to control the orientation of the dye in FRET studies. Ranjit 

et al. made use of this strategy by rigidly attaching the Cy5 fluorophore to the DNA 

backbone by internucleotidic modifications48. These rigid attachments reduce the 

uncertainties in donor-acceptor distance associated with the flexible linkers (commonly 

referred to as the kappa square uncertainty in FRET49) while also preventing undesirable 
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polymerization25,51. For the common RNA A-form helix, the situation is expected to be 

different due to the difference in the groove geometry52,53. 

Compared to dye labeling at the backbone and nucleobases, the covalent fluorescent 

labeling at the sugar moiety is less common. Nevertheless, the 2’(3’)N-methylanthraniloyl 

(Mant)54 and 2’,3’-O-(2,4,6-trinitrophenyl) (TNP)55 derivatives have found applications in 

structural and mechanistic studies of nucleotide binding sites, catalytic sites56-59 etc. In 

fluorescence-based DNA sequencing, the fluorescent dyes have also been attached to 

the sugar of dideoxynucleoside triphosphates to act as chain terminators27,60. 

b)  Protein labeling sites 

Fluorescent probes in proteins can be intrinsic or extrinsic. Intrinsic probes are naturally 

occurring amino acids like Tryptophan (Trp) or Tyrosine(Tyr) which are intrinsically 

fluorescent61-64. Extrinsic fluorophores fall into four main categories: fluorescent proteins, 

peptide tags, nanoparticle labels and small organic fluorescent molecules. Fluorescent 

proteins (e.g. Green Fluorescent Protein65) are ‘built-in’ genetic labels approx. 25 kDa in 

size, fused through recombinant cloning to the fluorescent protein at the N or C 

terminus22,66. Peptide and protein tags (e.g. SNAP tag67) are fluorescently labeled 

synthetic peptides and special proteins, respectively, which are attached to the target 

protein22,68-70. Nanoparticle labels such as quantum dots are semiconductor nanocrystals 

with a reactive core that controls their optical properties (e.g. CdSe core) with high 

quantum yields and high extinction coefficients coupled to the protein of interest71,72. 

In this thesis, I employ small organic fluorescent molecules as fluorescent labels. Organic 

fluorophores generally have a wide spectral range, small size, good photostability and 

adequate brightness22. These organic fluorescent molecules are covalently coupled to an 

amino acid in the protein (Fig. 1.2). The side-chain amine group of lysine and the thiol 

group of cysteine are suitable handles with which commercially available dye derivatives 

can be coupled to. Cysteine labeling is highly popular due to this amino acid’s relative 

rarity in the protein and the ease of its introduction into a specific site by site-directed 

mutagenesis without perturbing the protein’s function. Thiol-reactive dye derivatives such 

as maleimide, conjugations such as haloacetyl, alkyl halide, and disulfide interchange 

derivatives may be used73,74. 
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1.1.2 Influence of environment on the fluorescent properties of coupled dyes  

When the covalently coupled fluorescent dyes are labeled at a particular site in a nucleic 

acid or protein, they interact with suitable functional groups in their vicinity. These 

interactions may be electrostatic86-88, hydrophobic89,90 or -stacking91-96 and they 

modulate the fluorescence properties of the dyes. Some of the general photophysical 

changes observed are described below. 

a)  Absorption spectral shifts 

When dyes are terminally labeled at nucleic acids, -stacking interaction of the dye and 

terminal nucleobase causes electronic coupling between them, and a ground state 

complex is formed, which results in a characteristic shift of the absorption spectra of the 

dye. Kupstat et al.97 reported a bathochromic shift of 8 nm for the oxazine dye ATTO680 

and 7-31 nm shift for ATTO610 due to conjugation with the DNA at the helix terminus. 

Heinlein et al.98 observed bathochromic shifts of 4-6 nm upon addition of deoxynucleotide 

monophosphates for the absorption maxima of the rhodamine dyes, Rh6G and TMR, and 

the oxazine dyes, MR121 and JA242. In studies conducted by Li et al.99, TMR showed a 

red shift of about 15 nm in 1 M guanosine. However, investigations from Ranjit and 

Levitus100 caution the assignment of bathochromic shifts to ground state complex 

formation. The 3 nm red shift they observed for the cyanine dye, Cy3B, in concentrated 

solutions of dGMP could be assigned to changes in the refractive index of the solution 

when high concentrations of nucleotides are dissolved in the buffer; thus proving that the 

observed shifts need not necessarily be due to dye-biomolecular interactions. 

b)  Anisotropy changes 

Fluorescence anisotropy is found to be highly sensitive to dye interactions with the 

biomolecule. When molecular rotations occur during the excited state lifetime of a dye, its 

fluorescence will be depolarized, resulting in a reduction of anisotropy over time. 

However, when dye-biomolecular interactions occur, free rotations of the dye are 

hindered, bringing about an increased anisotropy101. For example, in fluorescein44 and 

MR12198 dyes, high anisotropy values were measured when labeled to DNA hairpins due 

to dye interaction with a guanosine residue at the end of the isolated DNA strand. The 

interaction between the Elongation factor like-1 GTPase (EFL1) and the Shwachman-
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Diamond Syndrome (SBDS) protein was reflected in the fluorescence anisotropy changes 

of the dye 4',5'-bis(1,3,2-dithioarsolan-2-yl) fluorescein labeled at the C-terminus of the 

recombinant SBDS protein and helped uncover quantitative and mechanistic information 

on the binding mode between these proteins102. 

A change in anisotropy can arise from changes in the local segmental motion of the dye 

as well as changes in the global motion. For the oxazine dye, ATTO610, conjugation with 

double stranded DNA (dsDNA) leads to delayed fluorescence anisotropy due to a 

complete loss of segmental mobility97. For the dyes Alexa488, Oregon Green 488 and 

Oregon Green 514 when conjugated to biomolecules, changes in steady-state and time-

resolved fluorescence anisotropy occur and are assigned to changes in both local and 

global dye motions101. 

Sindbert et al.103 described dsDNA and dsRNA internally labeled with Alexa488 and Cy5 

using the wobbling-in-cone (WIC) model. The xanthene chromophore of Alexa488 is 

perpendicular to the linker. Therefore, Alexa488 anisotropy can sense both the linker 

wobbling and the dye rotations. Even if the linker is completely stiff, the dye can rotate 

about the linker, resulting in a low residual anisotropy. The cyanine dye is attached 

parallel to the linker such that the anisotropy senses predominantly the linker motions, as 

the dye rotation about the linker hardly affects the fluorescence depolarization and if the 

linker is stiff, a very high residual anisotropy results. The experimental anisotropy decays 

also showed that the dye motion is more restricted for the RNA since the groove is deeper 

and narrower in RNA than in DNA.  

Anisotropy changes in cyanine dyes have been observed in other studies too. 

Steffen et al. reported an increased amplitude of the global anisotropy due to sulfonated 

Cy3 and Cy5 dyes stacking with the nucleic acid90. They also demonstrated that the 

extent of motional restriction on the dyes by the macromolecular environment can be 

deduced from dynamic anisotropy measurements. Sanborn et al. showed that Cy3 dye, 

on interaction with single stranded DNA (ssDNA) experiences lack of rotational freedom 

when linked to the terminal 5’ phosphate. This was evidenced by the slow anisotropy 

component >2.5 ns which dominates 88% of the anisotropy decay42. 
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c)  Fluorescence quenching 

When fluorophores with appropriate redox potentials interact with the guanine nucleobase 

in nucleic acids or an amino acid like Tryptophan in proteins within the van der Waals 

radius, fluorescence quenching is seen to occur104. Oxazines (e.g. MR121 and ATTO 

655105), rhodamines (e.g. Rh6G106, TAMRA107, Alexa488, Alexa555 and Alexa594108), 

fluoresceins (e.g. FAM109) and BODIPY(e.g. BODIPY® FL110) dyes are some of the most 

common commercial fluorophores seen to undergo fluorescence quenching. 

Table 1.1. Redox properties of selected fluorophores measured vs NHE 
Free Fluorophore Ered [V] Eox[V] E0,0[eV] Solvent Reference 

5-FAM -0.47  2.46 Aqueous Torimura et al.111 

BODIPY FL -0.83  2.43 Aqueous Torimura et al.111 

BODIPY R6G -0.22  2.31 Aqueous Torimura et al.111 

Texas Red -0.88  2.08 Aqueous Torimura et al.111 

MR121 -0.26b 1.64b 1.90 Acetonitrile Heinlein et al.98 

R6G -0.71b 1.63b 2.27 Acetonitrile Heinlein et al.98 

Cy5 -0.64b 1.06b 1.88 Acetonitrile Heinlein et al.98 

7-methoxycoumarin (C-3H) -1.62 2.04 3.48 Acetonitrile Seidel et al.36 

7-methoxycoumarin-3-carboxylic 
acid ethyl ester (C-3Es) -1.16 2.20 3.35 Acetonitrile Seidel et al.36 

3-cyano-7-methoxycoumarin (C-
3CN) -1.00 2.30 3.26 Acetonitrile Seidel et al.36 

Carbostyryl-124 (Ca-124) -2.24 1.19 3.30 DMF Seidel et al.36 

Coumarin-120 (C-120) -1.9 1.38 3.22 DMF Seidel et al.36 

RhodamineB (RhB) -0.56c 1.18c 2.19 Acetonitrile Fries, J.R. 112 

𝐸𝑜𝑥 and 𝐸𝑟𝑒𝑑 are the reduction potentials of the oxidized electron donor and the electron acceptor, 𝐸0,0 =
(𝐸𝑎𝑏𝑠 − 𝐸𝑒𝑚) 2⁄ , is the energy of the singlet-singlet transition of the fluorophore and NHE: normal hydrogen 
electrode. b Potentials measured against saturated calomel electrode (SCE) and converted to NHE by adding 
0.24 V. c Potentials measured against Ag/AgCl and converted to NHE by adding 0.20 V. Dye structures in Fig. 1.4. 

The main mechanism for fluorescence quenching is photoinduced electron transfer (PET) 

where an electron transfer occurs between an electron donor and an electron acceptor 

when they are within the van der Waals radius. The energetics of PET are explained 
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further in chapter 2.1 (d). Usually, the quencher is an amino acid or nucleobase and the 

electron acceptor is the organic fluorophore. Among nucleobases, guanine is the most 

prominent PET quencher due its low 𝐸𝑜𝑥 and thus high propensity to donate an 

electron36,113, while in proteins, it is tryptophan104. The sequence of quenching efficiency 

for the nucleobases was found by Seidel et.al.36. If the nucleobases are reduced, the 

sequence of the quenching efficiency was found to be G < A < C < T U ; and the 

sequence reversed when the nucleobases are oxidized . A summary of redox properties 

of common dyes and nucleobases is given in Tables 1.1 and 1.2.  

PET quenching can occur transiently through molecular collisions (dynamic quenching), 

or by ground-state complex formation (static quenching). Since the ground state 

complexes formed by static quenching are non-fluorescent or very weakly fluorescent, 

the predominantly observed fluorescence is from the uncomplexed fluorophore, leaving 

the fluorescence lifetime usually unperturbed104,114. For this reason, although dynamic 

and static quenching reduce fluorescence intensity, most often, only the dynamic 

quenching reduces fluorescence lifetime. 

 

Table 1.2. Redox properties of nucleoside/amino acid quenchers measured vs NHE 
Nucleoside/ 
amino acid 

Ered [V] Eox[V] Solvent Reference 

dG -2.43 1.48 Acetonitrile Seidel et al.36  

dT -2.18 2.11 Acetonitrile Seidel et al.36  

dC -2.35 2.14 Acetonitrile Seidel et al.36  

dA -2.52 1.96 Acetonitrile Seidel et al.36  

dU -2.07  2.39 Acetonitrile Seidel  et al.36 

Tryptophan  0.81;0.64 Aqueous Doose et al.104 

Tyrosine  0.7 Aqueous Doose et al.104 

p-Cresol -2.16 1.64 Acetonitrile Seidel et al.115 

𝐸𝑜𝑥 and 𝐸𝑟𝑒𝑑 are the reduction potentials of the oxidized electron donor and the electron acceptor, NHE: normal 
hydrogen electrode, b Potentials measured against saturated calomel electrode (SCE) and converted to NHE by 
adding 0.24 V. 
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Quenching via PET is also controlled by the steric access of the dye to the quenching 

moiety. For the BODIPY-R6G probe, it has been shown that, while the free dye is strongly 

quenched by guanine, the DNA-labeled dye only exhibits slight quenching upon 

hybridization to a complementary strand containing guanine due to the steric hindrance 

of the bulky phenyl groups present in BODIPY-R6G111. For the rhodamine dye Alexa546 

the presence of the negatively charged sulfonates and the bulky chlorine atoms in the 

phenyl group prevent the dye from interacting with the nucleobases at a distance short 

enough for electron transfer to be efficient100. It was seen that in a DNA-hairpin, the dye 

MR121 adopts an end-capped conformation because of its symmetrical planar structure, 

resulting in efficient PET. In contrast, the quenching efficiency for the label JA242 is much 

lower due to the three additional methyl groups which impede coplanar stacking in an 

endcapped conformation98. This feature is useful when studying folding-unfolding 

transitions in proteins. Neuweiler et al. investigated folding dynamics of the 20-residue 

mini-protein Trp-cage where a single Trp residue is buried in a small hydrophobic core 

and shielded from the solvent117. When MR121 dye is labeled on the surface of the 

protein, in the folded state of the protein, the dye is shielded from quenching interactions 

with the “caged” Trp residue in the hydrophobic core, whereas in the denatured state, Trp 

is solvent-exposed and quenches MR121 fluorescence. 

Chen et al.107 showed that the PET interaction between guanosine residues in DNA and 

Tetramethyl Rhodamine dye resulted in quenching when these guanosine residues were 

close to the terminal of the DNA where the dye is attached. Quenching was seen to be 

higher when the G residues were in the complementary strand near the dye. Ohya et 

al.118 studied the effect of duplex formation on eosin and tetramethylrhodamine attached 

to the 5′-terminal of DNA oligos. They also came to the conclusion that guanine residues 

on the complementary DNA strand near the dyes had a major influence on the quenching. 

Similar results were obtained by Berger119 who studied guanine quenching of 5’ terminal 

Rh6G label coupled to dsDNA by a C6 linker with the guanine at different locations. At 

the terminus, the quenching was higher when guanine was on the complementary strand 

compared to the same strand as the label. Guanines at 2 and 3 bases from the terminal 

label had drastically lower quenching comparatively. The effective distance of guanine 
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quenching was up to 3 base pairs from the label. When a shorter linker was used, the dye 

was seen to be quenched more by the guanine on the strand to which it was attached. 

In addition to nucelobases like guanine and amino acids like Trp, quenching can also be 

caused by extrinsically introduced quenchers like Dabcyl, BHQ-1 and QSY-7.120. It was 

seen that when both a reporter and a quencher dye were present, static quenching, 

involving a reporter–quencher ground-state complex, occurs. Here, FRET and static 

quenching frequently occur together. Marras et al.121 proved that even though spectral 

overlap between the emission spectrum of the fluorophore and the absorption spectrum 

of the quencher is a prerequisite for efficient FRET, it is not a significant factor determining 

PET quenching efficiency. As long as the fluorophore and the quencher come within van 

der Waals contact distance of each other, quenching efficiencies stay very high even in 

the absence of spectral overlap. 

While PET generally requires van der Waals contact, a long-distance quenching effect 

has also been reported98,113,122. It has been postulated that electron-transfer reactions do 

not require intimate molecular contact and may well occur over larger distances. The 

charge transfer may occur along the nucleic acid helix123-125 or the proteins126 which act 

as bridges through which the electrons of the fluorophore can be transferred127,128. The 

assumption is that a molecular band is created due to electronic interactions in the 

biomolecule where the electronic states are delocalized over the length of the molecule 

and aid in conduction129. 

In synthetic DNA hairpins, GG or GGG sequences have been shown to be very shallow 

hole traps and reversible hole transport between a guanine donor and such sequences 

ensues.113. Additionally, energy studies showed that electron transfer across peptides are 

influenced by the magnitude and direction of the dipole generated by the peptide 

secondary structure. Thus the nature of the secondary structure of the peptide also plays 

an active role in PET130.  

In addition to PET, fluorescence quenching by proton-coupled electron transfer (PCET) 

mechanism36 is also noteworthy. Here, electron and proton transfers occur either in a 

concerted manner, or sequentially, and results in a stable complex. Non-radiative 

transition from this state contributes to the overall quenching of the fluorophore. 



Chapter 1. Introduction 
    

15 
 

d)  Fluorescence enhancement 

For cyanine dyes such as Cy3, Dy547, Cy5, Alexa647 or Thiazole orange103,131-134 

interactions with biomolecules can instead lead to fluorescence enhancement. The 

common feature among all these dyes is that they are composed of two rings 

interconnected by carbon–carbon double bonds that undergo cis–trans isomerization135. 

The cause of the enhancement in fluorescence has been shown to be a decrease in the 

efficiency of photoisomerization, and it occurs in conditions where the dye is sterically 

constrained. This phenomenon is known in literature under different names: when the 

nucleic acid-coupled dye undergoes fluorescent enhancement on interaction with a 

protein, it was named “Protein-induced fluorescence enhancement” (PIFE)135,136. When 

the dye interaction occurs with a nucleic acid, it was called “Nucleic acid induced 

fluorescence enhancement” (NAIFE)90. For the specific case of RNA, the name “RNA-

induced fluorescence enhancement” (RIFE)90 was also proposed. 

In addition to steric restriction, fluorescence enhancement in cyanine dyes have been 

demonstrated by a completely different mechanism that occurs in the presence of D2O 

medium 137. When the dyes are measured in H2O or protonated alcohols138, fluorescence 

quenching can occur due to efficient energy transfer (FRET) from the excited state of the 

dye to the harmonics and combination bands of OH vibrational modes of water. The 

solvent-assisted quenching rate constant in H2O for the Cy5 dye is 1.7x108 s-1. Therefore, 

replacing protonated solvents by deuterated ones enhances the dye fluorescence. It 

should be noted that the extent of enhancement depends upon the dye’s accessibility to 

water molecules. If the dye is in an environment where it is shielded from the solvent, the 

enhancement is expected to be minimal. 

Fluorescent enhancement on steric restriction was first observed for the fluorophore Cy3 

labeled on ssDNA close to the binding site of E. coli SSB protein132,139. Another good 

example for PIFE is the case of the Cy3 labels attached at the 3’ and 5’ of a ssDNA43. 

Here, it was seen that a difference in the steric hindrance induced by the bound hRPA 

protein at the 3’ and 5’ ends causes a difference in fluorescence lifetimes in the 

corresponding labels. The different photophysical responses at either ends of the same 

helix showed that the protein environment close to the cyanine dye can modulate the rate 

constant of cis-trans photoisomerization and thus its fluorescence properties. 
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The attachment of a bulky substituent such as DNA can also produce a decrease in the 

isomerization rate constant, and a concomitant increase in the fluorescence quantum 

yield (QY) and lifetime42. Studies show that steric constraints for the dye occur not only 

due to protein binding, but also due to stacking with the helix end, in a nick, gap or 

overhang region in a nucleic acid140, giving rise to a phenomenon called stacking-induced 

fluorescence increase (SIFI). The fluorescence enhancement in all these cases are due 

to association of the dye or dye-labeled nucleic acid with a biomolecule. Therefore, in this 

thesis, the term association-induced fluorescence enhancement (AIFE) is coined, 

encompassing PIFE, NAIFE, RIFE and SIFI, where the fluorescence enhancement is 

caused due to dye interaction with the biomolecule. 

To elucidate the photophysical mechanism behind PIFE136 , Stennett et al. used 

complexes of DNA and Klenow fragment and a combination of time-resolved 

fluorescence and transient spectroscopy techniques. They proved that the enhancement 

of fluorescence correlates with a decrease in the efficiency of photoisomerization, and 

occurs when the dye is sterically constrained. Widengren and Schwille141 attempted to 

further explain the kinetics of this process by using fluorescence correlation spectroscopy 

(FCS) to study the fluorescence fluctuations of Cy5 under different excitation conditions. 

They successfully arrived at the rate constants of the isomerization processes (forward 

and back-isomerization) and the triplet transitions.  

There are several factors influencing the AIFE mechanism like temperature, viscosity of 

medium, dye linker properties and geometrical features of the nucleic acid, the 

nucleobase sequence and the state of nucleic acid hybridization. 

Temperature: The fluorescent properties of Cyanine dyes attached to a nucleic acid are 

temperature dependent because photoisomerization is an activated process that 

competes with radiative decay from the excited state131,142. As a result, increasing the 

temperature favors photoisomerization, thereby causing a drop in fluorescence42,143,144. 

The activation energy for photoisomerization can be obtained from145: 

 ln[𝜙𝑓
−1(𝑇) − 𝜙𝑓,𝑚𝑎𝑥

−1 ] = 𝑙𝑛𝐴 − 
𝐸𝑎
𝑅𝑇⁄  (1.1) 

where 𝜙𝑓 is the temperature-dependent fluorescence quantum yield of Cy3,  𝜙𝑓,𝑚𝑎𝑥 is the 

maximum fluorescence efficiency that would be measured in the absence of 
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photoisomerization, 𝐴 is a pre-exponential Arrhenius factor that depends on the 

microscopic friction and the radiative lifetime of fluorescence, and 𝐸𝑎 represents the 

activation energy for isomerization. The effect of temperature must, however, be taken in 

conjunction with other factors like hybridization and melting. For instance, when Cy3 was 

labeled to a DNA, it was seen that with an increase in temperature, the dsDNA melted to 

the ssDNA and the fluorescence QY increased by 40%146. 

Viscosity: Isomerization depends strongly on the viscosity of the medium42,134,143,147. At 

higher viscosity the isomerization is hindered, increasing the energy barrier for the non-

radiative decay pathway and thus the quantum yield. The dependence of the rate 

constant of isomerization (kISO) on the viscosity is given by: 

 𝑘𝐼𝑆𝑂 = 𝑓(𝜂)𝑒𝑥𝑝 (
−𝐸0

𝑅𝑇⁄ ), (1.2) 

where 𝜂 is the solvent viscosity coefficient and 𝐸0was found to be solvent independent143.  

Dye linker: The dye linker influences the dye behavior by (1) determining the accessibility 

(reach) of the dye and (2) modulating the dye wobbling motion within the constraints of 

the nucleic acid (NA) groove. In the former case, the linker lengths affect the fluorescent 

properties of cyanine dyes by allowing or preventing stacking at the helix end42,140,146 due 

to its accessibility. In the latter case, the fluorescence anisotropies are altered by virtue 

of the length and flexibility of a linker. Sindbert et al.103 studied Cy5 dyes with linkers of 

different lengths and rigidity. In RNA, if the linker is stiff and short, the wobbling motions 

within the groove are negligible because the major groove of the RNA is very deep and 

narrow. The major groove of DNA is wider, and thus even a small linker wobbling motion 

is observed. For a highly flexible linker, the linker wobbling is limited by the opening angle 

of the groove. Linker lengths can also affect dye-dye interactions. For a multiply labeled 

oligonucleotide, the Cy3-Cy3 interactions were seen to be favored at higher labeling 

densities when longer linkers are used, as opposed to short linkers148. 

Nucleic acid geometry: It was seen that although Cy3 interacts more strongly with the 

purine bases, such interactions require some NA flexibility for the dye to be able to adopt 

a proper stacked conformation with a nucleobase. Hence the rigid structure of poly(dA) 

and other oligonucleotides containing repeats of purines can prevent strong Cy3 DNA 

interactions142. The geometry of dye-NA interaction is different depending on the type of 
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NA50. X ray crystal structures of Cyanine dyes on RNA showed that the long axis of the 

fluorophore is approximately parallel to that of the terminal base pair92. The fluorophores 

were shown to be stacked on the terminal base pair such that their indole nitrogen atoms 

lie on the major groove side. On DNA, however, NMR studies of Cy5 show the fluorophore 

rotated 180° about its long axis, so that the indole nitrogen atoms are on the minor groove 

side of the terminal base pair91. Another effect of nucleic acid geometry arises from the 

dependence of fluorescence lifetime on persistence length. Due to the longer persistence 

length of RNA, slightly lower lifetimes were obtained for sCy3–RNA oligonucleotides 

compared to the corresponding DNA conjugates90. The orientation of the protein with 

respect to the DNA-labeled Cy3 was also seen to affect the magnitude of the fluorescence 

enhancement43. 

Nucleobase sequence: The fluorescence of cyanine dyes covalently attached to DNA 

exhibits sequence-dependent properties as established by different experimental and 

simulation - based studies. The fluorescence signal and lifetime of the free Cy3 dye was 

found to increase by addition of the nucleobases; the changes being more dramatic in the 

case of the purines, dGMP and dAMP145. In later studies, similar observations were made 

for Cy3 covalently attached to the 5’ terminus of DNA duplexes where the extent of 

stacking and hence the fluorescent properties of Cy3 was influenced by the identity of the 

terminal base pair94,142, with the purines (dGMP, dAMP) exhibiting a sharper increase in 

fluorescence efficiency and lifetime than the pyrimidines (dTMP, dCMP). This is because 

the stacking interactions are stronger for the purines due to their more extended 

conjugated system. Asymmetrical cyanine dyes like Thiazole orange (TO) behave similar 

to symmetrical cyanines133 in that these dyes also have a lower affinity for pyrimidines 

than purines.  

Molecular dynamics simulations, characterizing the effect of the terminal base pair on the 

conformational dynamics of Cy3 attached to the 5’ end of a duplex DNA, showed that Cy3 

has significantly less affinity for the TA base pair than for AT, GC and CG149. In a different 

study, the dynamics of the dyes, Cy3 and Cy5 attached to either  C or G at the 3’ or 5’ 

ends of an RNA duplex150 was investigated. 3′ attached dyes were shown to explore more 

space in contrast to 5′ attached dyes that often stacked on the ends of the RNA duplex. 

On the 3′ end, Cy5 showed conformational freedom only when attached to cytosine. 
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These studies demonstrate the sensitivity of AIFE to the immediate environment on 

nucleic acids. 

Hybridization: Hybridization to the target DNA significantly affects the fluorescence 

intensity of the probes. For singly labeled DNA, the quantum yield of Cy3 was shown to 

decrease upon going from ssDNA to dsDNA42,146. Morten et al. reported that a covalently 

attached Cy3 dye undergoes strong enhancement of fluorescence intensity and lifetime 

upon going from the ssDNA to the annealed hairpin140. The results of hybridization 

studies, though seemingly contradictory, could be explained by considering the linker 

lengths which were much shorter in the previous studies42,146 potentially preventing helix- 

end stacking. In a study involving a series of multiply labeled fluorescent oligonucleotides, 

the change in fluorescence upon duplex formation ranged from –35% to +20%148. This 

increase or decrease of fluorescence upon duplex formation depends upon several 

factors like labeling density, fluorophore charge and linker length. Probes that are labeled 

at low density, have short linkers, or are labeled with Cy3NOS (as opposed to Cy3), 

exhibited less fluorescence when hybridized.  

The fluorescence properties of a covalently attached Cy3 dye was studied in a DNA 

hairpin for the influence of a nearby nick, gap or single-strand overhang140. The dye was 

shown to undergo strong enhancement of fluorescence intensity and lifetime when 

stacked in a nick, gap or overhang region in the duplex region of a DNA hairpin because 

the dye interaction with the nick or gap increases the stability of the closed (hybridized) 

conformation of the hairpin. An interesting observation of nucleic acid systems 

undergoing AIFE was that a localized shielding of their negative charges promote 

interactions with the fluorophore. Thus cations like Magnesium(II) sequester some 

negative charges of the phosphate backbone and thus favor dye-nucleic acid 

interactions90. 

Although we describe fluorescence enhancement in all these cases, quenching is also 

possible by a PIFE-like mechanism, called PIFQ (protein-induced fluorescence 

quenching). This is dependent on the initial state of DNA-Dye complex. For example, if 

the dye in the initial state is more restricted than in the final state, fluorescence quenching 

results. For instance, Rashid et al.147 showed that if an oligo has considerable secondary 

structure or strong specific interactions that restrict the dye’s photoisomerization in the 
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initial state which is subsequently disrupted in the presence of ssDNA-binding protein 

RPA or a complementary strand, there is a relative increase in the dye photoisomerization 

which decreases the fluorescence relative to the initial state. 

1.1.3 Application: Fluorescent labels as reporters of biomolecular environment.  

(The text in this section 1.1.3 was written in conjugation with Dr. Anders Barth, and was 

originally drafted as part of a planned review article.) 

Different aspects of the environment-sensitivity of fluorophores have been exploited to 

report on the features of the biomolecule. A few of them are discussed below. 

a)  Utilizing the environment sensitivity of fluorescence quenching 

Fluorescence quenching of coupled dyes by nucleic acids has found widespread 

application in sensing and as a reporter for structural dynamics. The large structural 

changes upon hybridization of single strands or melting of duplexes have a profound 

effect on the photophysical properties of attached fluorophores. The presence of 

guanines in single-stranded nucleic acids results in strong dynamic quenching by PET if 

they are in reach of the fluorophore. In this case, hybridization results in a recovery of 

fluorescence due to the reduced accessibility of guanines in the duplex11. On the contrary, 

if guanines are present on the complementary strand of the duplex, hybridization may 

result in a reduction of fluorescence11. Commonly, experiments are designed such that 

the fluorophore is initially quenched and lights up upon hybridization10. An example for 

such fluorogenic probes are molecular beacons151 that consist of a stem-loop structure 

that places the terminally attached fluorophore close to a quencher on the other end of 

the strand. Upon binding to the target sequence, the fluorophore is separated from the 

quencher and the fluorescence is recovered. 

Instead of introducing a specific quencher molecule, fluorogenic probes based on DNA-

hairpins using terminal guanines as quenchers have been widely applied. These “smart 

probes”152 have the advantage that a double functionalization of the nucleic acid is not 

needed. A detailed characterization of the quenching of the oxazine dye MR121 in such 

stem-loops has been performed by Heinlein et al.98. The study revealed a nearly 

completely quenched ground-state complex and showed that the quenching efficiency is 

maximized through the addition of short single-stranded overhangs and the use of the 
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guanine derivative 7-deazaguanosine as a better electron donor. Higher sensitivity for 

smart probes in the nanomolar range was achieved by single molecule burst analysis 

measurements on a confocal microscope using the oxazine dye JA242152. Torimura et 

al.111 measured the reduction of fluorescence for the dyes 5-FAM, BODIPY-FL and 

TAMRA upon hybridization to a guanine-containing complementary strand and used this 

effect for the detection of specific DNA sequences110. Fluorescence quenching by 

guanines has also been applied to monitor polymerase chain reaction (PCR) assays. 

Using primers labeled with the dye fluorescein, the progress of the PCR could be 

monitored in real-time through the reduction of fluorescence upon binding to guanine-rich 

amplicons153. In a different approach, self-quenched fluorescently labeled primers have 

been used for quantitative and multiplexed detection154. Like smart probes or molecular 

beacons, the primers were designed as hairpins that place the fluorophores FAM and 

JOE close to a guanine, allowing the reaction to be followed by the increase in 

fluorescence upon formation of the PCR product.  

Quenching by photoinduced electron transfer has also been used as a reporter for the 

structural dynamics of nucleic acids. Using ensemble measurements, the kinetics of the 

hairpin ribozyme have been monitored through the quenching of a fluorescein label on 

the 3’ end of the substrate by a specific guanine on the 5’ end of the ribozyme44. Early 

single-molecule studies using burst analysis of freely diffusing molecules in solution have 

investigated the quenching of TMR linked to dsDNA by nearby guanines155,156. The 

detection of populations of single molecules with different fluorescence lifetimes allowed 

to assign the multiple fluorescence lifetime components observed in ensemble 

experiments to distinct conformational states. The large modulation of the fluorescence 

intensity provided by PET quenching makes it ideal for use with fluorescence correlation 

spectroscopy (FCS), enabling the detection of dynamic processes on the sub-millisecond 

timescale. Pioneering applications of this approach have studied the PET quenching of 

TMR by guanines on dsDNA155,156 and of R6G by dGTP in solution157. Technical 

advances in time-correlated single photon counting electronics have since enabled the 

measurement of photon-by-photon correlation functions over twelve orders of magnitude 

from picoseconds to minutes with picosecond timing resolution158,159. PET-FCS has been 

used to study the initial steps of DNA hairpin folding160, the structural dynamics of 
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mRNA161, the chain dynamics of unstructured single-strand overhangs162 and the kinetics 

of base flipping in dsDNA due to mismatches163. 

In proteins, fluorescence quenching is most notably made use of in Tryptophan-Induced 

Quenching (TrIQ), a technique which exploits the PET quenching effect of tryptophan on 

the emission of certain fluorophores164-167. TrIQ requires van der Waals contact for 

efficient quenching104 and therefore can be used as a reporter for monitoring 

conformational dynamics in proteins, for interactions in the range ~5–15 Å. A commonly 

used probe for the TriQ approach is bimane, but dyes like BODIPY (boron-

dipyrromethene), lucifer yellow, and ATTO-655 can also be utilized. The TriQ-bimane 

approach has been widely used to study167 conformational changes in GPCRs like β-

adrenergic receptors168,169, the interaction of rhodopsin with transducin170, etc. It has 

recently been shown that bimane fluorescence is also quenched by tyrosine in a distance-

dependent manner and the phenomenon named tyrosine-induced quenching (TyrIQ)171. 

Another similar application based on the distance-dependent modulation of fluorescence 

is called “Distance-encoding photoinduced electron transfer” (DEPET)172. DEPET is 

particularly suited for the precise determination of protein structure and conformational 

changes since it directly provides the distance between protein backbone and side-chain 

atoms. DEPET has been proven to be effective in determining how membrane 

depolarization changes intramolecular distances and side-chain orientations in the 

human large-conductance potassium (BK) channel, where cellular excitability is 

regulated. DEPET is also accurate enough to measure the length of rigid polyproline 

peptides in solution. 

The reversibility of PET quenching also finds applications in antibody recognition. The 

reversible fluorescence quenching of oxazine dyes by tryptophan in short peptides has 

been used to identify the presence of p53-autoantibodies173. In the free peptide, a ground-

state complex is formed between the oxazine dye and the tryptophan residue, leading to 

static quenching. On binding to the antibody, a spontaneous conformational change is 

initiated in the peptide, resulting in a strong increase in fluorescence intensity116. 
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b)  Interpreting the environment from fluorescence enhancement  

The first instance of AIFE in Cy5 DNA-labels was reported for E. coli SSB binding to Cy3-

labeled ssDNA139. In a FRET experiment with Cy3 (donor) and Cy5 (acceptor) on the 3’ 

and 5’ ends, respectively, of a ssDNA wrapped on SSB tetramer, it was seen that although 

a significant FRET signal occurred, a corresponding decrease in Cy3 fluorescence was 

not observed because the fluorescence decrease by FRET is counteracted by the AIFE 

effect139. This paved the way to study the diffusion and chemomechanical pushing of SSB 

proteins along ssDNA174,175. In addition to SSB protein, binding of other motor proteins to 

ssDNA176,177 were also studied. It was also possible to follow the dynamics of DNA and 

RNA polymerases178,179 and detect the motion of helicases on nucleic acids at the single-

molecule level180. 

The phenomenon of AIFE allowed monitoring of protein binding to a fluorescently labeled 

nucleic acid without having to label the protein. It was thus possible to quantify the protein 

binding constant, examine substrate specificity and explore binding kinetics135. For 

example, RNA-binding of the protein RIG-I (Retinoic acid inducible–gene I) was studied 

by Myong et al.180 using a dsRNA labeled with the fluorophore DY547. Markiewicz et al.181 

used the fluorescence enhancement of Cy3-labeled DNA to characterize the association 

and dissociation kinetics of the binary complex formed between the Klenow fragment and 

DNA. The effect of monovalent ions and the effect of incorrect NTPs (nucleotide 

triphosphates) on the KF binding dynamics were also examined.  

The main advantage of AIFE, when compared to FRET, arises from its insensitivity to 

acceptor bleaching or blinking. Stacking induced fluorescence enhancement (SIFI) is an 

alternative approach to FRET for studying DNA dynamics, provided there is dye-stacking 

interaction140,182, and has been used to probe hybridization dynamics of a DNA hairpin at 

the single-molecule level.  

There are other areas of protein study where AIFE has important contributions. The 

filament formation of the Rad51 gene, involved in DNA repair, was probed by AIFE using 

Cy3 attached to either ends of a ssDNA. The directionality of filament formation in this 

case was revealed to be in the 5’ to 3’ direction183. A special case of interaction in a dye-

NA system is the class of RNA aptamer –fluorophore systems like the RNA 
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mango/spinach aptamer-thiazole orange systems184,185. These are RNA oligonucleotides 

that enhance the fluorescence of a dye like Thiazole orange up to approx. 1000 fold when 

non covalently bound to it. These aptamers are designed to bind to a specific target. 

Hence such systems are used to simultaneously track and visualize biologically important 

RNAs.  

c)  Dye labels in other notable fluorescence-based techniques 

There are many popular biological techniques where fluorescent labels are at the core of 

experiment design. These techniques report on the structure and dynamics of the 

biomolecules, quantification of cellular processes or assist in drug development and 

clinical medicine. 

Förster Resonance Energy Transfer (FRET) has been used in a wide spectrum of 

biological studies186 not only because the accessible range of distances in FRET fall 

within the order of bio-macromolecular distances, but also because FRET allows the 

study of molecules in dynamic motion.  

FRET has been mainly used to study protein structure and conformational changes187. 

For example, FRET studies showed that binding of the 15.5K protein to U4 snRNA kink-

turn induces kink-turn folding that results in a tightly kinked conformation in the RNA188. 

In the bacteriophage T4 lysozyme, in addition to the open and closed states that 

exchange at 4 μs in solution, a new minor state was disclosed by FRET studies3. FRET 

studies also discovered that free syntaxin exists in a dynamic equilibrium between a 

closed (inactive) state and an open (active) configuration with a relaxation time of 

0.8 ms189. Another example where FRET monitored the conformational dynamics was 

that of the extracellular ligand-binding domain of the metabotropic glutamate receptor 

(mGluR), which exists in a preformed equilibrium of conformational states. The presence 

of ligands tunes the conformational dynamics by modulating the transition rate between 

the states, and not by stabilizing the individual conformations190.  

Some of the other common applications of FRET are: (1) Visualizing protein-protein 

interactions, for example, between SNARE protein syntaxin-1A (Syn-1A) and 

sulfonylurea receptors191or the association between actin-binding protein cortactin and 

potassium channel Kv1.2192. (2) Decoding the stoichiometry of protein complexes like the 



Chapter 1. Introduction 
    

25 
 

rod CNG channels, which was found to be composed of three CNGA1 and one CNGB1 

subunit193 (3) As biosensors194. For example, the Src biosensor - when the substrate in 

this biosensor is phosphorylated by endogenous Src kinase after chemical or mechanical 

stimulation, the FRET efficiency changes such that we can quantify Src kinase activity in 

cells195. Such FRET biosensors measure either a change in distance196 or in fluorescence 

properties197 of the labels. 

Fluorescence in-situ hybridization (FISH) is a highly sensitive and specific 

macromolecule recognition tool that uses DNA fragments incorporated with fluorophore-

coupled nucleotides to examine the presence of complementary sequences in fixed cells 

or tissues which are then visualized through a fluorescence microscope or an imaging 

system198. This technique finds applications in the genetic diagnosis of constitutional 

common aneuploidies199, microdeletion/microduplication syndromes200, and subtelomeric 

rearrangements201 and to detect infectious microbias and parasites in human blood 

cells202. 

DNA points accumulation in nanoscale topography (DNA-PAINT) is a super-

resolution technique where biological processes below the classical diffraction limit of light 

are visualized. In DNA-PAINT, the transient binding of short, dye-labeled oligonucleotide 

(imager) to its target-bound complementary (docking) strand is utilized to create 

molecular 'blinking' to enable stochastic super-resolution microscopy203-205. 

Stochastic optical reconstruction microscopy (STORM) is another super-resolution 

imaging technique that utilizes single-molecule localization microscopy (SMLM) method. 

Here the continuous photo-switching of single fluorophores and their position 

determination are utilized to achieve super-resolved images206. This technique helped 

reveal information about the structures and functions of sub-cellular organelles with a 

spatial resolution at the molecular level207.  
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1.2  Motivation and objectives of present study  

The entirety of the thesis deals with the position-dependent photophysical behavior of 

fluorescent dyes under different biomolecular environments. The main objectives of the 

thesis are (1) to investigate the environment-dependent dye behavior on biomolecules 

and thus employ the fluorophores to probe the local bio-environment and (2) to apply this 

knowledge to improve FRET experiments.  

To reveal the distinct photophysical signatures of different micro-environments, the 

commonly used organic fluorophore, Alexa488 (a green fluorescent Rhodamine dye) and 

the red-emitting cyanine dyes, Alexa647 and Cy5, are employed. These fluorophores are 

commercially available, widely-used in FRET studies, have unique redox properties 

(Table 1.1) and exhibit distinctive photophysical behavior due to their differing 

propensities to isomerism and fluorescence quenching. 

In the following passages, I describe how the main objectives of the thesis were explored. 

Consistent with the organization of the chapters in this thesis, I discuss the research 

problem in 3 parts. In chapter 3, the position-dependent fluorescent properties of dyes 

on RNA environments are explored; in chapter 4, the environment-sensitive dye 

properties in protein environments are discussed; and, in chapter 5, dye models for FRET 

label description are reviewed and further developed. Below, I define the questions 

raised, the experimental techniques used and offer a brief synopsis of the results 

achieved. 

(1) Sensing the local environment and global conformation of RNA by flexibly 
coupled fluorescent labels  

In this work (chapter 3) we try to answer the following questions: 

 How do the dyes behave in different nucleic acid environments, namely, RNA 

duplex, three-way and four-way junction molecules? 

 Do dyes undergo -stacking interactions with the nucleobases at the helix ends or 

junctions? 

 What are the contributions of dynamic and static PET quenching for the Alexa488 

labels at different environments? 
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 What is the role of labeling chemistry and the corresponding distinct local 

environments on the photophysical behavior of Cy5 labels? 

 Can we predict the photophysical properties based on dye label positions? 

 How are the dyes distributed and oriented at distinctive positions on the RNA? 

 What are the major RNA-dye interaction modes? 

 What is the effect of RNA primary sequence on the dye photophysical behavior? 

 How can we use the fluorophores as local and global environment sensors? 

 How does the environmental dependence of dye properties affect FRET studies? 

In order to answer these questions, we employ a range of experimental and simulation 

techniques. (i) Ensemble time resolved lifetime studies are used to study the quenching 

behavior, (ii) Ensemble time resolved anisotropy studies are employed to identify sterical 

constraints (iii) Spectral shifts from absorption and steady state emission measurements 

help indicate the nature and extent of dye-biomolecular interactions (iv) FCS studies are 

utilized to quantitatively evaluate quenching and cis-trans isomerism processes (v) 

Fluorescence quantum yield measurements are adopted to explore the mechanisms of 

PET quenching and reveal the extents of static/dynamic quenching. (vi) Accessible 

volume (AV) simulations assess the sterically accessible volume of the fluorophore and 

provide accurate insights into potential interactions and steric clashes (vii) Molecular 

dynamics (MD) simulations are employed to obtain atomistic insights into potential 

interaction modes, dye position distribution and orientations. 

In summary, the fluorescence properties of Alexa488 and Cy5 in 104 different 

environments on RNA duplexes, three-way and four-way junctions are studied and their 

distinct photophysical signatures for the different RNA micro-environments unveiled. The 

results are corroborated by AV and MD simulations to provide structural insights on 

potential interaction modes. By comparing the spectroscopic signatures of fluorescent 

labels in the different RNA molecules and measuring the rotational diffusion of RNA using 

end stacked Cy5 dyes, I show that fluorescence spectroscopy offers the required 

sensitivity to elucidate the structure and dynamic properties of RNA. Lastly, I discuss the 

implications of these results for FRET studies. The insights obtained from the structural 
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and photophysical interactions of flexibly coupled fluorescent dyes with nucleic acids will 

improve the design and interpretation of future studies. 

(2) Fluorescent dyes probe the local environment of protein, T4 Lysozyme: 
Exploring with experiments and simulations 

In this section (chapter 4), I studied the protein, T4 lysozyme (T4L) as a model system 

to address the following questions : 

 How do Alexa488 and Alexa647 dyes behave in different protein environments? 

 Can we explain the source of dye quenching and steric restriction? 

 Can we predict probable dye-protein interactions from the changes in fluorescence 

parameters? 

 What are the main dye-protein interaction modes on an atomistic scale? 

 Can we use the fluorophores as environmental probes and detect biomolecular 

processes? 

With the help of experimental techniques like time resolved lifetime and anisotropy 

measurements, spectral studies, FCS and fluorescence quantum yield measurements, 

combined with AV and MD simulations, the aforementioned questions are tackled (similar 

to those used in chapter 3).  

In summary, I use the bacteriophage T4 Lysozyme (T4L) as a prototype system for 

exploring the influence of the local dye environment in different protein environments 

using the commonly used fluorophores, Alexa488 and Alexa647. The experimental output 

from fluorescence spectroscopy is combined with computational simulations to give a 

detailed insight into the origin, type and extent of dye-protein interactions under various 

environments. The amino acid residues responsible for dye trapping and quenching, the 

effect of dye trapping on fluorescence quenching, the extent of static quenching and H-

bonding interactions and the interference to dye motion from protein dynamics are 

presented. Finally, specific examples are shown where the coupled dyes act as sensors 

and report on changes in the local and global protein environment. 

(3) Developing dye models for accurate FRET label description: 

Förster resonance energy transfer (FRET) is a powerful technique used to study the 

conformational dynamics of biomolecules by employing covalently attached donor and 
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acceptor dyes. In order to arrive at accurate structural information from interdye 

distances, spatial distribution of dye positions must be included in the dye model 

description. In this chapter, we explore the following: 

 How to describe dye spatial distribution in dye models used for FRET studies? 

 How prior experimental knowledge can help in improving dye model description? 

In summary, chapter 5 reviews the different dye models available to describe the spatial 

distribution of dyes covalently attached to biomolecules. Prior knowledge of the 

environmental sensitivity of fluorophores on different RNA environments, especially those 

interactions which significantly alter the dye distribution, are incorporated into the label 

description for FRET dyes. A proof of concept study is carried out by comparing FRET 

donor-acceptor (DA) distances from experiments and simulations on a double stranded 

RNA (dsRNA) as a model system. When there are significant deviations between 

measured and calculated distances, the prior knowledge of position-dependent dye 

behavior is applied to modify the description of the dye distribution. For end-stacked dyes, 

the dye model is improved by introducing the concept of a hybrid accessible volume. 
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of the emitted photon corresponds to the energy gap between the levels. Since the 

transition occurs from the lowest vibrational level of the excited state (Kasha’s rule114), 

the wavelength of emitted light is independent of the excitation wavelength. Additionally, 

the Franck-Condon principle states that all electronic transitions occur without change in 

the position of the nuclei. As a result, if a transition between particular states has the 

highest probability in absorption, the reciprocal transition has the highest probability in 

emission (mirror image rule). (2) Phosphorescence: The radiative transition from the first 

triplet state, T1, to the singlet ground state, S0 is called phosphorescence. Since this 

transition requires a change in multiplicity, it is spin-forbidden, but occurs due to spin-

orbital coupling. 

When a molecule in the excited state undergoes deactivation via a pathway where no 

photon is emitted, it is called a non-radiative relaxation. There are several non-radiative 

processes possible. (1) Internal Conversion (IC) which is the isoenergetic transition 

between two electronic states of the same multiplicity. (2) Intersystem Crossing (ISC), the 

isoenergetic transition between two electronic states of different multiplicities. (3) 

Vibrational relaxation (VR), which occurs when the molecule is in the higher vibrational 

levels of a given electronic state. Since the molecule is not in the vibrational ground state, 

the excess energy is dissipated within picoseconds to the environment through collisions 

or redistributed inside the molecule and the molecule relaxes to the lowest vibrational 

level of the electronic state. (4) Other non-radiative processes include energy transfer 

processes like FRET or PET and photochemical reactions. 

b)  Fluorescence lifetime and quantum yield 

Fluorescence lifetime () is the average time the molecule spends in the excited state 

prior to return to the ground state 114. This is an important characteristic of fluorescence 

because it determines the time available for the fluorophore to interact with its 

environment in the excited state and therefore reveals valuable information about the dye 

environment. The relaxation from the excited state may occur through radiative or non-

radiative processes with rate constants 𝑘𝑟𝑎𝑑 and 𝑘𝑛𝑟 , respectively, such that 𝜏 = 1

𝑘𝑟𝑎𝑑+𝑘𝑛𝑟
. 

In the absence of non-radiative processes, 𝜏𝑛 =
1

𝑘𝑟𝑎𝑑
 , which is called the intrinsic or 

natural lifetime. 
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Another important characteristic of fluorescence is the fluorescence quantum yield (F), 

(QY) defined as the number of photons emitted during fluorescence relative to the number 

of photons absorbed. Molecules with high quantum yields approach unity. For example, 

Rhodamine6G in ethanol has an impressive quantum yield of 0.95. Assuming that 

fluorescence is the only radiative process and has a rate constant 𝑘𝐹, the fluorescence 

quantum yield may be described as  

 F =
𝑘𝐹

𝑘𝐹+𝑘𝑛𝑟
. (2.1) 

As the rate constant of non-radiative processes increase, a decrease in fluorescence 

quantum yield ensues. This event is called quenching and may occur upon intermolecular 

collisions (dynamic quenching) or by the formation of a ground state complex (static 

quenching). In static quenching, the quenched state persists on timescales much longer 

than the fluorescence lifetime, such that no change in the lifetime is observed, although 

the average quantum yield decreases. 

c)  Fluorescence anisotropy 

Before irradiation, fluorophores are randomly oriented in solution. However, when 

interacting with polarized light, those fluorophores with transition moments oriented 

parallel to the electric field vectors of the photons are preferentially absorbed 

(photoselection). The resulting emission also occurs with the light polarized along a fixed 

axis in the fluorophore. If 𝐼𝑉 and 𝐼𝐻 are the fluorescence intensities of the vertically (V) 

and horizontally (H) polarized emission with respect to the excitation light, the anisotropy, 

𝑟 is given as: 

 𝑟 =
𝐼𝑉−𝐼𝐻

𝐼𝑉+2𝐼𝐻
. . (2.2) 

For fluorophores where the transition dipole moments are displaced by an angle 𝛽 

between the dipoles of absorption and emission, the fundamental or intrinsic anisotropy 

(𝑟0) is given as:  

 
𝑟0 = 0.4 ∙

(3 cos2 𝛽 ) − 1

2
 

(2.3) 

For fluorophores with colinear transition dipole moments of absorption and emission, the 

fundamental anisotropy, 𝑟0 = 0.4. For quantitative fluorescence measurements where it 
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is preferable to eliminate polarization effects, one makes use of magic angle conditions, 

namely, vertically polarized excitation and an emission polarizer oriented 54.7 from the 

vertical. Under these conditions, where 𝛽 = 54.7, the intrinsic anisotropy 𝑟0 = 0. 

Rotational diffusion that occurs during the lifetime of the excited state displaces the 

emission dipole of the fluorophore such that the anisotropy values are lower than the 

fundamental anisotropy, r0. As a result, in non-viscous solutions, small organic 

fluorophores typically have anisotropies approaching zero. However, when the 

fluorophore is bound to a macromolecule, rotational diffusion is restricted, thereby 

increasing the anisotropy. For spherical rotors where 𝜏 is the fluorescence lifetime and  

is the rotational correlation time, the Perrin equation gives: 

 𝑟0

𝑟
= 1 + 𝜏 ⁄   (2.4) 

Thus fluorescence anisotropy provides information about the microenvironment of the 

fluorophore, thereby helping the study of the biomolecular environment and interactions.  

d)  Fluorescence quenching by photoinduced electron transfer 

For the systems described in this thesis, photoinduced electron transfer (PET) is the 

major non-radiative pathway for fluorescence quenching. PET is a distance-dependent 

fluorescence quenching process between a fluorophore and a quenching moiety requiring 

van der Waals contact. In PET, an electron is transferred between the quencher and the 

organic fluorophore. Depending on the electrochemical potentials, the excited fluorophore 

may hereby act as the electron donor or acceptor. PET involves the formation of a charge-

transfer complex according to the reaction: 

𝐹∗ + 𝑄 → 
[𝐹− ∙ 𝑄+ ]∗

or
[𝐹+ ∙ 𝑄−]∗

  → 𝐹 + 𝑄 
(2.5) 

The energetics of PET quenching are described by the Rehm-Weller equation36,104,209: 

Δ𝐺𝐶𝑆 = 𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑 − 𝐸0,0 + Δ𝐺
0(𝜖), (2.6) 

where 𝐸𝑜𝑥 and 𝐸𝑟𝑒𝑑 are the reduction potentials of the oxidized electron donor and the 

electron acceptor, 𝐸0,0 is the energy of the singlet-singlet transition of the fluorophore and 

Δ𝐺0(𝜖) describes the coulombic attraction of the ion pair that depends on the dielectric 

constant (𝜖) of the solvent210. 
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convert back into the trans state thermally. Back-conversion of the cis isomer 𝑆0𝑐𝑖𝑠 can 

also occur after re-excitation into the 𝑆1𝑐𝑖𝑠 and relaxation over the twisted intermediate via 

𝑆0
𝑐𝑖𝑠 → 𝑆1

𝑐𝑖𝑠 → 𝐼 → 𝑆1
𝑡𝑟𝑎𝑛𝑠. Steric hindrance increases the energy barrier to the twisted 

intermediate state, thereby blocking the non-radiative relaxation from the 𝑆1𝑡𝑟𝑎𝑛𝑠 state by 

photoisomerization and enhancing the fluorescence. This is the reason for the 

fluorescence enhancement. 

2.2  Time resolved fluorescence measurement 

Fluorescence measurements are generally of two types: (1) Steady state measurements, 

performed with constant illumination and observation and (2) time-resolved 

measurements where the sample is exposed to pulsed light and the resulting intensity 

decay recorded with a high-speed detection system 114. Steady state measurements can 

be considered as an average of the time-resolved phenomena over the intensity decay114. 

For a fluorophore with a single exponential intensity and anisotropy decay, the intensity 

at time 𝑡, 𝐼(𝑡) and the anisotropy at time t, 𝑟(𝑡) are given as: 

 𝐼(𝑡) = 𝐼0 𝑒
−𝑡 𝜏⁄  (2.7) 

 𝑟(𝑡) = 𝑟0 𝑒
−𝑡 𝜌⁄  (2.8) 

where 𝐼0  and 𝑟0  are the intensities and anisotropies at t = 0, immediately following the 

excitation pulse, respectively, and 𝜏 and 𝜌 are the fluorescence lifetime and rotational 

correlation time, respectively. Time-resolved measurements are important because a 

significant amount of molecular information is lost during the time averaging process in 

steady state measurements114. 

Time-correlated single photon counting (TCSPC) is the general method used to measure 

time resolved lifetime and anisotropies. Here, a pulsed laser source is employed to excite 

the sample and a “time-stamping” principle 15 is adopted where each detected photon is 

assigned 3 tags: channel number, microtime and macrotime (Fig. 2.3A). While the 

channel number of a given photon gives information on its spectral region and 

polarization, the microtime (𝑡𝑖 for the 𝑖𝑡ℎ photon) identifies the time elapsed between the 

excitation pulse and the photon detection, and the macrotime (𝑁𝑖 for the 𝑖𝑡ℎ photon) gives 

the number of excitation pulses that have occurred since the start of the measurement 
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This IRF is accounted for in the fit function via convolution and the model decay is given 

by: 

 𝐹(𝑡) =  𝑓0 ∙ 𝐼𝑅𝐹(𝑡 − 𝑡shift)  𝑓(𝑡) + 𝑠 ∙ 𝐼𝑅𝐹(𝑡) + 𝑏𝑔, (2.10) 

where 𝑓0 is the amplitude scaling factor, 𝐼𝑅𝐹(𝑡 − 𝑡𝑠ℎ𝑖𝑓𝑡) is the instrument response 

function shifted by the time 𝑡shift, 𝑠 is the scatter amplitude and 𝑏𝑔  is the constant 

background level. The “” sign designates circular convolution. 

The fluorescence decay 𝑓(𝑡) is described by  

 𝑓(𝑡) =∑𝑥𝑖
𝑖

𝑒−𝑡 𝑖⁄ , (2.11) 

where 𝜏𝑖 and 𝑥𝑖  are the fluorescence lifetimes and corresponding species fractions with 

∑ 𝑥𝑖 = 1𝑖 . The species weighted average lifetime may then be defined by: 

 𝜏𝑥 =∑𝑥𝑖𝜏𝑖
𝑖

 (2.12) 

The anisotropy decay is described by: 

 𝑟(𝑡) =∑𝑟𝑖𝑒
−𝑡 𝜌𝑖⁄

𝑖

, (2.13) 

where 
𝑖
 and 𝑟𝑖 are the rotational correlation times and respective amplitudes. 

2.3  Fluorescence correlation spectroscopy (FCS) 

Fluorescence Correlation Spectroscopy (FCS) is a powerful statistical method that 

extracts information from fluctuations in fluorescence intensity of a freely diffusing 

molecule as it diffuses through a small detection volume 19,21. The core of this method is 

the calculation of the autocorrelation function of the fluorescence fluctuations. Essentially, 

the overlap between a fluorescence signal 𝐹(𝑡) with itself, after a time delay 𝑡𝑐, given by 

𝐹(𝑡 + 𝑡𝑐) is determined (Fig 2.4A). The autocorrelation function is thus given by15: 

𝐺(𝑡𝑐) =
〈𝐹(𝑡) 𝐹(𝑡 + 𝑡𝑐)〉

〈𝐹〉2
 

(2.14) 

where 𝐹 is the fluorescence intensity. To ensure that only the photons emitted by an 

individual molecule are correlated, a confocal setup where the detection volume is of the 





ö
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dyes, the donor and the acceptor. The rate constant of the energy transfer by FRET, 

𝑘𝐹𝑅𝐸𝑇, is highly dependent on the distance (𝑅𝐷𝐴) between the two fluorophores as: 

𝑘𝐹𝑅𝐸𝑇 =
1

𝜏𝐷
(
𝑅0
𝑅𝐷𝐴

)
6

 
(2.16) 

where 𝜏𝐷 is the fluorescence lifetime of the donor, 𝑅0 is the Förster radius and 𝑅𝐷𝐴 is the 

donor-acceptor distance. The efficiency of energy transfer between these dyes is related 

to the distance between them as: 

𝐸 =
1

1 + 𝑅𝐷𝐴
6 𝑅0

6⁄
 (2.17) 

where  

𝑅0 = 0.2108 √(
Φ𝐹,𝐷𝜅

2

𝑛4
) 𝐽

6

 
(2.18) 

and  

𝐽 = ∫ F̅𝐷(𝜆)
∞

0

𝜀𝐴(𝜆)𝜆
4d𝜆 

(2.19) 

Here, E corresponds to the FRET efficiency, F,D is the donor fluorescence quantum yield 

and n denotes the refractive index of the medium. The Förster radius, 𝑅0, denotes the 

distance for which the FRET efficiency is exactly 50%. This radius is characteristic to a 

given dye pair, the FRET between these two dyes being most sensitive to changes in 

distance in this region. For FRET to occur, there must be spectral overlap between the 

donor’s fluorescence emission spectrum and the acceptor’s absorption spectrum. J is the 

corresponding spectral overlap integral (generally in units 𝑀−1𝑐𝑚−1𝑛𝑚4). F̅𝐷is the 

normalized spectral radiant intensity of the excited donor [nm-1] and 𝜀𝐴(𝜆) is the extinction 

coefficient of acceptor [M-1 cm-1]. 

κ2 is the dipole orientation factor which depends on the relative orientation of dipoles and 

is given by15: 

𝜅2 = (sin 𝜃𝐷 sin 𝜃𝐴 cos𝜑 − 2 cos 𝜃𝐷 cos 𝜃𝐴)
2 (2.20) 

where the angles 𝜃𝐷 and 𝜃𝐴 define the dipole orientations with respect to the unitary 

interdye distance vector and 𝜑 corresponds to the angle between the two planes defined 
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by the transition dipole moment of each dye and the interdye distance vector. 𝜅2 can 

reach a maximum value of 4 when the dipole moments are colinear and a minimum value 

of 0 when the transition dipole moments of the donor and acceptor dyes are 

perpendicular. Due to rotational diffusion, the transition dipole moments change direction 

resulting in a continuously changing value of 𝜅2 15. Therefore, for an isotopically diffusing 

pair of dyes, 𝜅2 = 2 3⁄  49. In FRET experiments, this value is often adopted, under the 

assumption that the dyes are freely diffusing within the constraints of the linkers that tether 

them to the biomolecule. 
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3.1  Abstract  
Covalently attached fluorescent probes are excellent reporters of biomolecular structure 

and dynamics due to their high sensitivity to the biomolecular environment. However, to 

relate a variation of the photophysical parameters to structural changes of the host 

biomolecule, a detailed understanding of the fluorophore photophysics in different 

environments is required. Here, we studied the fluorescence properties of two commonly 

used organic fluorophores, the rhodamine derivative Alexa488 and the cyanine dye Cy5, 

in 104 different environments on RNA duplexes, three-way and four-way junctions. For 

both dyes, surface interactions are detected by an increase of the fluorescence 

anisotropy. In addition, Cy5 shows association-induced fluorescence enhancement, while 

Alexa488 is site-specifically quenched by guanine bases through photoinduced electron 

transfer. These effects lead to distinct photophysical signatures of different RNA micro-

environments. Notably, end-stacking interactions are detected for labelling positions up 

to 7 bp away from the helix ends. The results are corroborated by accessible volume and 

molecular dynamics simulations to provide structural insights on potential interaction 

modes. By comparing the spectroscopic signatures of fluorescent labels in the different 

RNA molecules and measuring the rotational diffusion of RNA using end stacked Cy5 

dyes, we show that fluorescence spectroscopy offers the required sensitivity to elucidate 

the dynamic tertiary structure of RNA. Lastly, we discuss the implications of our results 

for FRET studies. The presented results provide novel insights into structural and 

photophysical interactions of flexibly coupled fluorescent dyes with nucleic acids, which 

will improve the design and interpretation of future studies. 

3.2  Introduction  

Fluorescently labeled oligonucleotides are widely used in the life sciences in diagnostic 

assays10-12, fluorescence imaging of live or fixed cells6-8, super-resolved fluorescence 

microscopy211 and in-vitro mechanistic studies of proteins1,2, nucleic acids4,5 or DNA 

origami nanostructures212,213. In these assays, fluorescent dyes are covalently linked to 

the nucleic acid backbone or bases at the termini or at internal positions along the 

oligonucleotide. Molecular interactions, ligand binding or conformational changes are 

then translated into changes of the fluorescence signal (i.e., the molecular brightness), or 
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other photophysical parameters such as the fluorescence lifetime, anisotropy, or the 

absorption and emission spectrum. A prime example are so-called “molecular beacons”, 

short hairpin DNA structures with a quencher and fluorophore on the opposing ends that 

light up when binding to the complementary sequence by spatially separating the 

fluorophore-quencher pair8,12,151. A detailed understanding of how the photophysical 

properties are affected by the molecular environment is crucial for the interpretation of 

experimental results and the design of improved fluorescent probes with higher sensitivity 

and specificity. 

Fluorophores are commonly attached via long flexible linkers of ~2 nm length that enable 

them to interact with the biomolecular surface in the vicinity of the attachment site in a 

variety of ways. For nucleic acids, the propensity of the cyanine dyes Cy3/Cy5 and the 

dye rhodamine 6G to stack to the end of the double helix via π-π interactions has been 

studied in detail92,94-96. Much less is known, however, about potential interactions of labels 

attached at internal positions with the backbone, the major and minor grooves, or with 

magnesium ions bound to the nucleic acid backbone90,214. Upon interaction with the host 

molecule, the fluorescence signal is often reduced or enhanced. Rhodamine and oxazine 

dyes are quenched specifically via photon-induced electron transfer (PET) by the 

electronegative base guanine (or, in proteins, by the amino acid tryptophan)104,163. If the 

guanine base is fully accessible, usually a π-π ground state complex is formed in which 

the excited state of the fluorophore is quenched on the picosecond time scale99,215. 

However, PET may also occur in other geometries where the electron orbitals only partly 

overlap, or over longer lengths through a bridge of conjugated π-systems127 or even a 

DNA helix124,216. The high efficiency of the quenching process makes PET an ideal 

reporter for fast (nanosecond) conformational dynamics of structured217 or intrinsically 

disordered218,219 proteins and nucleic acids161,162 when combined with fluorescence 

correlation spectroscopy (FCS). Cyanine dyes, on the other hand, show an increase in 

fluorescence when they are sterically restricted, an effect that was first utilized to detect 

the binding of proteins to nucleic acids and termed protein-induced fluorescence 

enhancement (PIFE)135, even though it is not exclusive to protein binding. PIFE has since 

been widely applied to various systems141,147,182,220,221. The correlation between steric 

restriction and molecular brightness is explained by a modulation of the 
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photoisomerization between the fluorescent trans and effectively non-fluorescent cis 

configurations136,222. Blocking the rotation around the central conjugated polymethine 

chain increases the brightness of cyanine dyes by hindering the non-radiative relaxation 

from the first excited state through a 90° twisted intermediate, as well as by reducing the 

steady-state population of the cis state through photo-conversion. While the sensitivity of 

cyanine dyes to their environment can be used as a proximity reporter on the molecular 

scale, the synthesis of bridged cyanine dyes with optimal brightness and minimal 

environmental sensitivity has been reported for Cy3223,224 and recently also Cy5225-227. 

The five intrinsic fluorescence properties are the spectral properties of absorption and 

fluorescence, F(𝜆A, 𝜆F), the molecular brightness, the quantum yield, 𝛷F, and the 

fluorescence lifetime, 𝜏, and anisotropy, r 16. These dimensions of the fluorescence signal 

offer a vast amount of information on the fluorophore, its immediate environment, and the 

host biomolecule, as they are sensitive to changes of the polarity of the environment, size 

of the solvent shell, presence of quenching moieties, steric restriction of the fluorophore, 

and the global rotation of the host biomolecule. Moreover, fluorescence correlation 

spectroscopy provides information on processes that modulate the fluorescence intensity, 

such as quenching, fluorescence enhancement, or molecular rotations when polarized 

detection is employed. With a detailed understanding of the behavior of fluorescent dyes 

on nucleic acids currently missing, it remains challenging to predict potential interactions 

of the fluorophore with the nucleic acids and their effect on the fluorescence properties. 

Decoupling the effect of local interactions on the fluorescence properties from the global 

dynamics of the biomolecule is of particular importance for understanding the structural 

dynamics of nucleic acids with complex folds, such as DNA Holliday junctions or catalytic 

RNA ribozymes, for which the biological function is intricately linked to their dynamic 

structure. 





Chapter 3. Fluorescent probes on RNA 
    

47 
 

Crick base pairs on the C5 atom in uracil and the N2 atom in guanine point towards the major 
(pink) or minor grooves (light blue), respectively. Bottom: Structural model of the RNA with the 
Cy5 dyes (red) attached to uracil (left) or guanine (right). The accessible volume of the Cy5 dye 
is shown in pink and light blue for attachment to the uracil and guanine bases, respectively. 

Here we performed an extensive study of the photophysical properties of the commonly 

used organic fluorophores Alexa488 and Cy5 attached to double-stranded RNA duplexes, 

three-way and four-way junctions. We monitor the position-dependent fluorescence 

properties, i.e., the fluorescence lifetime, anisotropy, quantum yield, absorption and 

emission spectra, and photophysical dynamics at 22 different labeling sites on nine 

different RNA molecules, amounting to 104 combinations of fluorophore, labeling site and 

type of RNA molecule. Our extensive dataset provides a comprehensive view of the effect 

of the nucleic acid environment and the covalent attachment on the fluorescence 

properties, revealing unique signatures of distinct microenvironments on the RNA. The 

experimental results are corroborated by accessible volume simulations of the flexibly 

coupled fluorophores that predict the accessibility of interaction sites on the RNA surface. 

Further atomistic insights are gathered from all-atom molecular dynamics simulations of 

the coupled dyes that identify end-stacked conformations and the dominant interaction 

modes of internal labels within the major and minor grooves. The gathered insights 

drastically improve our understanding and the predictability of dye photophysics in nucleic 

acid systems and provide the necessary information for using fluorescent labels as 

environmental probes of the local and global structure of nucleic acids. We close by 

assessing the effect of the variations of the position-dependent dye behavior on FRET 

studies and propose guidelines to minimize undesirable effects to improve the accuracy 

of FRET studies. 

3.3  Results 

To study the influence of the biomolecular environment on the photophysical properties 

of the dyes Cy5 and Alexa488 flexibly coupled to RNA, we selected a variety of labeling 

sites on RNA molecules of increasing complexity (Fig. 3.1A). All molecules are derived 

from a common four-way junction (4WJ) whose junction region is identical to the one 

found in the hairpin ribozyme (PDB-ID: 1M5K, Supplementary Fig. 3.1). In addition to the 

complete 4WJ, we also consider possible fragments thereof, resulting in four possible 

three-way junctions (3WJ, T1-4) and four duplexes (I1-4) (Fig. 3.1A and Supplementary Fig. 
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3.2). The fluorescent labels are attached by long flexible linkers either to an uracil base 

at the C5 atom, or to a guanine base at the N2 atom (Fig. 3.1B). For uracil labels, the 

linker emerges from the major groove of the RNA, while the anchor point for guanine 

labels lies within the minor groove (Fig. 3.1C). 

3.3.1  Photophysics of Cy5 are sensitive to the local environment.  

We first investigated the position-dependent properties of sulfonated Cy5 tethered to RNA 

by recording the time-resolved fluorescence and anisotropy decays for 15 distinct labeling 

positions on RNA duplexes, three-way junctions (3WJ) and four-way junctions (4WJ), 

resulting in a total of 49 distinct environments (Fig. 3.1A, Supplementary Fig. 3.3). While 

free Cy5 in water shows a monoexponential fluorescence decay with lifetime of 0.95 ns, 

we observe multiexponential decays for all RNA-coupled Cy5 labels (Fig. 3.1B and 

Supplementary Table 3.1). The shortest lifetime component for all studied labels falls in 

the range from 0.9 to 1.1 ns (1.0 ± 0.1 ns). This component corresponds to the fraction of 

coupled dye that is not interacting with the RNA and freely moving within the constraints 

set by the linker. The longer lifetime component, on the other hand, covers a wider range 

between 1.5 to 2.1 ns (1.7 ± 0.2 ns). The larger spread of the lifetimes arises from 

interactions of the dye with the heterogeneous microenvironment on RNAs. No quenching 

mechanisms (such as the formation of long-lived dark states) were found to be relevant 

for Cy5 (Supplementary Fig. 3.4 and Supplementary Table 3.2). 

The photophysics of cyanine dyes are governed by steric constraints that modulate the 

cis-trans photoisomerization43,90,131. Steric restriction due to interactions with the local 

environment hinders the rotation around the central stretch of conjugated carbon-carbon 

double bonds and thus reduces the rate for cis-trans isomerization, which is the 

predominant non-radiative pathway in cyanine dyes. A detailed potential energy diagram 

of the Cy5 fluorophore is given in Supplementary Fig. 3.5. Consequently, steric hindrance 

increases the lifetime of the excited state, an effect that was originally termed protein-

induced fluorescence enhancement (PIFE)132 and has since also been described for 

nucleic acids90,140. As a more generally applicable acronym, we denote this effect here as 

association-induced fluorescence enhancement (AIFE). Steric restriction can be detected 

by the time-resolved anisotropy that measures the depolarization of the fluorescence 

signal due to rotational motion (Fig. 3.2B). The anisotropy decays for Cy5 are 
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characterized by two rotational correlation times. The shorter correlation time (ρ1 = 0.4-

0.8 ns) describes the fast rotation of the fluorophore (partially restricted by the 

environment), while the longer correlation time (ρglobal >15 ns) reflects the overall tumbling 

motion of the RNA. The dye motion is interpreted based on the ‘diffusion with traps’ (DWT) 

dye model228, which assumes that the fluorophores either rotate freely or are trapped by 

sticking to the surface. The amplitude of the global tumbling motion of the RNA, given by 

the residual anisotropy, r then directly reports on the fraction of fluorophores that stick 

to the host molecule by stable interactions. Meanwhile, non-interacting fluorophores can 

rotate freely due to the flexible C6-linker, resulting in an almost complete depolarization 

of the fluorescence signal. 

A plot of the species-averaged fluorescence lifetimes 〈𝜏〉𝑥 against the residual 

anisotropies r is given in Fig. 3.2A. A clear correlation is observed between the two 

variables over all positions with a Pearson correlation coefficient of 0.95. Labeling 

positions in similar RNA environments show similar photophysical parameters, resulting 

in three major clusters of labels whose attachment points are either (1) close to the 3’-

end (magenta), (2) close to the junctions (purple) or (3) in the internal parts of the helices 

(blue). The cluster of internal labels can be further subcategorized into uracil-attached 

(dark blue) and guanine-attached labels (blue-gray). Labels close to the 3’-end show the 

highest average lifetimes (>1.5 ns) and residual anisotropies (r >0.25). Slightly lower 

values of 〈𝜏〉𝑥 ~1.4-1.5 ns and r ~0.25 are observed for labels near the junction, while 

the labels at internal positions along the RNA duplex exhibit the lowest lifetimes (〈𝜏〉𝑥 <1.3 

ns) and residual anisotropies (r<0.2). The sub-cluster of internal Cy5 labels with the 

dyes attached to guanine (blue-gray, Fig. 3.2A) exhibit a narrow range of lifetimes (〈𝜏〉𝑥 

~1.2 ± 0.01 ns) and residual anisotropies (r ~ 0.18 ± 0.01). 
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Figure 3.2: Photophysics of Cy5 in different RNA microenvironments. A) A plot of the 
species-averaged fluorescence lifetime 〈𝜏〉𝑥 and residual anisotropy r reveals distinct clusters 
of Cy5 labels originating from the different RNA microenvironments (uracil-coupled internal 
labels: bright blue, guanine-coupled internal labels: blue-gray, near-3’-end labels: magenta, 
labels close to the junction: purple, non-sulfonated terminal labels: dark red). The inset 
illustrates the classification into the different RNA environments on the structural model of an 
RNA duplex. The dashed lines denote the lifetimes of the free Cy5 dye and a bridged Cy5 dye227 
that does not undergo photo-isomerization of 1.9 ns. B) Fluorescence (top) and anisotropy 
decays (bottom) for representative Cy5 labels of the different clusters. The instrument response 
function is shown in dark grey. Fits are shown as solid lines. C) Comparison of absorption and 
emission spectra of representative Cy5 labels (colored) and free Cy5 dye (black). The peak 
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region is magnified in the insets. D) FCS curves of representative Cy5 labels of the different 
clusters reveal the environment-dependent modulation of the cis-trans photoisomerization. 
From left to right: uracil-coupled internal labels, guanine-coupled internal labels, labels near 3' 
end, labels near junction. Curves were acquired at power densities between 13-76 kW/cm2. Fits 
to the model function given by eq. 3.25, accounting for translational diffusion (tdiff), two 
isomerization processes (tISO) and molecular rotation (tR), are shown as black lines. The vertical 
dashed lines indicate the fitted relaxation times for the FCS curve at 26 kW/cm2 excitation. For 
photo-isomerization, the weighted average of the two fitted relaxation times is shown. The 
orange curves indicate the partial model functions of the different contributions, assuming only 
diffusion (dashed line) or diffusion and photoisomerization (solid line). The displayed FCS 
curves represent the average of the parallel-perpendicular and perpendicular-parallel 
correlation functions, normalized to the total number of molecules. Insets show the curves 
around tISO. E) A plot of the rate constant of fluorescence decay (k0) against the trans-to-cis 
isomerization rate constant (kISO) obtained from the FCS curves at 26 kW/cm2 excitation power. 

3.3.2  Cy5 labels close to the 3’-end stack to the terminal base pair 

The longer lifetimes and larger residual anisotropies for the Cy5 labels close to the 3’-end 

are likely caused by - stacking interactions with the exposed terminal base pair, which 

hinders the cis-trans photoisomerization and enhances the fluorescence by AIFE. This is 

suggested by the fact that the high 〈𝜏〉𝑥 values of 1.5-1.8 ns are mainly caused by an 

increased fraction of the long lifetime component (65-85%) which also shifts slightly to 

longer lifetimes (1.7-1.9 ns), indicating an increased population of a stacked conformation 

with high steric restriction. As a control for a fully-stacked conformation, we measured a 

non-sulfonated Cy5 label attached to the 5’-end phosphate of the RNA duplex with a 

three-carbon linker (Supplementary Fig. 3.6), which has previously been shown to stack 

to the terminal base pair91,92. We observed long lifetimes and high residual anisotropies 

similar to the labels attached near the 3’-end (magenta in Fig. 3.2A), confirming that 

efficient stacking occurs for these labels despite a distance of 4-6 bp to the terminal base 

(Fig. 3.2A) due to the long flexible linker used to tether the dye to the base (Fig. 3.1B). 

Consistent results are obtained for the non-sulfonated Cy5 label on the three-way and 

four-way and junction molecules (Fig. 3.2A and Supplementary Table 3.1). The long 

lifetimes obtained for the near-3’-end labels are also in agreement with a lifetime of 1.9 

ns obtained for a conformationally restrained bridged-Cy5227. Surprisingly, we observed 

low anisotropies and lifetimes for position d27 although it is situated at a similar distance 

to the end as the labels at position d26 and d28 (Fig. 3.2A). As label d27 is attached to a 

guanine residue, this indicates that the propensity for stacking not only depends on the 

distance but also the tether point on the duplex. 
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To further elucidate the - stacking interactions of the near-3’-end labels, we measured 

the absorption and emission spectra for representative Cy5 labels from different clusters 

(Fig. 3.2C). While the internal Cy5 labels showed a shift of 3 nm of the absorption maxima 

compared to the free dye, the near-3’-end label was red shifted by 5 nm. A similar shift 

was observed for the emission spectra (Fig. 3.2C). Although the absorption of the non-

fluorescent cis state is red shifted229, it is unlikely that the observed red shift is caused by 

a change of the cis-trans equilibrium, as only a negligible population of the 

thermodynamically unfavored cis state is expected under the low excitation power applied 

in the ensemble experiments. Instead, because Cy5 exhibits a bathochromic shift with 

decreasing solvent polarity230,231, the spectral shift is most likely caused by the less polar 

environment experienced by the interacting dye at the terminal base pair or within the 

grooves. 

To obtain more detailed insights into the photoinduced isomerization, we performed full 

fluorescence correlation spectroscopy (FCS)158 measurements on free Cy5 dye 

(Supplementary Fig. 3.7) and representative Cy5 labels from each cluster (Fig. 3.2D). 

The FCS curves show a characteristic power-dependent bunching term on the 

microsecond timescale, indicative of the cis-trans photoisomerization. We fitted the 

curves with a model composed of one translational diffusion term (tdiff = 200-250 µs), one 

rotational diffusion term (tR = 20-60 ns) and two additional bunching terms with relaxation 

times, tISO,1 and tISO,2 (~0.3-16 µs) to describe the cis-trans photoisomerization (see 

Methods and Supplementary Table 3.3). We did not observe a significant contribution of 

triplet states under the applied excitation powers, in agreement with previous reports141. 

While the correlation amplitude of the photoisomerization process did not change with the 

excitation power, we observe a clear decrease of the relaxation times (Fig. 3.2D). This 

behavior is expected as the increased excitation rate accelerates both the forward and 

backward isomerization rates but has only a minor effect on the cis-trans equilibrium due 

to the similar absorption cross-sections of the cis and trans states141. 

The power-dependent relaxation times, tISO,1 and tISO,2, are clearly influenced by the RNA 

environment as the steric restriction imposed by the interactions with the terminal bases 

hinders the conversion between the cis and trans isomers (Supplementary Fig. 3.8). 

Accordingly, the relaxation time of the cis-trans process is slower for the end label than 
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for the internal labels and the free dye (Fig. 3.2D, Table 3.1 and Supplementary Table 

3.3). We also observed a decrease of the amplitude of the cis-trans process from the free 

dye over the internal labels to the end label (Fig. 3.2D and Table 3.1), suggesting that the 

RNA-dye interactions result in a shift of the equilibrium between the two photoisomers. 

From the measured amplitudes and relaxation times of the photoisomerization process, 

we computed the excitation-independent trans-to-cis isomerization rate 𝑘𝐼𝑆𝑂 (Table 3.1, 

see Methods). We observed a good correlation (Pearson’s correlation coefficient = 0.88) 

between 𝑘𝐼𝑆𝑂 and 𝑘0 (Fig. 3.2E), confirming that steric hindrance of the cis-trans 

isomerization is the cause for the increased fluorescence lifetimes of the Cy5 labels close 

to the junction and 3’-end. 

Table 3.1. Photophysical properties of RNA-labeled Cy5 dyes: representative example 

and mean for different microenvironments. 

Dye description Free 
dye 

Internal U-
attached 

Internal G-
attached Near-3’-end Near-junction 

Label position - b27 Mean 
(SD) 

d27 Mean 
(SD) 

b33 Mean 
(SD) 

a12 Mean 
(SD) Molecule - I2 I1 I2 T1 

Fluorescence 
decay 

analysis 

x1 - 0.22 0.24(0.04) 0.37 0.36(0.01) 0.80 0.75(0.07) 0.4 0.37(0.03) 

1, ns - 1.67 1.66(0.13) 1.55 1.58(0.02) 1.91 1.86(0.08) 2.12 2.08(0.05) 

x2 1 0.78 0.76(0.04) 0.63 0.64(0.01) 0.20 0.25(0.07) 0.6 0.63(0.03) 

2,ns 0.95 1.01 1.00(0.03) 0.97 0.98(0.01) 0.94 0.95(0.04) 1.06 1.07(0.01) 

x, ns 0.95 1.15 1.16(0.04) 1.18 1.20(0.01) 1.72 1.63(0.08) 1.49 1.45(0.03) 

Time-
resolved 

anisotropy 
analysis 

r1 - 0.24 0.24(0.02) 0.21 0.20(0.01) 0.09 0.10(0.01) 0.12 0.12(0.01) 

1, ns - 0.74 0.67(0.06) 0.64 0.65(0.05) 0.52 0.54(0.08) 0.51 0.54(0.05) 

r - 0.14 0.14(0.02) 0.17 0.18(0.01) 0.28 0.28(0.01) 0.26 0.26(0.01) 

global, ns - >100 >100 18.1 48.61(51) 18.6 26.18(11) >100 >100 

FCS 

AISO 0.6 0.49 - 0.52 - 0.45 - 0.44 - 

tISO, µs 0.3 0.77 - 0.54 - 2.07 - 2.4 - 

kISO, ns-1 38.4 7.88 - 17.39 - 3.72 - 2.87 - 

Spectral 
maxima 

λmax(abs), 
nm 648 650 - 650 - 653 - 652 - 

λmax(em), 
nm 664 666 - 665 - 668 - 668 - 

 

Fluorescence decays were fitted to a two-component model function with the fluorescence lifetimes 1-2 
and corresponding fractions x1-2 according to eq. 3.4. The species-weighted average fluorescence 
lifetime, x is calculated using eq. 3.5. Anisotropy decays were described by two components with 
rotational correlation times 1 and global and corresponding fractions r1 and raccording to eq. 3.7. The 
amplitude of the slow component is the residual anisotropy r. AISO and tISO are the amplitudes and 
relaxation times for the cis-trans isomerization process obtained by fitting the FCS curves to the model 
function eq. 3.25. The rate constant of trans-to-cis isomerization, kISO is calculated using eq. 3.28. 
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λmax(abs) and λmax(em) are the peak wavelengths of the absorption spectra and emission spectra excited 
at 635 nm, respectively. For the time-resolved measurements, the mean and standard deviation (SD) of 
samples measured within a given cluster (microenvironment) are tabulated. 

3.3.3  Cy5 labels interact with the exposed bases at the junction 

The Cy5 labels near the junction region exhibit photophysical properties very similar to 

the labels near the 3’-end. These near-junction labels have high residual anisotropies 

(~0.26), lifetimes 〈𝜏〉𝑥 ranging between 1.4-1.5 ns with a long lifetime component of ~2.1 

ns (35-40%), and a ~5 nm red shifted absorption maximum compared to the free dye (Fig. 

3.2C). The FCS curves (Fig. 3.2D) also show slower characteristic cis-trans relaxation 

times compared to the internal labels (Table 3.1). 

For the label a12 on the 3WJ molecules (positioned four base pairs away from the 

junction), a clear restriction of photoisomerization is observed from the significantly longer 

lifetimes and higher residual anisotropies (〈𝜏〉𝑥 = 1.4-1.5 ns, r = 0.24-0.26). This 

contrasts with the same label on the 4WJ molecule (〈𝜏〉𝑥 = 1.16 ns, r = 0.13), which 

behaves like the corresponding label on the duplex (〈𝜏〉𝑥 = 1.12 ns, r = 0.13). In the 4WJ, 

the helices most likely assume a coaxially stacked configuration similar to the native 

structure of the hairpin ribozyme (Supplementary Fig. 3.1)232 or the Holliday junction in 

DNA233, resulting in a fully base-paired junction that is inaccessible to the dye. In the 3WJ, 

however, only two of the three helices can stack coaxially at a time. It is thus possible that 

the bases at the junction are exposed and accessible to the dye, enabling potential 

stacking interactions. The complex shape of the FCS curves for junction labels on the 

3WJ molecules provides further evidence for such interactions (Fig. 3.2D and 

Supplementary Table 3.3). In certain cases, AIFE is also observed for labels near the 

junction on the 4WJ molecule. For example, the label d18 on the 4WJ, positioned one 

base pair away from the junction, exhibits a long lifetime (〈𝜏〉𝑥  = 1.46 ns) and a high 

residual anisotropy (r= 0.27). In this case, steric restriction could occur because the dye 

is situated in the confined region between two coaxially stacked helices of the 4WJ. 

In contrast to the labels near the ends or junction, dyes attached to internal positions 

undergo no base stacking but still experience some degree of steric restriction, as 

indicated by longer 〈𝜏〉𝑥  values ranging between 1.1-1.3 ns compared to the free dye with 

a lifetime of 0.95 ns. This is also reflected in the FCS curves by the longer relaxation time 
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of the cis-trans process and a small red shift of the absorption and emission spectra of 

~2 nm compared to the free dye. Among the internal labels, we observe distinct 

differences between uracil- and guanine-attached labels. Guanine-attached labels show 

slightly increased residual anisotropy and a narrower distribution for both lifetimes and 

residual anisotropies compared to uracil-attached labels. These features originate from 

differences in the attachment point and the local environment at labeling site, as 

discussed further in later sections. 

3.3.4  Site-specific photophysics of Alexa488 are dominated by quenching 

Next, we measured the position dependent fluorescence properties of the rhodamine-

based dye Alexa488 for 14 different labeling positions on the different RNA molecules, 

resulting in a total of 51 distinct environments (Fig. 3.1A, Fig. 3.3A and Supplementary 

Fig. 3.9). The anisotropy decays were characterized by three rotational correlation times 

(Fig. 3.3B). The two faster correlation times describe the rotational motion of the 

fluorophore (ρ1 = 0.2 ns) and the linker motion (ρ2 = 1-2 ns) in the RNA environment, 

while the longest correlation time (ρglobal = 7-40 ns) measures the overall tumbling motion 

of the RNA. As mentioned for the Cy5 labels, the amplitude of this global motion is given 

the residual anisotropy r∞ which reports on the fraction of fluorophores that interact with 

the host molecule. The fluorescence lifetime decays were characterized by two to three 

lifetime components (Supplementary Table 3.4). For the coupled dye, the species-

averaged lifetime 〈𝜏〉𝑥 is consistently found to be lower compared to the free dye (〈𝜏〉𝑥 = 

4.1 ns) due to quenching by photoinduced electron transfer (PET) from the nucleobase 

guanine96,104,125,234,235. PET occurs upon orbital overlap either through (i) collisions or 

short-lived interactions (dynamic quenching) or (ii) formation of stable π-stacked 

complexes (static quenching). While both mechanisms reduce the fluorescence intensity, 

they have different effects on the observed lifetime. For dynamic quenching, the 

interaction occurs due to collisions with the quencher within the excited state lifetime of 

the dye, reducing the observed fluorescence lifetime. The reduction of the fluorescence 

lifetime relates to the frequency of collisions with accessible guanine bases. For static 

quenching, the long-lived quenched species is only weakly fluorescent with a short 

fluorescence lifetime in the picosecond range215,235,236, which is generally too short to be 

detected in the lifetime analysis but results in a decrease of the steady-state fluorescence 
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intensity. The two longest lifetimes (around 1.7 ns and 4 ns) are assigned to environment 

dependent dynamic quenching. For some labels, a short lifetime component of ~0.3 ns 

was required to achieve a good fit which indicates a significant contribution of strongly 

quenched dyes. 

 
Figure 3.3: Photophysics of Alexa488 in different RNA microenvironments. A) A plot of 
the species-averaged fluorescence lifetime 〈𝜏〉𝑥 and residual anisotropy r reveals distinct 
clusters of Alexa488 labels originating from the different RNA microenvironments (internal 
labels: bright blue, near-5’-end labels: orange, near-3’-end labels: magenta). The inset 
illustrates the classification into the different RNA environments on the structural model of an 
RNA duplex. B) Fluorescence (top) and anisotropy decays (bottom) for representative 
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Alexa488 labels of the different clusters. The instrument response function is shown in dark 
grey. Fits are shown as solid lines. C) Comparison of absorption and emission spectra of 
representative Alexa488 labels (colored as in A) and free Alexa488 dye (black). The peak 
region is magnified in the insets. D) FCS curves of representative Alexa488 labels of the 
different clusters (colored as in A) reveal position-dependent PET quenching. The FCS curve 
of the free Alexa488 dye is shown in black. Curves were fit to a model accounting for 
translational diffusion (tdiff), triplet photophysics (tT) and PET quenching (tQ) according to eq. 
3.21. The near-3’-end label b33 on duplex I2 shows a bunching term at ~45 ns due to PET 
quenching by the terminal guanine base. For this label, the model functions describing only 
diffusion and diffusion with triplet photophysics are shown as dashed lines. The displayed FCS 
curves represent the average of the parallel-perpendicular and perpendicular-parallel 
correlation functions, normalized to the total number of molecules. E) Estimated fraction of 
statically quenched Alexa488 labels, fstatic, at different labeling positions. The statically 
quenched fraction is calculated according to eq. 3.18. Cartoon: Static quenching by PET occurs 
upon stacking of the fluorophore to the exposed guanine base (yellow) at the helix end. 

Based on the species-averaged lifetimes and residual anisotropies (Fig. 3.3A), we identify 

three clusters that correspond to internal labels and labels close to the 3’- or 5’- ends. 

Close to the 3’-end, Alexa488 displays the lowest residual anisotropies (r~0.04) and 

lifetimes (〈𝜏〉𝑥 < 2.8 ns), while labels close to the 5’-end show higher residual anisotropies 

(r∞~0.07) and significantly longer lifetimes (〈𝜏〉𝑥 > 3.5 ns) compared to the near-3’-end 

labels. Internal Alexa488 labels show the highest residual anisotropies over a wide range 

from 0.08-0.14 and a larger spread of the lifetimes from 3-4 ns. Photophysical properties 

of representative examples from each cluster are given in Table 3.2. The existence of 

these clusters suggests position-specific interaction modes of Alexa488 in different 

microenvironments on RNA. 

3.3.5  End-stacked Alexa488 fluorophores are efficiently quenched by PET 

Alexa488 labels close to the 3’-end exhibit the shortest lifetimes (〈𝜏〉𝑥 = 2.2-2.8 ns) and 

their fluorescence decays contain a significant contribution of a short lifetime component 

(~300 ps), indicating highly efficient quenching by guanines through PET (Supplementary 

Table 3.4). At the helix ends, there is not only a high number of guanines in the studied 

sequence, but the π-electron system of the exposed terminal guanines is more accessible 

to the coupled dye than for the internal guanines, resulting in highly efficient PET 

quenching. Additionally, the linker is oriented towards the terminal nucleobases at the 3’-

end. Neubauer et. al. studied the dye Rhodamine 6G bound to the 5’-end of a DNA 

duplex, showing that the dye stacks onto the terminal base pair96. Similar stacking 

interactions are thus expected for the rhodamine-based dye Alexa488 studied here. 
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Surprisingly, 3’-end labels exhibit significantly lower residual anisotropies of (r = 0.03-

0.05) compared to the internal labels (Fig. 3.3A), while Cy5 labels close to the 3’-end 

showed the highest propensity for end stacking (Fig. 3.2A). This result is explained by the 

fact that the stacking of Alexa488 to the terminal guanine base leads to highly efficient 

static quenching by PET, making the stacked species virtually non-fluorescent and thus 

invisible in the ensemble experiments. The fluorescence signal hence originates 

exclusively from the uncomplexed fluorophores that are free to move and thus show low 

residual anisotropy. The reduced fluorescence lifetime for the 3’-end labels is therefore 

due to the dynamic quenching of the fraction of uncomplexed dyes by collisions and short-

lived interactions with the high number of guanines present at helix ends. To confirm the 

formation of a non-fluorescent species for the 3’-end labels, we measured the steady-

state quantum yield of representative Alexa488 labels from the different clusters using 

the low-intensity FCS approach237. By comparing the steady-state quantum yield 𝛷F with 

the dynamic quantum yield 𝛷F,dyn estimated from the fluorescence lifetime, we estimate 

the fraction of statically quenched species as fstatic = 1-𝛷F/𝛷F,dyn (Fig. 3.3E). Indeed, the 

highest fraction of statically quenched species was observed for the near-3’-end labels 

(27-41%), whereas the internal and near 5’ labels showed only a low amount of static 

quenching (6-18%). 

While the distinction between static and dynamic quenching based on the effect of the 

quenching process on the fluorescence lifetime suggests the absence of dynamics for 

statically quenched species, the dark (statically quenched) species must transition to the 

bright (unquenched or dynamically quenched) state on timescales longer than the excited 

state lifetime. To probe this exchange, we performed FCS measurements of 

representative Alexa488 labels (Fig. 3.3D). For the near-3’-end label, a strong bunching 

term is observed at short correlation times (~40 ns) which is absent for the free dye and 

appears only as a small amplitude for the internal and near-5’-end labels. This term 

describes the dynamic exchange between the statically quenched and bright, unstacked 

species observed for the 3’-end labels (for FCS curves of additional Alexa488 labels see 

Supplementary Fig. 3.10 and Supplementary Table 3.5). The amplitude of this term is a 

measure of the amount of static quenching and correlates well with the fraction of the 
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statically quenched species determined from the quantum yield measurements 

(Supplementary Fig. 3.11C). 

Table 3.2. Photophysical properties of RNA-labeled Alexa488 dyes: representative 

example and mean for different microenvironments. 

Dye description Free dye Internal Near-5’-end Near-3’-end 

Label position  b11 
Mean (SD) 

b5 
Mean (SD) 

b33 
Mean (SD) 

Molecule  I2 I2 I2 

Fluorescence 
decay 

analysis 

x1 1.00 0.94 0.82 (0.07) 0.92 0.85 (0.06) 0.59 0.60 (0.04) 

1, ns 4.05 4.05 4.00 (0.09) 4.11 4.10 (0.02) 3.56 3.62 (0.08) 

x2 - 0.06 0.13 (0.04) 0.08 0.11 (0.03) 0.17 0.16 (0.02) 

2, ns - 1.35 1.85 (0.40) 1.31 1.68 (0.54) 1.54 1.51 (0.05) 

x3 - - 0.08 (0.3) - 0.07 (0.01) 0.24 0.24 (0.03) 

3, ns - - 0.34 (0.11) - 0.50 (0.10) 0.32 0.30 (0.02) 

x, ns 4.05 3.88 3.53 (0.23) 3.88 3.70 (0.15) 2.45 2.49 (0.16) 

Time-
resolved 

anisotropy 
analysis 

r1 - 0.16 0.17 (0.02) 0.19 0.19 (0.01) 0.18 0.20 (0.01) 

1, ns - 0.24 0.24 (0.04) 0.23 0.23 (0.00) 0.2 0.22 (0.03) 

r2 - 0.1 0.11 (0.01) 0.11 0.13 (0.01) 0.15 0.14 (0.01) 

2, ns - 1.35 1.52 (0.26) 1.24 1.36 (0.07) 0.92 1.05 (0.09) 

r - 0.12 0.10 (0.01) 0.07 0.06 (0.01) 0.05 0.04 (0.00) 

global, ns - 12.99 17.01 (6.4) 17.67 15.34 (5.0) 8.07 10.72 (2.1) 

FCS 
AQ - 0.07 - 0.07 - 0.33 - 

tQ,ns - 79.3 - 98.3 - 45.8 - 

Spectral 
maxima 

λmax(abs), 
nm 492 493 - 493 - 496 - 

λmax(em), 
nm 514 517 - 517 - 518 - 

fstatic - 0.08 - 0.14 - 0.4 - 
 

Fluorescence decays were fitted to a three-component model with fluorescence lifetimes 1-3 and 
corresponding fractions x1-3 according to eq. 3.4. The species-weighted average fluorescence lifetime, 
x is calculated using eq. 3.5. Anisotropy decays were described by three components with rotational 
correlation times 1, 2 and global and corresponding fractions r1, r2 and raccording to eq. 3.7. The 
amplitude of the slow component is the residual anisotropy r. AQ and tQ are the amplitudes and relaxation 
times for the static quenching process obtained on fitting FCS curves to the model function eq. 3.21. 
λmax(abs) and λmax(em) are the peak wavelengths of the absorption spectra and emission spectra excited 
at 488 nm, respectively. fstatic, the fraction of statically quenched species is determined from the 
fluorescence quantum yields using eq. 3.18. For the time-resolved measurements, the mean and 
standard deviation (SD) of samples measured within a given cluster (microenvironment) are tabulated. 

Dynamic quenching resulting from collisional interactions only affects the excited states 

of the fluorophores. Consequently, no change in the absorption spectra compared to the 
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free dye is expected. In contrast, static quenching involves the formation of a stable 

ground-state complex between the dye and the terminal guanine, often resulting in a 

characteristic shift of the absorption spectrum235. As the complexed fluorophores absorb 

but do not emit, the formation of ground-state complexes is manifested as a significant 

red shift of the absorption spectra of 5 nm for the representative label from the near-3’-

end cluster (Fig. 3.3C) and a characteristic shift between the absorption and excitation 

spectra (Supplementary Fig. 3.12). A much smaller shift of the absorption spectrum of 

~2 nm compared to the free dye is observed for the internal and near-5’-end labels (Table 

2, Fig. 3.3C and Supplementary Fig. 3.13A). On the contrary, the emission spectra show 

no significant environment-dependent shifts (Fig. 3.3C and Supplementary Fig. 3.13B). 

Internal labels show a large spread of lifetimes and anisotropies (Fig. 3.3A). As will be 

discussed in detail below, this is also seen for the simple duplex molecules and hence 

most likely a sequence-specific effect. The presence of dynamic quenching for most 

internal labeling positions, as detected from the reduced lifetimes, suggests that the π-

electron system of internal guanine bases is accessible to the fluorophore in suitable 

interaction geometries. Interestingly, we observe higher residual anisotropies for the 

internal labels compared to the near-5’-end labels, which could originate from a higher 

structural flexibility of the RNA at the helix ends as seen in molecular dynamic simulations 

(Supplementary Fig. 3.14). There are also distinct differences between the photophysical 

properties of Alexa488 labels close to the 3’ and 5’-ends (Fig. 3.3A). Despite similar base 

pair distances from the helix ends, the near 5’ labels show considerably longer lifetimes 

(〈𝜏〉𝑥 = 3.6-3.9 ns) and moderately higher residual anisotropies (r0.06-0.07) compared 

to the near-3’-end labels (〈𝜏〉𝑥 = 2.2-2.8 ns, r= 0.04 - 0.06). These observations suggest 

the absence of end-stacking for the Alexa488 dyes labeled close to the 5’-end.  

3.3.6  Predicting photophysical properties from accessible volume 
simulations 

To gain insights into the molecular interactions underlying the observed photophysical 

effects, we assess the sterically accessible volume (AV) of the fluorophores on RNA. The 

AV simulation is based on geometric modeling of the dye, which has been widely applied 

for the prediction of FRET-derived distances103,238-241. The AV approach is simpler, faster, 
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and more convenient compared to alternative approaches such as coarse-grained or all-

atom molecular dynamics simulations, while still providing accurate insights into potential 

interactions and steric clashes. The dye is modeled as a sphere with an empirical radius 

of Rdye, connected to the nucleobase by a flexible linker of length, Llink and width, wlink 

(Supplementary Fig. 3.15 and Supplementary Table 3.7). The set of sterically allowed 

dye positions then defines the AV. Several modifications to the simple AV model have 

been proposed that model the dye as an ellipsoid239,242 or apply weights to the sampled 

positions to account for the thermodynamic cost of linker extension243,244 or potential 

interactions with the molecular surface90,242. Here, we apply the AV approach to visualize 

the accessible space of dyes at specific positions and quantify the accessibility of the dye 

to potential interaction sites to understand the photophysical observations. 

3.3.7  Terminal base pair accessibility predicts Cy5 stacking interactions 

In the experiments, we detected interactions with the terminal bases for labels that are 

situated up to six base pairs away from the helix end, facilitated by the long flexible dye 

linkers. To evaluate the accessibility of the terminal base pair for potential sticking 

interactions with the Cy5 fluorophore, we performed AV simulations on a model A-form 

RNA duplex (Fig. 3.4A). We define the terminal base pair accessibility as the fraction of 

the AV that is in reach of the terminal base pair, using a cutoff distance of 7 Å. The 

dependence of the terminal base pair accessibility on the 3’ or 5’-ends as a function of 

the base pair distance is shown in Fig. 3.4A for Cy5 labels attached either to uracil (top, 

linker length 22 Å) or guanine (bottom, linker length 19.5 Å). The AV calculations indeed 

show that fluorescent labels can reach the ends of the RNA helix even if the dye is 

positioned at a distance of up to 8 base pairs. Uracil-attached labels show a higher 

terminal accessibility on the 3’-end than on the 5’-end, with maximum distances of 8 and 

4 bp, respectively. Such a preference is not seen for the guanine-attached labels which 

can only reach the terminus up to a distance of 3 base pairs. Shortening the linker for 

uracil-attached labels to 19.5 Å did not significantly affect the results (Supplementary Fig. 

3.16). To correlate the AV predictions with our experimental results, we plot the scaled 

residual anisotropies on the right axis (Fig. 3.4A), which show good qualitative agreement 

with the AV predictions for both uracil and guanine attached labels. In addition to the base 

pair distance, the effect of the rotation of the labeling position around the helical axis is 
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also evident for uracil labels on the 3’-end from the peak of the terminal base pair 

accessibility at 5 bp (Fig. 3.4A). 

 
Figure 3.4. Predicting dye behavior by accessible volume simulations. A) The predicted 
accessibility of the terminal base pair (for Cy5 labels) or the terminal guanine (for Alexa488 
labels) from AV simulations is given as a function of the base pair distance from the helix ends 
for a model duplex (top). The interaction volume was defined within a 7 Å distance from the 
terminal base pair or terminal guanine. The accessibility is given as the ratio of the interaction 
volume to the total AV. For guanine-attached labels, all U-A pairs in the model duplex are 
replaced by G-C pairs. For Cy5, the experimental residual anisotropies for the duplexes I1-3 are 
shown as red spheres. For Alexa488, experimentally determined fraction of statically quenched 
dyes, fstatic, is shown for the duplexes I1-3 as green spheres. The experimental data was shifted 
and scaled with respect to the prediction curves. B) The effect of the attachment point on the 
dye microenvironment is exemplified using the Cy5 labels d26, attached to uracil (magenta), 
and d27, attached to guanine (blue-gray). The interaction volume with the terminal base pair is 
shown in red. Stacking interactions of label d26 with the terminal base pair are confirmed by its 
longer fluorescence lifetime and higher residual anisotropy. C) Near-5’-end labels attached to 
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uracil show a drastically reduced accessibility of the terminal guanine compared to near-3’-end 
labels. This is exemplified by the Alexa488 labels b33 on the 3’-end (magenta) and b5 on the 
5’-end (orange), both placed at a distance of 4 bp. The larger interaction volume (red) with the 
terminal guanine base (yellow) for the near-3’-end label is confirmed by the higher fraction of 
statically quenched species. 

3.3.8  The behavior of Cy5 labels depends on the labeling strategy 
To understand the differences between uracil and guanine Cy5 labels, we visualize the 

AVs of the guanine label d27 and the uracil label d26 in Fig. 3.4B. The AVs show clear 

differences in their shape and orientation due to the different attachment points on the 

bases (Fig. 3.1B). The uracil label emerges from the deep major groove which results in 

a restricted AV whose shape follows the groove. In contrast, the guanine label emerges 

from the shallow minor groove on the opposite side of the RNA, resulting in a large 

spherical AV. While the shapes of the AVs would suggest a higher rotational freedom for 

the guanine label, our data shows slightly higher lifetimes and residual anisotropies for 

internal guanine labels (average 〈𝜏〉𝑥 = 1.2  0.01, r= 0.18  0.01) compared to uracil 

labels (average 〈𝜏〉𝑥 = 1.17  0.04, r= 0.14  0.02, Fig. 3.2A), indicating that more 

interactions with the biomolecular surface occur for guanine labels. This observation is 

supported by a quantification of the accessible contact volume, defined as the AV within 

7 Å distance to the RNA surface, which is found to be larger for internal Cy5 dyes coupled 

to guanine compared to uracil (Supplementary Fig. 3.17). The visual inspection of the 

AVs of the labels d26 and d27 in Fig. 3.4B also clearly show that the guanine label does 

not reach the helix end, while there is significant overlap of the AV with the terminal base 

pair for the uracil label, confirmed by the higher lifetime and residual anisotropy of the 

uracil label. 

The largest difference between the two labeling strategies stems from the attachment 

point on the RNA. For uracil, the fluorophore is attached via the C5 atom situated in the 

major groove, while the dye is attached to guanine via the N2 atom located in the minor 

groove (Fig. 3.1C). The major and minor grooves differ in their ligand accessibility, 

polarity, hydrophobicity, and groove structure25,245,246. The deep and narrow major groove 

is lined with negatively charged phosphate groups, while the wide and shallow minor 

groove exposes the hydroxyl groups of the sugar backbone (Supplementary Fig. 3.18)247. 

As the linker exits the groove, steric constraints render it unlikely to fold back into the 
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groove that it emerged from. Instead, the linker points the dye towards the neighboring 

grooves. Uracil-attached dyes thus access the neighboring minor groove, while guanine-

attached dyes can reach the neighboring major groove. This potentially also facilitates 

sticking interactions with the sugar-phosphate backbone through hydrogen bonding and 

electrostatic interactions. For uracil labels, the linker exiting the narrow major groove 

points towards the 3’-end due to the steric clashes within the groove, while for guanine 

labels no such preference is dictated by the shallow and wide minor groove (Fig. 3.1C). 

In addition to the reduced linker length for guanine labels (19.5 Å for guanine compared 

to 22.0 Å for uracil coupled labels, Fig. 3.1B), this “pointing effect” of the major groove is 

the main reason for the different terminal base pair accessibilities of uracil labels for the 

3’ and 5’-ends (Fig. 3.4A). These results exemplify how different labeling chemistries can 

lead to drastically different local environments with varying accessibilities to trapping sites 

on the biomolecular surface. 

3.3.9  PET quenching of Alexa488 correlates with terminal guanine 
accessibility 

We detected a high propensity for static quenching by PET for Alexa488 labels close to 

the helix ends, whereby higher quenching was observed for labels close to the 3’-end. To 

understand this observation, we quantify the accessibility of the terminal guanine base 

for Alexa488 labels (linker length 20 Å, Fig. 3.4C). Mimicking the experimental construct, 

we place a cytosine on the 5’-end and a guanine on the 3’-end of the fluorophore-labeled 

strand (5’C/3’G model). A slightly higher accessibility of the terminal guanine is observed 

for 3’-end labels due to the 3’-end pointing effect of uracil-attached dyes, which reach up 

to 5 bp compared to 4 bp for 5’-end labels (Fig. 3.4A). This effect is absent for guanine-

attached labels (Supplementary Fig. 3.19). To compare the AV predictions with the 

experiment, we scale the fraction of statically quenched dyes (fstatic) to the terminal 

guanine accessibility (Fig. 3.4A, bottom panel). As predicted by the model, higher static 

quenching is observed at short distances of 3-4 base pairs for 3’-end labels compared to 

5’-end labels. To investigate the impact of the terminal sequence, we additionally 

calculated the terminal guanine accessibility for a duplex where the G is placed on the 5’-

end of the labeled strand and C on the 3’-end, although this geometry has not been 

assessed experimentally in this study (5’G/3’C model, Supplementary Fig. 3.20). This 
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model predicts an overall higher terminal guanine accessibility compared to the 5’C/3’G 

model with a longer reach on the 3’-end compared to the 5’-end (up to 8 bp and 5 bp, 

respectively). The consistently higher overlap at the 3’-end for both model duplexes 

implies that the increased overlap due to the 3’-end pointing effect is more important than 

the position of the guanine within the terminal base pair. 

An exemplary comparison of a near-3’-end and near-5’-end Alexa488 label, both situated 

at a distance of 4 bp from the helix end, is shown in Fig. 3.4C. Despite their similar relative 

position on the RNA helix, the AV of the 3’-end label b33 clearly shows a high degree of 

overlap with the terminal guanine (fstatic = 27%), whereas for the near-5’-end label b5 only 

a small fraction of the AV is in reach of the guanine base (fstatic = 13%). Two effects 

contribute to this difference. First, due to the attachment point at the C5 atom of uracil, 

the linker is oriented towards the 3’-end, increasing the overlap for the 3’-end label b33. 

Second, the terminal guanine is positioned on the same strand for the 3’-end label, while 

it is on the opposite strand for the 5’-end label, which significantly reduces the overlap for 

position b5 while still allowing sufficient overlap for position b33. 

3.3.10  MD simulations explore RNA-dye interaction modes 

To obtain atomistic insights into potential interaction modes, Dr. Christian Hanke 

performed all-atom molecular dynamics (MD) simulations of tethered dyes on RNA at 

internal positions and close to the 3’ and 5’-ends (positions b5, b11 and b33 for Alexa488; 

positions b27 and b33 for Cy5, Fig. 3.5A). Five independent simulations of 8 µs length 

each were performed for each of the different labeling positions, starting from an extended 

linker configuration (see Methods). In the simulations, the internal labels at position b27 

(Cy5) and b11 (Alexa488) as well as the near-5’-label b5 (Alexa488) explore a volume 

that that corresponds well to the estimated AV (Fig. 3.5A). On the other hand, the spatial 

distribution for the near-3’-labels at position b33 are strongly biased towards the helix end 

for both fluorophores due to long-lived (>100 ns) sticking interactions with the terminal 

base pair (Fig. 3.5A and Supplementary Fig. 3.21). While the internal labels showed less 

interactions overall, we still observed frequent short-lived (10-100 ns) interactions with 

the RNA surface at these positions (Supplementary Fig. 3.21). 
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moments). B) The major RNA-dye interaction modes observed in MD simulations include dye 
stacking interactions with the electron rich  systems of the exposed nucleobases at the termini, 
and interactions with the phosphate backbone or the neighboring grooves (right). For both dyes, 
stacking to the exposed terminal bases occurs in two distinct conformations. 

To obtain more detailed insights into the potential interaction modes, Dr. Oleg Opanasyuk 

performed a cluster analysis of the dye positions to identify stable interactions (Fig. 3.5A). 

For each identified cluster, we compute the average position and variance of the spatial 

distribution (displayed as an ellipsoid) as well as the preferential orientation of the 

transition dipole moment (see Methods and Supplementary Fig. 3.22). For the labels at 

position b33, the main clusters were found in contact with the terminal base pairs which 

show narrow spatial distributions and a strong confinement of the dipole moment (Fig. 

3.5A and Supplementary Fig. 3.23). A more complex picture arises for the internal labels. 

For Cy5 at position b27, many clusters were identified along the sugar-phosphate 

backbone (colored in green), with the transition dipole moment aligning along the 

backbone. Additionally, some minor states were found within the neighboring minor 

groove (red). In contrast, Alexa488 at position b11 predominantly formed stable 

interactions with the neighboring minor grooves or the backbone at defined positions. 

Corresponding results were obtained for the Alexa488 label at position b5 

(Supplementary Fig. 3.23). These results suggest that the behavior of Cy5 at internal 

positions is dictated by unspecific interactions with the backbone, leading to a diffuse 

distribution of interacting states, while Alexa488 forms specific interactions with the bases 

in the neighboring groove or the backbone. 

To further investigate the nature of the detected interactions, we show snapshots of the 

stable binding modes observed in the MD simulations in Fig. 3.5B. Due to the length of 

the linker, the Cy5 label at position b33 can only reach the terminal base pair from the 

proximal side where it stacks in two conformations that are rotated by 180° with respect 

to each other. The long conjugated π-system in the center of the chromophore prohibits 

that both indolenine groups bind the terminal base pair at the same time. In the two 

conformations, π-π stacking occurred predominantly with the terminal guanine with no 

preference for either of the indolenine groups of the Cy5 chromophore. A similar situation 

is observed for the Alexa488 label at the same position, which also reaches the terminal 

base pair from the proximal side. Stacking between the extended π-system of the 
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chromophore and the exposed terminal base pair occurred in two distinct conformations. 

Due to the smaller size of the chromophore, it can fully stack to the exposed terminal 

base pair akin to an additional base pair. Less frequently we also observed a partially 

stacked conformation where the chromophore only interacted with the terminal guanine. 

Both conformations should offer sufficient orbital overlap for highly efficient PET 

quenching. 

For the internal label positions, interactions occurred either with the nearby RNA 

backbone or the neighboring minor grooves. Cy5 showed stable interactions of its two 

heterocycles with the sugar-phosphate backbone of the neighboring minor groove, either 

on one side or spanning across the minor groove (Fig. 3.5B). Such interactions are 

potentially mediated by hydrogen bonding between the sulfo groups of the fluorophore 

and the sugar backbone. On the other hand, stable interactions of Alexa488 at position 

b5 with the minor groove predominantly occurred in a heads-on conformation wherein the 

amino group of the chromophore potentially forms hydrogen bonds with the exposed 

bases within the groove (Fig. 3.5B). Different to the unspecific backbone interactions for 

Cy5, Alexa488 thus clearly formed stable interactions with the bases in the minor groove. 

3.3.11  Origin of PET quenching for internal labels 

The observation of dynamic quenching for internal Alexa488 raises the question of how 

the dye can access these guanines in a way that provides sufficient overlap of the electron 

orbitals for PET. Intercalation of the labeled dye with the nucleobases is unlikely due to 

the bulky and highly charged sulfo groups. Internal guanines could potentially unpair with 

their complementary base and rotate out of the nucleic acid double helix momentarily 

(base flipping)248,249. To rule out this effect, we performed control measurements on an 

RNA duplex where the Alexa488 dye is placed in the vicinity of an internal guanine with 

a mismatch on the complementary strand (either A, U or G). We observed no reduction 

of the fluorescence lifetime at ambient temperature, indicating that base flipping is not 

significant (Supplementary Note 3.1). Instead, we speculate that the accessibility of 

internal guanines for PET is modulated by sequence-dependent local structural variation 

and flexibility of the RNA duplex, supported by the broad distributions of the fluorescence 

lifetimes and residual anisotropies for internal Alexa488 labels (〈𝜏〉𝑥 = 3.3-3.9 ns, r= 
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0.08-0.14). Nucleic acid binding proteins recognize specific binding sites by local 

structural features of the duplex, such as twist, rise, tilt and roll250-253. It is thus likely that 

sequence-dependent bending and twisting of the RNA duplex modulates the accessibility 

of the nucleobases, as corroborated by the high flexibility of the RNA duplex observed in 

the MD simulations (Supplementary Fig. 3.14). Yet another effect that could enhance the 

structural flexibility of the RNA and promote PET quenching for labels close to the termini 

is fraying, i.e. the temporary unpairing of the terminal bases254,255. Evidence for a higher 

structural flexibility of the helix ends is given by the correlation between the residual 

anisotropy and the distance to the nearest end for internal labels (Supplementary Fig. 

3.24). Lastly, it has been postulated that PET quenching could be mediated over long 

distances by tunneling of electrons between the π-stacked bases along the helical axis125. 

Indeed, we observed a moderate amount of PET quenching for labeling positions b14 

with no immediate guanine in the surrounding (Supplementary Fig. 3.25), where 

tunneling-mediated PET quenching could play a role. 

3.3.12  Effect of the primary sequence 

To assess whether variation of the primary sequence could affect the dye properties, we 

selectively investigate the fluorescence lifetimes and residual anisotropies of internal dyes 

on duplex molecules (Fig. 3.6A). For Cy5, the narrow distribution of photophysical 

properties for guanine and uracil labels (with the exception of labeling position b27) 

suggests a low sensitivity to the primary sequence. On the other hand, internal Alexa488 

labels show a large spread of residual anisotropies between 0.08-0.14 and fluorescence 

lifetimes between 3.3-3.9 ns, with no apparent correlation between the two quantities. 

Note that this spread is significantly larger than the measurement error obtained from 

repeated measurements (Supplementary Table 3.8). This indicates that PET quenching 

by internal guanines is sensitive to the primary sequence, potentially due to variations of 

the electron orbital overlap in different interaction geometries and local breathing 

dynamics of the RNA. While the strong PET quenching at the helix ends can be predicted 

from overlap of the dye accessible volume with nearby guanine bases (Supplementary 

Fig. 3.25), a more detailed model would be required to predict PET quenching of internal 

position that accounts for these effects. The broad distribution of the experimental 

residual anisotropies for internal Alexa488 labels could potentially originate from short-
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lived sticking interactions mediated by hydrogen bonding, as supported by the MD 

simulations (Fig. 3.5B) and an apparent correlation between the residual anisotropy and 

the accessibility of hydroxyl group on the sugar (Supplementary Fig. 3.26). 

3.3.13  Sensing the global structure 

So far, we have investigated the effects of the primary and secondary structure of the 

RNA molecules, i.e., the linear base sequence and the helical structure of A-form RNA 

with the major and minor grooves. The tertiary structure additionally describes the 

arrangement of secondary structure elements in space and is especially relevant for the 

3WJ and 4WJ molecules where the helical arms can change their orientation based on 

the coaxial stacking at the junction. Using fluorescent dyes, the tertiary structure of RNA 

could be probed by sensing the structural flexibility and dynamics at the labeling position 

or the spatial proximity to the junction or neighboring helices. To assess whether our 

measurements could provide such information, we compare the residual anisotropies of 

Cy5 labels on the duplex with the corresponding positions the 3WJ or 4WJ molecules 

(Fig. 3.6B). Indeed, some positions show significantly lower residual anisotropies on the 

duplex compared to the 3WJ or 4WJ, indicating that the dyes at these positions are 

sterically restricted (see label a12 on the 3WJ and d18 on the 4WJ, Fig. 3.6B). For these 

labels, AIFE occurs due to the significant overlap of the respective AVs with the junction 

region (Fig. 3.6A, inset), enabling stacking interactions with the exposed bases at the 

junction or promoting steric clashes with the neighboring helices. Interestingly, the Cy5 

label at position a12 shows increased anisotropy for the 3WJ but not the 4WJ (Fig. 3.6A), 

indicating that the bases at the 3WJ are more exposed compared to the coaxially stacked 

4WJ. We did not observe large differences for the residual anisotropies between the 

different 3WJ molecules studied here (Supplementary Fig. 3.27-28). Correspondingly, the 

FCS curves of the label a12 on the 3WJ, T1, is different from those on the 4WJ and the 

duplex (Supplementary Fig. 3.29 and Supplementary Table 3.9). 
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Figure 3.6: Sensing the RNA environment using fluorescent probes. A) The distribution of 
fluorescence lifetimes and residual anisotropies of internally labeled Cy5 and Alexa488 on RNA 
duplexes reveals the effect of the primary sequence on the photophysical properties. B) 
Comparison of the residual anisotropy of Cy5 labels on RNA duplexes with the same labeling 
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position on the 3WJ (triangle) or 4WJ (square) molecules. The diagonal line follows a 1:1 
correlation between the axes. Significant differences of the residual anisotropies arise for labels 
in proximity of the junction as illustrated by the AV of the d18 label on the 4WJ (inset). The 
labeling site is highlighted in yellow. C) Polarization-resolved fluorescence correlation 
spectroscopy senses the size and shape of RNA molecules. The FCS curves of the end stacked 
Cy5 label b33 reveal different rotational correlation times for the different types of RNA 
molecules. The vertical dashed lines indicate the rotational correlation times (tR) obtained from 
a fit to the model for a spherical rotor given by eq. 3.29. The inset shows a magnified view of 
the relevant region for rotational motion. Displayed curves are the parallel-perpendicular 
correlation functions measured at 11 kW/cm2, normalized to the number of bright molecules. 
D) Rotational motions of the different RNA molecules. The 4WJ and 3WJ molecules show 
approximately isotropic rotation and are well described as spherical rotors. The cylindrical 
shape of the duplex results in anisotropic rotational diffusion with faster rotation around the 
helical axis. The red arrows show the directions of rotational diffusion. The length of the longest 
axis of rotation is approximately similar for all molecules. The structures for the 4WJ 
(PDBDEV_00000019), the 3WJ T1256 and the duplex RNA257 have been adopted from the cited 
sources. 

3.3.14  Detecting RNA shape and size by polarization-resolved FCS. 

(The theoretical work in this section was performed by Dr. Oleg Opanasyuk) 

The rotational tumbling of biomolecules is sensitive to their size and shape and can be 

predicted based on the atomic structure258,259 or coarse-grained representations 260. For 

the molecules studied here, the rotational tumbling times are larger than 20 ns. These 

times are too long to be accurately resolved by time-resolved anisotropy experiments, 

which are limited by the excited-state lifetime of the fluorophore. However, the global 

tumbling motion can be resolved by polarization-resolved fluorescence correlation 

spectroscopy (pFCS) by investigating the correlation between the fluorescence emission 

in the parallel and perpendicular detection channels with respect to the polarization of the 

incident light261,262. 

For optimal sensitivity, the rotation of the fluorescent label should be maximally coupled 

to the rotation of the biomolecule, which can be achieved by using short, rigid 

linkers103,262,263. Here, instead, we chose the Cy5 label at position b33 due to its high 

propensity to stack at the helix end. The pFCS curves reveal clear differences between 

the duplex and the 3WJ/4WJ molecules in the diffusional (0.1-1 ms) and rotational (10-

100 ns) part of the correlation function (Fig. 3.6C, Supplementary Table 3.10). By fitting 

the curves to the model function for a spherical rotor, we obtained global rotational 

correlation times, 𝜌global, of 24 ns for the duplex and 38-39 ns for the 3WJ/4WJ molecules. 

Interestingly, we observed no significant difference between the 3WJ and 4WJ molecules 
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despite the larger number of nucleotides of the latter, suggesting a similar hydrodynamic 

radius. Similar results were observed for Cy5 at position c1 and Alexa488 at position b11 

(Supplementary Fig. 3.30-31 and Supplementary Table 3.11-12). 

To assess the sensitivity of the pFCS curves to the shape and size of the molecule, we 

computed theoretical estimates of the diffusion tensors using hydrodynamic modeling258 

based on the ideal rigid structure of the RNA duplex and FRET-derived structural models 

for the 3WJ and 4WJ molecules (see Methods)256,264. Using this information, we model 

the theoretical pFCS correlation functions by accounting for the relative orientation of the 

fluorophore dipole with respect to the rotation axes of the RNA, as estimated from the MD 

simulations (Supplementary Note 3.3). The theoretically expected rotation times (defined 

as 1/6D where D is the rotational diffusion coefficient) for the 3WJ and 4WJ molecules 

are consistently longer (~50-70 ns) compared to the experimentally fitted values (~40 ns), 

while the theoretical prediction matches well for the RNA duplex (exp.: 20 ns, predicted: 

24 ns) (Supplementary Fig. 3.32A-D and Supplementary Table 3.13-14). This indicates 

that additional processes must contribute to the depolarization of the fluorescence signal 

for the 3WJ and 4WJ molecules. 

The predicted correlation functions of the various 3WJ and 4WJ molecules can be well 

approximated by the model function for the spherical rotor, while the duplex clearly 

deviates from the spherical model (Supplementary Fig. 3.32E-H). This is supported by an 

improved fit quality for the duplex when using the scaled predicted diffusion tensor 

compared to the spherical model (Supplementary Table 3.14). For the rod-shaped duplex, 

the rotation around the helical axis should cause less friction than for the other axes, 

resulting in a faster rotational diffusion coefficient around this axis (Dz > Dxy, Fig. 3.6D). 

To test this prediction, we fitted our experimental data to a generalized model for a prolate 

ellipsoid assuming equal rotational diffusion coefficients in the x-y plane 

(Dx = Dy = Dxy < Dz, Supplementary Note 3.3 and Supplementary Fig. 3.33). Indeed, the 

ratio of Dz to Dxy was largest for the duplex (Dz/Dxy = 10.5, predicted 5.7) and smaller for 

the 3WJ and 4WJ molecules (Dz/Dxy = 2.5-3.0, predicted 1.5-1.9, Supplementary Table 

3.14). Interestingly, the measured ratio of Dz/Dxy exceeds the theoretical estimate 

approximately by a factor of two for all molecules, which is mostly due to a faster rotation 

around the helical z-axis compared to the prediction (ΔDz = 3.3 MHz for the 3WJ and 



Chapter 3. Fluorescent probes on RNA 
    

74 
 

4WJ, and ~8 MHz for the duplex, Supplementary Table 3.14). This suggests that the 

faster rotational correlation times observed when the experimental data was fitted by a 

spherical model originate from additional depolarization processes along the helical axis 

due to wobbling or twisting motions. In summary, our results show that pFCS informs on 

the size and shape/sphericity of biomolecules if the rotation of the fluorescent label is 

sufficiently coupled to the global rotation, as is the case for end-stacked fluorophores. 

The faster rotational times compared to the theoretical predictions further indicate the 

presence of additional structural dynamics in the studied 3WJ and 4WJ molecules., which 

are not accounted for by the rigid model used for theoretical predictions. 

3.4  Discussion 

In this study, we characterized the dye behavior of Cy5 and Alexa488 fluorophores at 

various sites and local environments in different RNA molecules and identified distinct 

dye-RNA interaction modes. - stacking interaction between the dye and exposed bases 

occur predominantly at the helix termini or junctions. The wide distribution of 

photophysical properties for internal labels indicates interactions with the sugar-

phosphate backbone, as well as with the bases within the neighboring major or minor 

grooves of the double helix. Most of the observed interactions occur over long distances 

(> 1 nm) and are hence facilitated by the long flexible dye linkers. In addition, the labeling 

chemistry was found to be a determining factor for the dye behavior. The different 

attachment points on the uracil and guanine bases determine whether the dye emerge 

from the major or minor groove for U and G, respectively, from where it can predominantly 

access the neighboring grooves of the opposite type. Moreover, for uracil labels, the deep 

major groove directs the dye linker towards the 3’-end, facilitating interactions with the 

helix ends. 

These detailed insights into dye-RNA interactions provide a foundation for sensing the 

unknown nucleic acid environment using the spectroscopic methods presented here, 

allowing to, e.g., assess the proximity of the dye to the helix ends or secondary structure 

elements, estimate the local concentration of guanine, or even sense local structural 

dynamics and the global structure and shape of the nucleic acid. To this end, we 

summarize the information provided by the different photophysical observables and 



Chapter 3. Fluorescent probes on RNA 
    

75 
 

experimental methods and how they report on the microenvironment of the fluorophore 

and the structure and dynamics of the biomolecule. 

(1) A bathochromic shift of the absorption spectrum generally correlates with dye 

sticking, most prominently at the ends of the double helix. Thus, a significantly 

red-shifted absorption spectrum indicates that a fluorescent label is in proximity 

to exposed bases either at the helix end or a junction where π-π stacking 

interactions could occur. 

(2) An increase of the residual anisotropy is an indicator for dye trapping or a sterically 

restricted environment. This effect is most pronounced for --stacking 

interactions to the helix ends for cyanine labels. Special care must be taken to 

ensure that the trapped species is not statically quenched, as observed here for 

Alexa488. 

(3) For cyanine dyes, steric restriction also results in an increase of the fluorescence 

lifetime and brightness due to association-induced fluorescence enhancement 

which should correlate with an increase of the residual anisotropy. 

(4) For Alexa488 and other rhodamine or oxazine dyes, a reduction of the 

fluorescence lifetime indicates dynamic quenching due to a high concentration of 

partially accessible, buried guanines around the attachment site.  

(5) A reduction of the brightness and steady-state quantum yield of Alexa488 

indicates long-lived interactions (>10 ns) with exposed guanine bases at the helix 

ends or junctions. The presence of static quenching is detected from a 

comparison of steady state and dynamic quantum yields and/or characteristic 

spectral shifts of the absorption spectrum. 

(6) FCS is sensitive to any interaction that affect the brightness of the fluorophore, 

either by quenching or enhancement, and provides quantitative information on the 

kinetics of the interaction. Possible interactions are revealed by a direct 

comparison with the FCS curve of the free dye or a dye-labeled reference 

molecule. 

In general, the sensing of cyanine-based dyes by AIFE is independent of the nucleic acid 

sequence, while the PET-based sensing is specific to guanines. This allows for site-

specific control through the placement of guanine bases at positions of interest, e.g., to 
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detect the accessibility of a specific base at the helix end or detect local melting of the 

double strand. 

MD simulations provided further atomistic insights into potential interactions. Interactions 

with the helix ends were mediated by -stacking interactions which could occur in 

different geometries for both dyes. Alexa488 formed stable interactions in two 

conformations which are rotated by 180º with respect to each other, while the two end-

stacked conformations of Cy5 involved only one of the two indolenine groups. These 

simulation results are in excellent agreement with structural studies of end-stacked 

dyes91,92,94-96. Importantly, many of the interaction modes could be accurately predicted 

by AV simulations. This includes the lowered accessibility of the helix termini for 5’-end 

compared to 3’-end labels, the different accessibility of the major and minor grooves 

between uracil and guanine labels, the local quencher concentration, as well as the 

proximity to specific interaction sites. Particularly, AV simulations were well suited to 

predict the interactions with the terminal bases as seen from the good agreement 

between the predicted overlap from AV simulations and the residual anisotropy for Cy5 

labels or the propensity of static quenching for Alexa488 labels (Fig. 3.4A). These results 

show that accurate predictions of dye-nucleic acid interactions can be obtained from the 

simple and efficient AV model, reducing the need for computationally expensive MD 

simulation. 

Lastly, we explored the potential of polarization-resolved FCS to sense the size and 

shape of an RNA molecule. Using a Cy5 label with a high propensity for end-stacking 

ensured optimal coupling between the depolarization of the fluorescence signal and the 

rotational motion of the RNA. We detected a higher asymmetry and faster rotational 

motion for the duplex compared to the 3WJ/4WJ molecules, while the similar rotational 

correlation times for the 3WJ and 4WJ molecules indicate comparable hydrodynamic radii 

for these molecules. Rotational correlation times for the 3WJ and 4WJ molecules were 

also significantly shorter compared to theoretical predictions, suggesting the presence of 

additional conformational dynamics that lead to a faster depolarization of the fluorescence 

signal. These results highlight the potential of polarization-resolved FCS to sense the 

size, shape, and local flexibility of biomolecules. 
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3.4.1  Consequences of environmental dependence of photophysics for FRET 
studies. 

Förster resonance energy transfer (FRET) is a widely used and powerful method to 

investigate the structural dynamics of nucleic acids over timescales ranging from 

picoseconds to minutes/hours on the ensemble or single-molecule level265. In FRET, the 

efficiency of the energy transfer from a donor to an acceptor fluorophore, coupled to the 

biomolecule at suitable positions, reports on the interdye distance. A clear understanding 

of the photophysics, linker dynamics, and interactions of the dye with the host biomolecule 

is essential to the design, proper interpretation, and quantitative evaluation of FRET 

experiments, especially if the distance information is to be used for integrative structural 

modeling and to avoid misinterpretation of photophysics as conformational 

dynamics242,266,267. Therefore, we examine our results in the context of FRET studies and 

provide guidelines on how to minimize and correct for the effect of dye-biomolecule 

interactions. 

In a typical FRET experiment, the measured fluorescence intensities in the donor and 

acceptor channel are corrected for background signal, spectral crosstalk of the donor 

signal into the acceptor channel, and direct excitation of the acceptor fluorophore by the 

donor excitation laser. From the corrected fluorescence intensities 𝐹𝐷 and 𝐹𝐴, the accurate 

FRET efficiency is then calculated as: 

𝐸 =
𝐹𝐴

𝛾 𝐹𝐷 + 𝐹𝐴
=

1

1 + (
𝑅𝐷𝐴
𝑅0
)
6 , (3.1) 

which relates the FRET efficiency 𝐸 to the interdye distance 𝑅𝐷𝐴. The estimation of 

accurate FRET efficiencies depends on several setup and dye dependent correction 

factors 268,269, of which the 𝛾-factor is generally most important (and most challenging to 

determine). It accounts for the different detection efficiencies of the donor and acceptor 

fluorophore and is given by: 

𝛾 =
𝑔𝑅|𝐴

𝑔𝐺|𝐷

Φ𝐹,𝐴
Φ𝐹,𝐷

, (3.2) 
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where 𝑔𝑅|𝐴 and 𝑔𝐺|𝐷 are the detection efficiencies of the donor and acceptor emission in 

the red and green detection channels, respectively. Φ𝐹,𝐴 and Φ𝐹,𝐷 are the quantum yields 

of the acceptor and donor fluorophores. Note that if the quantum yield of fluorophores 

that undergo transitions to dark states (e.g., triplet states or photoisomers) is estimated 

from the fluorescence lifetime, it needs to be additionally corrected for the fraction of 

molecules in the bright state 𝑎𝑏 by Φ𝐹eff = 𝑎𝑏Φ𝐹 (Supplementary Table 3.15). 

The accuracy of the distance derived from a FRET experiment crucially depends on the 

Förster radius 𝑅0, the characteristic length scale of the energy transfer process. This 

quantity depends on the spectral overlap between the donor and acceptor fluorophores, 

𝐽, the refractive index of the surrounding medium, 𝑛, the quantum yield of the donor 

fluorophore, Φ𝐹,𝐷, and the relative orientation of the donor emission and acceptor 

absorption transition dipole moments, expressed in the orientational factor 𝜅2: 

𝑅0 ~ √ 𝐽 Φ𝐹,𝐷 𝜅
2 𝑛−4

6
. (3.3) 

In a previous benchmark study, the joint error of these quantities has been estimated to 

introduce a distance uncertainty of 5% 268. Often, a single value for the Förster radius is 

estimated in FRET studies to convert the measured FRET efficiencies between dyes in 

different environments into distances. 

Table 3.3. Estimation of Förster radius R0 and correction factor  for representative 

Alexa488-Cy5 donor-acceptor pairs with donor and acceptor at different labeling sites.  

Donor(D)-
Acceptor(A) 
combination 

Overlap 
integral, J 

[M-1cm-1nm4] 
1015 

Reduced 
Förster 

radius, R0J 

[Å] 

F,D 

Förster 
radius, 
R0 [Å] 

F,A 

F,D / 

F,A 

Detection 
efficiency 

ratio, 
gR|A/gG|D 

𝛾-factor 

Free dyes 1.27 55.5 0.96 51.5 0.30 3.17 0.74 0.23 

b11(D)-b27(A) 1.36 56.1 0.90 51.5 0.37 2.43 0.74 0.30 

b33(D)-b27(A) 1.35 56.0 0.35 44.0 0.37 0.95 0.74 0.78 

b11(D)-b33(A) 1.27 55.5 0.90 50.9 0.48 1.88 0.74 0.39 

The overlap intergral J quantifies the spectral overlap between the emission spectrum of D and absorption spectrum of 
A, where D is the donor and A is the acceptor, computed according to eq. 3.35. R0 is the Förster radius calculated 
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according to eq. 3.34 under the assumption of 𝜅2=2/3, and R0J is the reduced Förster radius calculated according to 
eq. 3.37 by omitting the contributions of the donor quantum yield F,D and the orientational factor 𝜅2. F,D and F,A are 
the fluorescence quantum yields of the donor and acceptor, respectively. 𝑔𝑅|𝐴and 𝑔𝐺|𝐷 are the detection efficiencies of 
acceptor and donor dyes, respectively. The correction factor  is applied for the normalization of fluorescence quantum 
yields and the detection efficiencies as given by eq. 3.2.  

We first assess how much the observed variation of the photophysical properties 

contributes to the uncertainty of 𝑅0, which evaluates to 51.5 Å for the free dyes. We 

consider the ideal situation based on the parameters of the free dyes and compare it to 

representative dye pairs for two internal labels, and for two combinations of an internal 

and a near-3’-end label (Table 3.3). The overlap integral can deviate by up to ~15% 

compared to the free dyes due to the large spectral shift of the acceptor at position b33, 

however the propagated error on the Förster radius remains below 1 Å due to the sixth-

root dependence in eq. 3.3. The donor fluorescence quantum yield Φ𝐹,𝐷, on the other 

hand, shows larger variation between 0.96 for the free dye and 0.35 for the near-3’-end 

label, resulting in deviations of the Förster radius of up to 8 Å. The variation of the 

photophysical properties also affect the 𝛾-factor, and thus the inferred interdye distance 

𝑅𝐷𝐴. As the detection efficiency ratio is only affected by spectral shifts, it shows a variation 

of less than 5% (distance uncertainty < 1 Å). On the other hand, the large variations of 

the donor and acceptor quantum yields due to PET quenching and AIFE, respectively, 

result in a variation of the 𝛾-factor by more than 2-fold between the exemplary dye pairs, 

corresponding to an approximate relative distance error of 10%. Taken together, while 

the observed spectral shifts affect both the Förster radius and setup-dependent correction 

factors, the error on the FRET-derived distances remains minor. Contrarily, the large 

variations of the donor fluorescence quantum yield propagate into a significant distance 

uncertainty if they remain unaccounted for. It should be noted that, technically, the donor 

fluorescence quantum yield is not required for the conversion of the measured 

fluorescence intensities into physical interdye distances (see Supplementary Note 

3.2)270,271. Thus, while any error related to Φ𝐹,𝐷 could in principle be avoided, care must 

be taken to account for the position-specific photophysical properties of the donor 

fluorophore if fluorescence intensities are first converted into accurate FRET efficiencies 

that are interpreted in terms of physical distances at a later step of the analysis. 
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In addition to the photophysical effects, we observed strong binding of the fluorophore to 

the helix termini and junctions in addition to weak interactions with the grooves and 

backbone. Such interactions can affect FRET experiments in three ways by 1) by biasing 

the spatial distribution of the fluorophore, 2) causing a deviation of the orientation factor 

𝜅2 from its isotropic average, and 3) giving rise to a correlation between the interdye 

distance and 𝜅2, which will be discussed below. 

First, the position of the fluorophore deviates from the average position estimated by AV 

calculations. Previously, dye-surface interactions have been treated in the AV framework 

by weighting the occupancy within the AV towards the surface by defining a contact 

volume242. This unspecific treatment of surface interactions, however, does not account 

correctly for the specific interaction sites observed here, e.g., at the helix termini. In this 

case, weighting towards the surface layer would move the average dye position closer to 

the helical axis, while the interactions with the helix terminus results in an actual 

displacement along the helical axis towards the helix end. The accuracy of AV predictions 

could thus be further improved by defining specific interaction sites on the biomolecular 

surface to account for the spatial displacement of the fluorophore, which can be identified 

in silico by MD simulations90 or experimentally using X-ray crystallography92 or NMR 

spectroscopy91,272 of fluorescently labeled biomolecules. 

Second, the trapping interactions affect the orientation factor 𝜅2 which depends on the 

mutual orientation of the donor emission and acceptor excitation transition dipole 

moments. Generally, it is assumed that the dyes rotate freely on a timescale that is much 

faster than the excited state lifetime of the donor (<100 ps), leading to the isotropic 

average of 〈𝜅2〉iso = 2/3. For the case of steric restriction, the uncertainty of 𝜅2 can be 

estimated from the residual anisotropy103,273,274, with a typical value of 5% 268,275. In this 

model, axially symmetric distributions of the transition dipole orientation are assumed, 

and the residual anisotropy is interpreted in terms of the opening angle of a cone that 

describes the possible orientations of the transition dipole. The results presented here, 

however, reveal a drastically different behavior where the dye alternates between a freely 

rotating state and trapped conformations at distinct binding sites on the surface. This is 

especially true for the end-stacked conformations, where it has previously been shown 
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that a modulation of the FRET efficiency between two end-stacked dyes can arise due to 

the restricted dipole orientations94,95 . 

Third, the trapping of dyes in preferential conformations gives rise to a correlation 

between the dye position and the mutual orientation of their dipole moments, resulting in 

a dependence between the donor-acceptor distance and the orientational factor 𝜅2 276. 

An accurate treatment of this effect requires a characterization of the preferential dipole 

orientation of the trapped conformation and needs to account for the correlation between 

trapped states of the donor and acceptor fluorophores. The observed switching between 

free rotation and long-lived trapped states suggests a model where the residual 

anisotropy can be interpreted in terms of the fraction of trapped dyes. The variation of 𝜅2 

(and hence 𝑅0) may then be estimated by considering all combinations of free or trapped 

donor and acceptor dyes. While the precise assessment of the 𝜅2 error would require 

further knowledge of the dipole orientation in the trapped conformations, an upper-bound 

estimate can be obtained under the assumption of the least favorable dipole orientation 

for the trapped conformation (𝜅2 = 0). This “diffusion-with-traps” model is expected to 

provide a more accurate and realistic estimation of the distance uncertainty compared to 

current approaches and is the subject of future work. 

Finally, our results reveal a correlation between dye trapping and the brightness of the 

dye, which will likewise cause significant errors in the FRET-derived distances. 

Rhodamine-based labels may be quenched by guanine nucleobase through PET, 

resulting in a near depletion of the fluorescence signal, while for cyanine labels, the 

trapped state shows increased brightness due to the hindrance of the cis-trans 

isomerization. A refined AV model should thus not only account for the preferential 

occupancy of interaction sites and their predominant dipole orientations, but also consider 

position-dependent changes of the brightness, quantum yield and excited-state lifetime. 

Based on the presented insights, we summarize in Table 3.4 the effect of the local 

environment on the dye properties and the FRET process, outline how the different 

artifacts can be detected, and formulate guidelines on how to minimize related errors. 
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3.5  Conclusion and Outlook 

In this study, we provided a detailed characterization of the surface interactions of 

covalently attached fluorescent labels on RNA, revealing distinct photophysical 

fingerprints of the different microenvironments on the RNA and highlighting the potential 

of single fluorescent labels to inform on the structural dynamics and hydrodynamic 

properties of biomacromolecules. Our results have direct implications for the modeling of 

interdye distance in FRET studies. In addition to quantifying the sterically accessible 

volume, improved dye models should account for specific interaction sites on the 

biomolecular surface and the respective preferential orientation of the fluorophore’s dipole 

moment. Improved modeling of the spatiotemporal dynamics of fluorescent labels will 

enable researchers to avoid photophysical artifacts during the design of experiments and 

significantly improve the accuracy of FRET experiments and FRET-derived structural 

models.  

3.6  Materials and methods  

General. The studied RNA molecules are derived from the RNA four-way junction found 

in the hairpin ribozyme (PDB-ID: 1M5K, Supplementary Fig. 3.1, 3-7 bp from the junction) 

which was extended to obtain the 4WJ molecule (Fig. 3.1A). RNA 3WJ and duplexes are 

derived from the 4WJ by omission of one or two of the helices, respectively. The naming 

of the labels corresponds to the analogous position in the 4WJ molecule. In our study, we 

employ the C5 position for uracil labeling and N2 position for Cy5 dye coupling at guanine 

(Fig.1B) where the amino-modified dU or dG is coupled with the NHS ester of the dye. 

Unlabeled and fluorescently labeled RNA was obtained from Purimex (Grebenstein, 

Germany), IBA (Göttingen, Germany), Biomers (Ulm, Germany) or Dharmacon 

(Lafayette, CO, USA) (see Fig. 3.1 and Supplementary Fig. 3.2 for an overview of the 

RNA sequences, dye labeling positions and the structures of modified U and G 

nucleotides with linker and dye). All RNA was purified by polyacrylamide gel 

electrophoresis. In order to minimize the sticking of dyes to the negatively charged RNA 

helix, sulfonated Cy5 labels have been used 277, with the exception of the terminally-

labeled duplex (see Supplementary Fig. 3.6). Free-dye reference measurements were 

performed with the 5-isomer of Alexa488 (Thermo Fischer Scientific) and Cy5-NHS-ester 
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(GE Healthcare Life Sciences), which was hydrolyzed before the experiment to obtain the 

carboxylic acid. 

Hybridization of RNA. Hybridization was performed in phosphate buffer containing 20 

mM KH2PO4/K2HPO4, 100 mM KCl, and 20 mM MgCl2 at pH 6.5. The same buffer was 

used later for all measurements. Concentrations of labeled strands for the hybridization 

were in the range of 0.5 to 1.5 µM. A three-fold excess of unlabeled strands was used. 

Samples were heated to 85°C inside a thermo-cycler (primus 96 advanced, peqLab, 

Erlangen, Germany) at 0.1 °C/s, immediately cooled down to 52 °C, kept for 2 h and 

quickly cooled down to and stored at 4°C until the measurement.  

Fluorescence lifetime and anisotropy decay measurements and analysis. 

Fluorescence decays were recorded using a FluoTime300 spectrometer (PicoQuant, 

Germany) equipped with a white light laser (SuperK Extreme EXW-12, NKT Photonics, 

Denmark) at a repetition rate of 20 MHz. Filters with cutoff wavelengths 495 nm and 645 

nm (Farbglas FGL 495 and FGL 645, Thorlabs, New Jersey, USA) were used to reduce 

the contribution of the scattered light in Alexa488 and Cy5 samples respectively. All 

samples were measured in quartz ultra-micro cuvettes (Helma #105.252.85.40) with a 

total volume of 20 μl. A LUDOX scattering solution was used to record instrument 

response function (IRF) at 5% transmission. For Alexa488 samples, the excitation and 

emission wavelengths were set at 488 nm and 520 nm. For Cy5 samples, they were set 

at 635 nm and 665 nm, respectively. Temperature was maintained at 20°C with a 

temperature controller (TC 425, Quantum Northwest, USA). 

To estimate the fluorescence lifetimes and anisotropies, the measured fluorescence 

decays (𝐹exp) with the polarizer-detector settings VV (parallel-parallel) and VH (parallel-

perpendicular), were fitted jointly with the corresponding VM (parallel-magic angle) 

fluorescence decay. 

The fluorescence decays 𝑓(𝑡) of single-labeled RNA molecules were described by  

 𝑓(𝑡) =∑𝑥𝑖
𝑖

𝑒−𝑡 𝑖⁄ , (3.4) 
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where 𝜏𝑖 and 𝑥𝑖 are the fluorescence lifetimes and corresponding species fractions with 

∑ 𝑥𝑖 = 1𝑖 . Up to three lifetime components were used in the analysis. The number of 

components chosen were always the minimum number required to achieve a reduced 

chi-squared of 1.15 and flat residuals. The species weighted average lifetime is then 

defined by: 

 𝜏𝑥 =∑ 𝑥𝑖𝜏𝑖
𝑖

. (3.5) 

For the fluorescence lifetime measurements, decays were measured under magic angle 

condition with the detection polarizer set at an angle of 54.7° (VM). In this case, the model 

decay is given by: 

 𝐹𝑒𝑥𝑝,𝑉𝑀(𝑡) =  𝑓0 ∙ 𝐼𝑅𝐹𝑉𝑀(𝑡 − 𝑡shift) ∗  𝑓(𝑡) + 𝑠𝑉𝑀(𝑡) ∙ 𝐼𝑅𝐹𝑉𝑀(𝑡) + 𝑏𝑔𝑉𝑀, (3.6) 

where 𝑓0 is the amplitude scaling factor, 𝐼𝑅𝐹𝑉𝑀(𝑡 − 𝑡𝑠ℎ𝑖𝑓𝑡) is the instrument response 

function shifted by the time 𝑡shift, 𝑠𝑉𝑀 is the scatter amplitude and 𝑏𝑔𝑉𝑀  is the constant 

background level. The * sign designates circular convolution. 

The anisotropy decays were described by: 

 𝑟(𝑡) =∑𝑟𝑖𝑒
−𝑡 𝜌𝑖⁄

𝑖

, (3.7) 

where 
𝑖
 and 𝑟𝑖 are the rotational correlation times and respective amplitudes. The sum 

of the anisotropy amplitudes is equal to the fundamental anisotropy ∑ 𝑟𝑖 = 𝑟0𝑖 , where 𝑟0 = 

0.38 Up to three rotational components were used for the analysis. The residual 

anisotropy 𝑟∞ is defined as the anisotropy amplitude of the component with the longest 

rotational correlation time (
global

) which reflects the overall tumbling motion of the 

molecule (global motion). 

The model functions for the parallel (VV) and perpendicular (VH) fluorescence decays 

are then given by: 
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𝑓𝑉𝑉(𝑡) = 𝑓(𝑡)[1 + 2𝑟(𝑡)] = [∑𝑥(𝑖)𝑒−𝑡/𝑖

𝑖

] [1 + 2∑𝑟𝑗𝑒
−𝑡 𝜌𝑗⁄

𝑗

] , (3.8) 

 
𝑓𝑉𝐻(𝑡) = 𝑓(𝑡)[1 − 𝑟(𝑡)] = [∑𝑥(𝑖)𝑒−𝑡/𝑖

𝑖

] [1 −∑𝑟𝑗𝑒
−𝑡 𝜌𝑗⁄

𝑗

] . (3.9) 

In analogy to eq. 3.6, the model decays are then given by: 

𝐹𝑒𝑥𝑝,𝑉𝑉(𝑡) =  𝑓0 𝐼𝑅𝐹𝑉𝑉(𝑡 − 𝑡shift) ∗ 𝑓𝑉𝑉(𝑡) + 𝑠𝑉𝑉(𝑡) ∙ 𝐼𝑅𝐹𝑉𝑉(𝑡) + 𝑏𝑔𝑉𝑉 , (3.10) 

𝐹𝑒𝑥𝑝,𝑉𝐻(𝑡) = 𝑔𝑉𝑉/𝑉𝐻 𝑓0𝐼𝑅𝐹𝑉𝐻(𝑡 − 𝑡shift) ∗ 𝑓𝑉𝐻(𝑡) + 𝑠𝑉𝐻(𝑡) ∙ 𝐼𝑅𝐹𝑉𝐻(𝑡) + 𝑏𝑔𝑉𝐻 , (3.11) 

where 𝑔𝑉𝑉/𝑉𝐻 is g-factor, 𝑓0 is the amplitude scaling factor, 𝐼𝑅𝐹𝑉𝑉(𝑡 − 𝑡shift) and 

𝐼𝑅𝐹𝑉𝐻(𝑡 − 𝑡shift) are the instrument response functions that are shifted by the time 𝑡shift, 𝑠 

is the scatter amplitude and 𝑏𝑔 is the constant background level. The subscripts VV and 

VH indicate the excitation and detection polarizer settings (parallel-parallel and parallel-

perpendicular, respectively). 

Least-squares fitting was performed using the Levenberg-Marquardt method278 to 

estimate the relevant times and their fractions by minimizing the reduced chi-squared 

defined as: 

 
𝜒red.
2 =

1

𝑁data − 𝑁param
∑

(𝐹model
(𝑘)

− 𝐹exp
(𝑘)
)
2

𝐹exp
(𝑘)

𝑁𝑑𝑎𝑡𝑎

𝑘=1

, 
(3.12) 

where 𝐹exp
(𝑘)  and 𝐹model

(𝑘)  are the intensities of the measured and model decay in TCSPC 

bin 𝑘, and 𝑁data and 𝑁param are the number of bins in the TCSPC histogram and the 

number of fit parameters, respectively. The measurement uncertainty (i.e., the weights in 

the numerator) are approximated as 𝜎𝑘2 = 𝐹𝑒𝑥𝑝
(𝑘)
  based on the Poisson statistics of photon 

counting. Details of further corrections applied are given in Chapter 7. 
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Absorption and emission spectral measurements: Absorption spectra were measured 

with a UV-Vis spectrometer (Cary 4000, Agilent Technologies) and fluorescence spectra 

with a fluorescence spectrometer (FluroMax-4, Horiba Scientific) at room temperature in 

measurement buffer. For absorbance measurements, the optical density was kept below 

0.01 to avoid inner filter effects. To exclude polarization effects, the fluorescence was 

collected at a 90° angle with the emission polarizer set to the magic angle (54.7°). For 

emission spectra of Alexa488 labels, the samples were excited at 460 nm and for the Cy5 

labels at 614 nm to record the complete spectra. In a second step, the Cy5 dye was 

excited closer to the maximum at 635 nm to rule out effects due to excitation wavelength 

dependencies. Comparison of both spectra after normalization yielded exact overlap in 

all cases. 

Dynamic fluorescence quantum yield (𝐅,𝐝𝐲𝐧). In the absence of any static quenching 

process, the species-weighted average fluorescence lifetime 𝜏𝑥 of a dye is proportional 

to its fluorescence quantum yield. Since this estimator of the quantum yield only accounts 

for dynamic quenching, we call it the dynamic fluorescence quantum yield (F,dyn) defined 

by: 

 F,dyn = F,ref ∙
𝜏𝑥 

𝜏𝑥,ref
, (3.13) 

where ΦF,ref and 𝜏𝑥,ref are the fluorescence quantum yield and species-averaged 

fluorescence lifetimes of a reference sample with known quantum yield. For Alexa488, 

reference values of 𝑥= 4.05 ns and F,ref = 0.964 were used. For Cy5, 𝑥 = 0.95 ns 

and F,ref = 0.30 were used. Reference quantum yields were determined as described 

below. 

Determination of the steady-state fluorescence quantum yield (𝐅). Two different 

approaches were used to determine the steady-state quantum yield. 

(1) Conventional method based on the fluorescence intensity: 

These measurements were performed according to reference 279 by comparing the 

emission of the sample with a spectrally similar standard reference dye. The steady-state 

quantum yield is determined from: 
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F = F,ref ∙

𝐹s 

𝐹ref
∙
𝐴ref 

𝐴s
∙ [
𝑛s
𝑛ref

]
2

, 
(3.14) 

where 𝛷𝐹 and 𝛷𝐹,𝑟𝑒𝑓 are the steady state fluorescence quantum yields of the sample and 

reference, 𝐹 is the integrated intensity of the fluorescence emission spectra; 𝐴 is the 

measured absorbance at the excitation wavelength, 𝑛 is the refractive index of the 

solution of measurement and the subscripts s and ref refer to the sample and reference, 

respectively. Practically, the emission and absorption spectra were measured thrice at 

three different analyte concentrations and the slope 𝑚 of the plot between integrated 

fluorescence intensity and absorbance used to determine the fluorescence quantum yield 

as: 

 
𝐹 = 𝐹,ref ∙

𝑚s 

𝑚ref
∙ [
𝑛𝑠
𝑛ref

]
2

, 
(3.15) 

For the emission spectra of Alexa488 and Cy5 labels, the samples were excited at 460 

nm and 590 nm, respectively. The reference dyes were either free Cy5 (𝐹=0.30) or 

Alexa488 (𝐹=0.964). The fluorescence quantum yields of free Cy5 was calibrated 

against Rhodamine 700 in ethanol with a 𝐹,ref= 0.38 280 and that of free Alexa488 was 

calibrated against Rhodamine 110 with a 𝐹,𝑟𝑒𝑓 = 0.94 (measured versus Rh6G in EtOH 

and Fluorescein in NaOH 279. Details of corrections applied are given in Chapter 7. 

(2) Fluorescence quantum yield measurements by low-intensity FCS (liFCS) method:  

For the Alexa488 dyes, we additionally determined the quantum yield using the low-

intensity FCS (liFCS) method237. In this approach, the molecular brightness is measured 

by FCS at low excitation intensities (in the range from 0.5-2 kW/cm2) and the slope 𝑚 of 

the molecular brightness plotted against the excitation intensity is determined. The 

molecular brightness (MB) is defined by: 

 
𝑀𝐵 =

〈𝐼〉

𝑁total
, 

(3.16) 

where 〈𝐼〉 is the average count rate and 𝑁total is the particle number estimated from the 

FCS curve (see eq. 3.19). Analogous to eq. 3.14, the steady-state quantum yield is 

determined by comparison to a reference measured under identical conditions: 
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𝐹 = 𝐹,ref ∙

g𝑅 

g𝑠
∙
𝜀ref
𝜆ex  

𝜀s
𝜆ex
∙
𝑚s 

𝑚ref
, 

(3.17) 

where 𝜀𝜆ex is the extinction coefficient at the excitation wavelength 𝜆ex, 𝑔 is the fraction 

of the signal that is detected (detection efficiency of the setup), and the subscripts s and 

ref refer to the sample and reference dyes, respectively. Free Alexa488 dye was used as 

a reference with 𝐹,ref = 0.964. 

Fraction of statically quenched species. From the steady state fluorescence quantum 

yield 𝐹, which accounts for both static and dynamic quenching, and the dynamic 

fluorescence quantum yield 𝐹,dyn, which is only sensitive to dynamic quenching, we 

calculate the fraction of statically quenched species as: 

 
𝑓static = 1 −

𝐹

𝐹,dyn
 

(3.18) 

FCS measurements of Alexa488 labels. FCS experiments of Alexa488 labels were 

performed on a custom-built confocal microscope. The fluorescent molecules were 

excited by a diode laser (Cobolt 06-MLD, Germany) at 488 nm in continuous wave mode. 

The laser was focused into the sample by a water-immersion objective lens (UPLAPO 60 

NA = 1.2, Olympus, Hamburg, Germany). The fluorescence was collected by the same 

objective and separated from the excitation by a dichroic beam splitter (488/636 PC, AHF, 

Tübingen, Germany). In the emission path, a polarizing beam splitter (VISHTII, Gsänger) 

was used to split the beam into two polarizations (parallel and perpendicular to the 

polarization of the excitation laser light) to eliminate dead time and after-pulsing artefacts 

in the correlation functions. Fluorescence signals were passed through bandpass filters 

(HQ 533/467, Germany) and registered on avalanche photodiode detectors (APD, SPCM-

AQR-14, Perkin-Elmer). Cross-correlation functions of the parallel and perpendicular 

signals were computed using a homebuilt hardware correlator 281. For the FCS measured 

at low excitation intensities, the average of parallel-perpendicular and perpendicular-

parallel correlations were fitted to the 3D diffusion model 21,282: 
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𝐺(𝑡𝑐) = offset +

1

𝑁total
⋅ 𝐺diff(𝑡𝑐), (3.19) 

where 𝑁total refers to the total number of molecules. The diffusional part of the correlation 

function, 𝐺diff(𝑡𝑐), is given by: 

 
𝐺diff(𝑡𝑐) =

1

1 +
𝑡

𝑡𝑑𝑖𝑓𝑓

⋅
1

√
1 +

𝑡

(
𝑧0
𝜔0
)
2
⋅ 𝑡𝑑𝑖𝑓𝑓

,
 (3.20) 

 where 𝑡𝑑𝑖𝑓𝑓 is the diffusion time and 𝜔0 and z0 are the 1/e2 radii of the 3D Gaussian 

shaped observation volume in the lateral and in axial dimension, respectively (typically, 

𝑧0 𝜔0⁄  = 3-6 for our setup). The curves were fitted over a range from 576 ns to 18 ms to 

exclude contributions from fast quenching dynamics on the nanosecond timescale and 

therefore no triplet states were detected. 

The FCS measurements to investigate the static quenching of Alexa488 labels were 

performed at a higher power density of 15.3 kW/cm2 to increase the signal-to-noise ratio 

of the FCS curves. The average of parallel-perpendicular and perpendicular-parallel 

correlation curves were fitted in the range from 4 ns to 100 ms with a 3D diffusion model 

and two bunching components at 3-5 µs and 45-130 ns that are assigned to triplet state 

formation and quenching dynamics, respectively: 

𝐺(𝑡𝑐) = offset +
1

𝑁bright
⋅ 𝐺diff(𝑡𝑐) ⋅ (1 − 𝐴𝑇 + 𝐴𝑇 ⋅ 𝑒

−
𝑥
𝑡𝑇 − 𝐴𝑄 + 𝐴𝑄 ∙ 𝑒

−
𝑥
𝑡𝑄), 

(3.21) 

where 𝑡𝑇 and 𝐴𝑇 are the time and fraction, respectively, of the molecules in the triplet 

state and 𝑡𝑄 and 𝐴𝑄 the corresponding quantities for statically quenched molecules, and 

the fraction of bright molecules is given by: 

𝑁bright = 𝑁total ∙ (1 − 𝐴𝑇 − 𝐴𝑄). (3.22) 

For the polarization-resolved FCS measurements of Alexa488 labels, the FCS curves 

were fit to the following model function: 
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𝐺(𝑡𝑐) = offset +
1

𝑁bright
⋅ 𝐺diff(𝑡𝑐)

⋅ (1 − 𝐴𝑇 + 𝐴𝑇 ⋅ 𝑒
−
𝑥
𝑡𝑇 − 𝐴𝑄 + 𝐴𝑄 ∙ 𝑒

−
𝑥
𝑡𝑄 − 𝐴𝐴𝑏 ∙ 𝑒

−
𝑡
𝑡𝐴𝑏) ∙ 𝐺rot

spher
(𝑡𝑐), 

(3.23) 

Photon antibunching is additionally accounted for by the photon anti bunching time 

𝑡𝐴𝑏 with amplitude 𝐴𝐴𝑏. The last term in eq. 3.23 is given by the rotational autocorrelation 

function of a spherical rotor262: 

𝐺rot
spher

(𝑡𝑐) = 1 + 𝐴𝑅 (
1

1 + 𝐶
∙ 𝑒
−
𝑡
𝑡𝑅1 +

𝐶

1 + 𝐶
∙ 𝑒
−
𝑡
𝑡𝑅2), (3.24) 

which contains two exponential terms with depolarization times 𝑡𝑅1and 𝑡𝑅2 with 𝑡𝑅2
𝑡𝑅1
= 0.3, 

and amplitudes 𝐴𝑅1 =
𝑅

1+𝐶
 and 𝐴𝑅2 =

𝑅∙𝐶

1+𝐶
 w, with 𝐶 = 0.0889 for parallel-parallel correlation.  

FCS measurements of Cy5 labels. For the Cy5 labels, polarization-resolved full FCS 

(pFCS) was performed on a confocal laser scanning microscope (FV1000, Olympus, 

Germany) equipped with a single photon counting module with picosecond time-

resolution (counting electronics: HydraHarp400, PicoQuant, Berlin, Germany) at 20 ± 

1°C. Fluorescent molecules were excited by a diode laser (Olympus) operated in 

continuous wave mode with a wavelength of λ = 635 nm. The detected signal passed the 

dichroic beam splitters (630 DCXR, Chroma, Vermont, USA) and was split into parallel 

and perpendicular polarized components by a polarizing beam splitter (PBS 101, 

Thorlabs, New Jersey, USA) and detected on MPD detectors (PDM-R by Micro Photon 

Devices, Bolzano, Italy) after passing a band pass filter (HQ 715/120, AHF). 

To investigate the photoisomerization of Cy5 labels under different environments, pFCS 

measurements were performed at power densities of 13, 26, 52 and 78 kW/cm2. The 

average of parallel-perpendicular and perpendicular-parallel correlation curves were fitted 

to a model function 𝐺(𝑡𝑐) that accounts for translational diffusion in a 3D-Gaussian volume 

(diffusion time 𝑡𝑑𝑖𝑓𝑓), rotational diffusion (depolarization time 𝑡𝑅 and amplitude 𝐴𝑅), photon 

antibunching (time 𝑡𝐴𝑏 and amplitude 𝐴𝐴𝑏) and two bunching terms that are assigned to 

the cis-trans isomerization process (relaxation times 𝑡𝐼𝑆𝑂1, 𝑡𝐼𝑆𝑂2and amplitudes 𝐴𝐼𝑆𝑂1, 

𝐴𝐼𝑆𝑂2): 
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𝐺(𝑡𝑐) = offset +
1

𝑁bright
⋅ 𝐺diff(𝑡𝑐) ⋅ (1 − 𝐴𝐼𝑆𝑂1 + 𝐴𝐼𝑆𝑂1 ⋅ 𝑒

−
𝑡

𝑡𝐼𝑆𝑂1 − 𝐴𝐼𝑆𝑂2 + 𝐴𝐼𝑆𝑂2 ∙

𝑒
−

𝑡

𝑡𝐼𝑆𝑂2 − 𝐴𝐴𝑏 ∙ 𝑒
−

𝑡

𝑡𝐴𝑏) ∙ (1 + 𝐴𝑅 ∙ 𝑒
−
𝑡

𝑡𝑅).  

(3.25) 

Here, 𝑁bright is the effective number of molecules in the bright state, given by: 

𝑁bright = 𝑁total ∙ (1 − 𝐴𝐼𝑆𝑂1 − 𝐴𝐼𝑆𝑂2). (3.26) 

Since here we focus on the cis-trans photoisomerization, we use a simplified expression 

for the rotational contribution compared to eq. 3.23. Due to the large size of the pinhole 

used (200 µm), the detectors observe almost all molecules in the Gaussian shaped 

excitation volume. The fit uses two bunching terms 𝐴𝐼𝑆𝑂1 and 𝐴𝐼𝑆𝑂2 to describe the 

molecules in various excitation states in the cis-trans isomerization process. The sum of 

their amplitudes, 𝐴𝐼𝑆𝑂 = 𝐴𝐼𝑆𝑂1 + 𝐴𝐼𝑆𝑂2, yields the total fraction of molecules in the non-

fluorescent cis state. Due to the distribution of excitation powers, the relaxation times are 

also distributed. The average cis-trans relaxation time 𝑡𝐼𝑆𝑂 is obtained as the amplitude 

weighted average of the two fitted times, 𝑡𝐼𝑆𝑂 = 𝐴𝐼𝑆𝑂1 ∙ 𝑡𝐼𝑆𝑂1 + 𝐴𝐼𝑆𝑂2 ∙ 𝑡𝐼𝑆𝑂2. We do not 

assign any of the fitted bunching terms to the triplet state because 1) we do not observe 

a bunching term with a power-dependent amplitude in the microsecond range and 2) 

previous studies showed that a significant triplet state population of Cy5 is observed only 

at excitation intensities above 50 kW/cm2 at 647 nm excitation wavelength141. 

The excitation-dependent apparent trans-to-cis isomerization rate, 𝑘𝐼𝑆𝑂′ , and the cis-to-

trans back isomerization, 𝑘𝐵𝐼𝑆𝑂′ , can be calculated from the amplitude, 𝐴𝐼𝑆𝑂 = 𝑘𝐼𝑆𝑂′ 𝑘𝐵𝐼𝑆𝑂
′⁄ , 

and the relaxation time, 1  𝑡𝐼𝑆𝑂⁄ = 𝑘𝐼𝑆𝑂
′ + 𝑘𝐵𝐼𝑆𝑂

′ , as141: 

𝑘𝐼𝑆𝑂
′ =

𝐴𝐼𝑆𝑂
1 + 𝐴𝐼𝑆𝑂

∙
1 

𝑡𝐼𝑆𝑂
 and 

𝑘𝐵𝐼𝑆𝑂
′ =

𝑘𝐼𝑆𝑂
𝐴𝐼𝑆𝑂

. (3.27) 

The excitation-independent trans-to-cis isomerization rate constant 𝑘𝐼𝑆𝑂 is related to 𝑘𝐼𝑆𝑂′  

by: 
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𝑘𝐼𝑆𝑂 =

𝑘10 + 𝑘01
𝑘01

𝑘𝐼𝑆𝑂
′ , (3.28) 

where 𝑘10 is the fluorescence decay rate constant estimated as 𝑘10 = 1 𝜏𝑥⁄ , and 𝑘01 is 

the excitation rate constant. The excitation rate constant is given by 𝑘01 = 𝜎01𝛾𝑃𝐼 where 

𝜎01 is the absorption cross section, 𝛾𝑃 is the inverse photon energy and 𝐼 is the excitation 

power. 

Analysis of polarized-FCS measurements. For the measurement of rotational motions, 

pFCS measurements were performed at a power density of 11 kW/cm2. The pFCS curves 

were fitted to the following model function: 

𝐺(𝑡𝑐) = offset +
1

𝑁bright
𝐺diff(𝑡𝑐) 𝐺𝐴𝑏,𝐼𝑆𝑂(𝑡𝑐) 𝐺rot(𝑡𝑐), (3.29) 

where 𝐺diff(𝑡𝑐) is the translational diffusion correlation factor defined by eq. 3.20. 

𝐺𝐴𝑏,𝐼𝑆𝑂(𝑡𝑐) is the factor accounting antibunching and photoisomerization: 

𝐺AB,ISO(𝑡𝑐) = 1 − 𝐴𝐼𝑆𝑂1 + 𝐴𝐼𝑆𝑂1 ⋅ 𝑒
−

𝑡

𝑡𝐼𝑆𝑂1 − 𝐴𝐼𝑆𝑂2 + 𝐴𝐼𝑆𝑂2 ∙ 𝑒
−

𝑡

𝑡𝐼𝑆𝑂2 − 𝐴𝐴𝑏 ∙ 𝑒
−

𝑡

𝑡𝐴𝑏 , (3.30) 

and 𝐺rot(𝑡𝑐) is the rotational contribution to the correlation function as given in eq. 3.24, 

with C=-0.519 for parallel-perpendicular correlation. This takes the general form: 

𝐺rot(𝑡𝑐) = 1 + 𝑓𝑅 𝑅𝑝 (𝑥𝑝 𝑔
(2)(𝑡𝑐; 𝑓𝜏 𝑫𝐫𝐨𝐭, 𝝁) + (1 − 𝑥𝑝) 𝑔

(4)(𝑡𝑐; 𝑓𝜏 𝑫𝐫𝐨𝐭, 𝝁)). (3.31) 

Here, the amplitudes 𝑅𝑝 and 𝑥𝑝 depend only on the choice of the excitation and emission 

polarizers, designated by the index 𝑝. The multiexponential functions 𝑔(2) and 𝑔(4) depend 

only on the diffusion tensor of the rigid rotating molecule, 𝑫𝐫𝐨𝐭 = (𝐷𝑥, 𝐷𝑦 , 𝐷𝑧), and the 

orientation of the transition dipole moment of the dye, 𝝁 = (𝜇𝑥, 𝜇𝑦, 𝜇𝑧). To fit the 

experimental data using the theoretically predicted diffusion tensor, two scaling 

parameters were introduced to scale the common amplitude of time-dependent part of 

correlation (𝑓𝑅), and the diffusion tensor (𝑓𝜏), which consequently scales the 

depolarization correlation times. These theoretical calculations were performed by Dr. 

Oleg Opanasyuk. 
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The rotational contribution as given in eq. 3.31 is derived using the solution of the 

Smoluchovski diffusion equation by the matrix method proposed by Kalmykov283. For the 

derivation, it is assumed that the excited state lifetime is significantly shorter than the 

rotational diffusion time (i.e., 6𝐷rot𝜏 ≪ 1). This allows the rotational contribution to the 

correlation function to be factored out and makes the correlation functions for the polarizer 

settings 𝑝 = (∥∥, ∥⊥) and (∥⊥, ∥∥) indistinguishable. Here, (∥∥, ∥⊥) denotes that the signal 

detected in the parallel channel is correlated with the signal detected in the perpendicular 

channel, whereby both signals are obtained after excitation by parallel polarized light. A 

detailed derivation is presented in Supplementary Note 3.3. The theoretical values for the 

amplitudes 𝑅𝑝  and 𝑥𝑝 for common experimental polarizers setups are presented in the 

Supplementary Table 3.16 and 3.17. 

The experimental polarization-resolved FCS curves for the two polarizer settings 𝑝 =

(∥∥, ∥⊥) and (∥⊥, ∥∥)  were first averaged and then fitted to three different model functions 

for the rotational contribution in the form of eq. 3.31, assuming 1) isotropic rotation (𝐷𝑥 =

𝐷𝑦 = 𝐷𝑧 = 𝐷, spherical model), 2) rotation according to the expected diffusion tensor 

estimated from the molecular structure (scaled model), and 3) isotropic rotation described 

by prolate diffusion tensor (𝐷𝑥 = 𝐷𝑦 = 𝐷𝑥𝑦 < 𝐷𝑧, prolate model), where the amplitude 

scaling factor 𝑓𝑅 was fixed to the value obtained for the scaled model. The position of the 

transition moment 𝜇 was estimated based on the end-stacked conformation of Cy5 

obtained from the MD simulations. The expected diffusion tensor was estimated using the 

HYDROPRO program259 using the molecular structures of duplex,3,4-way RNA junctions. 

Note that for the spherical model, the functions 𝑔(2) and 𝑔(4) in eq. 3.31 reduce to mono-

exponential decays with rate constants 6𝑓𝜏𝐷rot and 20𝑓𝜏𝐷rot and hence do not depend on 

the orientation of transition dipole moment (see eq. 3.24). 

For the fitting, the weights for data points in the diffusion range above 1 ms were 

suppressed by a factor of 20 to prioritize the fitting of the rotational contribution For the 

prolate model, we additionally define the excess mobility around the helical z-axis 

compared to the HYDROPRO model, Δ𝐷𝑧, by: 

Δ𝐷𝑧 = 𝐷𝑧(fit) − 𝑓𝜏𝐷𝑧(pred), (3.32) 
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where 𝐷𝑧(fit) and 𝐷𝑧(pred) are the fitted and predicted values for 𝐷𝑧. For the prolate 

model, the scaling factor 𝑓𝜏 is computed from the fitted and predicted average values of 

the x- and y-components of the diffusion tensor, 𝐷𝑥𝑦, as: 

𝑓𝜏 =
𝐷𝑥𝑦(fit)

𝐷𝑥𝑦(pred)
. (3.33) 

Computation of Förster radii. The Förster radius 𝑅0 is the characteristic distance for a 

given dye pair at which the FRET efficiency is 50%: 

𝑅0 = 0.2108 √(
Φ𝐹,𝐷𝜅

2

𝑛4
) 𝐽.

6

 (3.34) 

It depends on the donor fluorescence quantum yield Φ𝐹,𝐷, the orientation factor 𝜅2 and 

the refractive index of the surrounding medium, 𝑛, and the spectral overlap between the 

donor emission spectrum and acceptor absorption spectrum, quantified by the spectral 

overlap integral J: 

𝐽 = ∫ F̅𝐷(𝜆)
∞

0

𝜀𝐴(𝜆)𝜆
4d𝜆, (3.35) 

where F̅𝐷 is the normalized emission spectrum donor [nm-1] and 𝜀𝐴(𝜆) is the extinction 

coefficient of acceptor [M-1 cm-1] at wavelength 𝜆. The reduced Förster radius (𝑅0𝑟) is 

defined analogous to eq. 3.34 by omitting the contribution of Φ𝐹,𝐷: 

𝑅0𝑟 = 0.2108 √(
𝜅2

𝑛4
) 𝐽

6

 (3.36) 

Peulen et al. additionally introduced the reduced spectral Förster radius which combines 

only the contributions of 𝑛 and 𝐽 as: 

𝑅0𝐽 = 0.2108 √(
𝐽

𝑛4
)

6

, (3.37) 

which can usually be assumed to be constant over different labeling positions for a given 

dye pair.270 
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Computational methods 

AV calculations. AV calculations were performed using the single-radius AV model 

which approximates the dye as a sphere with radius Rdye, tethered to the biomolecule by 

a flexible linker of length Llink with width wlink 103. The linker length Llink was estimated from 

the fully extended conformation of the linker using the CambridgeSoft Chem3D software. 

The AV parameters were as follows: for Alexa488 coupled to uracil, Llink = 20.0 Å; for Cy5 

coupled to uracil, Llink = 22.0 Å and for Cy5 coupled to guanine, Llink = 19.5 Å. In all cases, 

wlink = 2.5 A and Rdye = 4A. The attachment point for the labels was the C5 atom of uracil 

or the N2 atom of guanine. Terminal base accessibilities was calculated as the fraction of 

the AV within 7 Å of the terminal base pair for Cy5, or the terminal guanine for Alexa488. 

The geometric modeling was performed using the software Olga267 

(https://github.com/Fluorescence-Tools/Olga). 

The structure for the double-stranded RNA used for the AV simulations was generated 

using Nucleic Acid Builder from the AmberTools suite of programs257. The model 

duplexes used for predictions are 32 base pair long and consist of either all U-A or all G-

C as internal base pairs, while the terminal bases are either G or C. For the extensively 

studied model duplex 5’C/3’G, the terminal bases at the 5’-ends are cytosines, and 3’-ends 

are guanines. For the model duplex 5’G/3’C (see inset in Supplementary Fig. 3.20), the 

terminal bases are guanines at the 5’-ends and cytosines at the 3’-ends. 

Structural models of the RNA three-way and four-way junctions 

Structural models for the RNA three-way256,264 and four-way264 junctions were established 

using the FRET-restrained structural modeling approach as described previously242. 

Briefly, 50 donor-acceptor FRET pairs on the 4WJ and 42-45 FRET pairs on each of the 

four 3WJs were measured and their FRET-averaged distances and corresponding errors 

computed. Computational structural modeling, including MD and coarse-grained 

simulations, were employed to construct the full atom 3D structural models of RNA with 

precision of ~2 Å. To demonstrate that the inferred structure satisfies the experimental 

data, statistical analysis, employing the goodness of fit parameter and the RMSD to 

differentiate between the clusters of solutions, were conducted. For the 4WJ, additional 

coexisting minor populations were revealed264, however their distance uncertainties were 

https://github.com/Fluorescence-Tools/Olga
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significantly larger than for the major conformer. In this study, the major conformer has 

thus been exclusively adopted as the 4WJ structure. 

MD simulations. (Work performed by Dr. Christian Hanke) All simulation were performed 

using the ff99OL3 force field, which contains modifications to the ff99 force field284 by 

Perez et al. 285 and Zgarbova et al. 286. For simulations of the unlabeled RNA duplex, Mg2+ 

ions corresponding to a concentration of ~20 mM were placed within the first hydration 

shell of the RNA duplex following a protocol described earlier287 in order to ensure initial 

hexahydration of the Mg2+ ions. Subsequently, the system was placed in an octahedral 

box of TIP4PEW 288 water molecules such that the minimal distance between the RNA 

and the edge of the system was at least 11 Å. In addition to the Mg2+ ions, K+ and and Cl- 

ions were added to achieve a concentration of ~80 mM and to neutralize the system. For 

Mg2+ ions, the parameters by Li & Merz289 were used, while for the monovalent ions, the 

parameters by Joung and Cheatham were used290. 

For the simulations with the explicit dyes Alexa488 and Cy5 attached to the dsRNA, the 

respective base of the labeling position was replaced by a modified uracil base with the 

attached linker and dye molecule. Parameters for the modified base, linker, and dyes are 

from described in Spiegel et al.291 The modified RNA was placed in a rectangular water 

box of TIP4PEW water molecules288 such that the minimal distance between RNA-dye 

system, and the edge of the system was at least 11 Å. The system was neutralized with 

Na+ ions using the parameters by Joung and Cheatham290. Positional restraints of 1 kcal 

mol-1 Å-2 were applied to the phosphorus atoms of the RNA throughout these simulations, 

as we were only interested in the movement of the dye with respect to the RNA. 

Prior to the simulation, the system was thermalized adapting procedures described 

earlier287. In brief, each system was minimized by 500 steps of steepest decent 

minimization, followed by 2000 steps of conjugate gradient minimization. In the 

simulations, the particle mesh Ewald method 292 was used to treat long-range electrostatic 

interactions, and bond lengths involving hydrogen atoms were constrained using the 

SHAKE algorithm 293. During the next steps, harmonic force restraints with force 

constants of 5 kcal mol-1 Å-2 were applied to all solute atoms, and if present, to the Mg2+ 

ions and their first hydration shell water molecules. We carried out canonical ensemble 
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(NVT) MD simulations for 100 ps, during which the system was heated from 100 to 300 

K. Subsequently, isothermal isobaric ensemble NPT simulations were run for 300 ps to 

adjust the solvent density. Finally, the force constants of the harmonic restraints were 

gradually reduced to 1 kcal mol-1 Å-2 during 100 ps of NVT-MD simulations. This 

thermalization process was performed with different initial velocities for each repetition of 

the simulations. 

In case of the unrestrained simulations of the RNA duplex only, all restraints were 

subsequently removed, while for the simulations with the dyes, positional restraints on 

the phosphorus atoms of the RNA were kept. Subsequently, NVT-MD simulations with a 

time step of 4 fs were performed using the GPU version of pmemd294-296 from the 

Amber18 suite of programs257. 

For the unrestrained RNA duplex, we performed five independent simulations of 300 ns 

length each. We performed simulations for Alexa488 attached to position b5, b11, and 

b33, and for Cy5 attached to position b27 and b33. For each of these positions, five 

independent simulations of 8000 ns length each were performed. Conformations were 

extracted every 20 ps. 

Cluster analysis of MD simulations (Performed by Dr. Oleg Opanasyuk) 

The dye position and transition dipole moments (TDM) were defined based on the atom 

coordinates as shown in Supplementary Fig. 3.22. For Alexa488, the TDM is defined 

along the long axis of the central xanthylium unit using the middle points of the outermost 

pairs of C atoms. For Cy5, the two terminal C atoms of the polymethine chain are used. 

The central position of the TDM was taken as the middle point of these vectors.  

Agglomerative hierarchical clustering using centroid linkage was performed based on the 

central coordinates of the dye using the fastcluster library 

(https://github.com/cran/fastcluster). The hierarchy of clusters was established using the 

fcluster method of the SciPy package297 using a maximum number of clusters of 70. 

Clusters were sorted according to their population weight. Any cluster with more than 1% 

contribution was classified as an interacting state, while all other clusters were assigned 

to diffusive states of the dye. Interacting states in close spatial proximity were manually 

combined. For the Cy5 label at position b27, the cluster assignment was performed 

https://github.com/cran/fastcluster
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manually to improve the resolution of closely spaced conformations as described in 

Supplementary Fig. 3.34. 

For each identified cluster, the mean of the position of the TDMs was calculated as the 

average of the coordinates, 〈𝒓〉 = (〈𝑥〉, 〈𝑦〉, 〈𝑧〉). The variance of the TDM position was 

calculated using the eigen-value decomposition. First, the direct product of the 

coordinates was calculated for each position: 

𝒓⊗ 𝒓 = (

𝑥𝑥 𝑦𝑥 𝑧𝑥
𝑥𝑦 𝑦𝑦 𝑧𝑦
𝑥𝑧 𝑦𝑧 𝑧𝑧

) . (3.38) 

Then, the variance-covariance matrix (𝚺) was calculated as the average of the direct 

product of the coordinates: 

𝚺 = 〈𝒓⊗ 𝒓〉 = ⟨(

𝑥𝑥 𝑦𝑥 𝑧𝑥
𝑥𝑦 𝑦𝑦 𝑧𝑦
𝑥𝑧 𝑦𝑧 𝑧𝑧

)⟩ , (3.39) 

The eigen-values 𝜆𝑖 of 𝚺 are the principal variances of the positional distribution, 𝜎𝑖2 = 𝜆𝑖 

for 𝑖 = {𝑥, 𝑦, 𝑧}. The square roots of the variances, i.e., the standard deviations 𝜎𝑖, define 

the width of the positional distribution along the eigen-vectors 𝒗𝑖 which define the principal 

axes of the variance ellipsoid. 

For the calculation of average TDM orientations, the TDM vector 𝒎 was first normalized: 

𝝁 =
𝒎

|𝒎|
, (3.40) 

where |𝑚| is the norm of the TDM vector. For the averaging of vector orientations, it is 

important to account for the bidirectionality of the TDM. This is done by including the 

inverse of each TDM to set of TDM 𝝁𝑖 before averaging: 

{𝝁1, 𝝁2, 𝝁1, … } → {𝝁1, 𝝁2, 𝝁1, … , −𝝁1, −𝝁2, −𝝁1, … }. (3.41) 

Then, the averaging of the normalized TDM is performed as described for the position 

vector 𝒓 above. As for the position vector, the eigen-values define the directional 

variances along the eigen-vectors. The normalized eigen vectors for TDM orientation 

represent the rotation matrix 𝑅𝜎 that transforms a TDM vector from the coordinate frame 

of the PDB atomic coordinates to the eigen-frame of the orientational 𝚺 matrix. 
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Supplementary Figure 3.3: Detailed plot of the species-weighted average fluorescence 
lifetime 〈𝜏〉𝑥 and residual anisotropies 𝑟∞ of Cy5 labels, including all label names. Positions of 
the studied labels within the RNA 4WJ parent structure are shown in the inset. 
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Supplementary Figure 3.4: Comparison of the dynamic (F,dyn) and steady-state (F) quantum 
yields of representative Cy5 labels for the four clusters of Cy5 labels identified in Fig. 3.2A of 
the main text. No large differences are observed between the two estimates of the fluorescence 
quantum yield, indicating that there is no static quenching occurring for the Cy5 labels. 
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Supplementary Figure 3.6: Chemical structure of the terminally attached Cy5 fluorophore 

used as a control for end stacking. The Cy5 label is non-sulfonated and attached to the 5’ 

terminal phosphate of the RNA duplex with a three-carbon linker This design is similar to the 

labeling approach used in 91,92 where stable end stacking was shown by 2D NMR and X-ray 

crystallography studies. 

 

 

Supplementary Figure 3.7: Fluorescence correlation curves of free Cy5 dye measured at 

different power densities of 13, 26 and 52 kW/cm2. The FCS curves were measured using 

polarized excitation and detection. Shown are the average curves of the parallel-perpendicular 

and perpendicular-parallel correlation functions, normalized to the total number of molecules 

Ntotal. The model correlation functions for translational diffusion only (dotted orange line) and 

translational diffusion with cis-trans photoisomerization (solid orange line) are calculated based 
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on the parameters estimated for the FCS curve obtained at a power density of 26 kW/cm2 using 

the model given by eq. 3.25. The vertical green lines indicate the fitted relaxation times for 

translational diffusion (tdiff) and cis-trans photoisomerization (tISO) for the FCS curve at 

26 kW/cm2. The corresponding FCS curves for the Cy5 labels on RNA at different excitation 

are shown in Fig. 3.2D of the main text. The fitted parameters are given in Supplementary Table 

3.3. 

 

  

 

Supplementary Figure 3.8: Comparison of the cis-trans isomerization amplitudes and 

relaxation times for representative Cy5 labels. The given amplitude is the sum of the amplitudes 

of the two terms assigned to the cis-trans isomerization process, AISO1 and AISO2, and the 

isomerization relaxation time is taken as the amplitude weighted average relaxation time of the 

two components. The relaxation times are more sensitive to the local environment than the 

corresponding amplitudes. The isomerization is found to be slower for the end label b33(I2) and 

the near-junction label a12(T1) compared to the free dye and the internal labels. 
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Supplementary Figure 3.9: Detailed plot of the species-weighted average fluorescence lifetime 

〈𝜏〉𝑥 and residual anisotropies 𝑟∞ of Alexa488 labels, including all label names. Positions of the 

studied labels within the RNA 4WJ parent structure are shown in the inset. 
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Supplementary Figure 3.10: FCS curves of Alexa488 labels measured at a power density 

of 15 kW/cm2 with respective fits to the model given by eq. 3.21 (solid lines). The FCS curves 

were measured using polarized excitation and detection. Shown are average curves of the 

parallel-perpendicular and perpendicular-parallel correlation functions, normalized to the total 

number of molecules Ntotal. This figure includes additional curves to those in Fig. 3.3D of the 

main text. All near 3’-end labels (magenta) show a significant bunching term in the 40-60 ns 

range with a fraction of 30-50%, which is assigned to the static quenching process (see 

Supplementary Fig. 3.11C). This bunching term is reduced for the almost near 5’-labels 

(orange) and internal labels (blue) to a fraction of 7-13%. The FCS curve of the free Alexa488 

dye is given for comparison. The fitted parameters are given in Supplementary Table 3.5. 
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Supplementary Figure 3.11: A) A comparison of the steady-state quantum yield, F, 

measured by the low-intensity FCS (liFCS) method and from the spectral emission shows 

that the liFCS provides quantum yield estimates that are consistent with the conventional 

method (see Supplementary Table 3.6). B) A plot of the fraction of statically quenched 

species, fstatic, calculated from the dynamic and steady-state fluorescence quantum yields 

using eq. 3.18, against the fraction of the shortest lifetime component, x3, in the ensemble 

lifetime measurements. The fraction of statically quenched species correlates well with the 

fraction of the shortest lifetime component (<300 ps) obtained from the ensemble fluorescent 
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lifetime measurements (Supplementary Table 3.4), indicating that the short lifetime 

component originates from static quenching. C) A plot of the fraction of statically quenched 

species fstatic against the amplitude of the bunching term of the FCS curves in the range of 50 

to 100 ns. The good correlation between the two quantities supports that the observed 

bunching originates from static quenching. 
 

 

 

Supplementary Figure 3.12: Comparison of absorption and excitation spectra of Alexa488 

labels (blue: internal labels, magenta: near 3’-end labels, orange: near 5’-end labels). The 

excitation spectra were recorded by scanning the excitation wavelength and monitoring the 

emission at 550 nm. For the labels near the 3’-end, a shift between the absorption and excitation 

spectra is detected that is absent for the internal, near 5’-end labels, and free dye control 

measurements. This is in support of the formation of stable - ground state complexes 

between the chromophore and terminal base pair.  
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Supplementary Figure 3.13: A plot of the absorption and emission spectra of the free dye 

and select Alexa488 labels from each cluster. All labels on the RNA consistently show a shift 

of the absorption maximum of ~2 nm compared to the free dye, while the near 3’-end labels 

show a significantly larger shift of ~5 nm, indicating the formation of a stable ground state 
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Supplementary Figure 3.16: The terminal base pair accessibility for Cy5 labels attached to 

uracil on model duplex I6 with a linker length of 22 Å, as determined for uracil labels (black 

line), and using a shortened linker of 19.5 Å length, corresponding to the linker length on 

guanine (magenta line). The shortening of the linker reduces the 3’-end accessibility by 

approximately one base pair. 

 

 

Supplementary Figure 3.17: A plot of the interaction volumes of Cy5 labels on the RNA 

duplex, estimated from AV simulations, against the measured residual anisotropies. Cy5 

labels attached to guanines (blue-gray) generally have larger interaction volumes compared 

to the uracil-attached internal labels (bright blue), resulting in a higher amount of dye-RNA 

interactions as reflected by the higher residual anisotropies for the G-attached Cy5 labels. 

For the Cy5 labels near the helix ends (magenta), dye-base stacking at the termini 

additionally contributes to the high residual anisotropies. The RNA-dye interaction volume is 

defined as the volume of the AV within 7 Å of the RNA. 
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Supplementary Figure 3.18: Electrostatic potential of the RNA surface. While the RNA 

surface is generally negatively charged, the minor groove is less negatively charged than the 

major groove. The major groove is lined with negatively charged phosphate groups, resulting 

in the strong negative charge. The minor groove, on the other hand, is lined with the 

uncharged hydroxyl groups of the sugar residue, thus exhibiting only a slight negative 

charge247. The electrostatic potential surface was computed using the APBS software 

package298 using standard parameters and visualized in PyMol. A Cy5 dye is manually placed 

into the groove for illustration purposes. The electrostatic potential surface was computed 

without considering the dye placement. 

 

Supplementary Figure 3.19: The terminal guanine accessibility for Alexa488 labels 

attached to guanine on model duplex I6 as function of the base pair distance from the 3’-end 

kbT/ec 

Minor groove 
 
 
 
 
 
 
Major groove 
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(black lines) and 5’-end (gray line). In accordance with the results obtained for Cy5 labels on 

guanine (Fig. 3.4A), no 3’ pointing effect is observed for guanine-attached labels. 

 

 

Supplementary Figure 3.20: A) The terminal guanine accessibility for Alexa488 labels 

attached to uracil on the model duplex 3’G/5’C as function of the base pair distance from the 

3’-end (black lines) and 5’-end (gray line). In the model duplex (5’G/3’C), the positions of the 

terminal guanine and cytosine base are switched compared to the construct used for the 

experiments (3’G/5’C). This results in a drastic increase of the accessibility of the terminal 

guanine. B) The terminal base pair accessibility for Cy5 labels attached to uracil on the 

5’G/3’C model duplex as function of the base pair distance from the 3’-end (black lines) and 

5’-end (gray line). No significant change of the terminal base pair accessibility is observed 

for duplex (5’G/3’C) compared to the duplex used in the experiments (3’G/5’C). 
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Supplementary Figure 3.21: Exemplary time traces of the root-mean-square deviation 

(RMSD) with respect to the initial position of the dyes during the MD simulations. A) Cy5 label 

attached to uracil at the internal position b27 and the end position b33. B) Alexa488 label 

attached at internal position b11, the near 3’-end position b33 and almost near 5’-end at b5. 

The RMSD was calculated for the O3 atom in the case of Alexa488 and the C19 atom in the 

case of Cy5.  
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red clusters interact primarily in the groove region. The terminal guanine is colored yellow. 
The b33 label shows prominent end-stacking dyes in defined orientations. The near 5’ label, 
b5, shows highly defined clusters originating from backbone or groove interactions. 

 

  

Supplementary Figure 3.24: Residual anisotropies of Alexa488 labels on duplexes as a 

function of base count from the 5’ (empty circles) and 3’ (filled circles) helix ends. Internal 

labels are shown in blue and labels near 5’-end are shown in orange. The labels near the 3’-

end undergo considerable static quenching and are therefore biased towards lower residual 

anisotropy because the interacting dyes contribute no photons to the fluorescence signal. 
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Supplementary Figure 3.25: A plot of the guanine proximal volume, estimated as the volume 

within the AV that is within 7 Å of any guanine, against the dynamic quantum yield, F,dyn (left), 

and the fraction of the statically quenched species, fstatic (right), reveals a correlation (Pearson’s 

correlation coefficient, r, given) for both quantities. A higher guanine proximal volume 

corresponds to a lower dynamic quantum yield and higher fraction of statically quenched dye. 

 

Supplementary Figure 3.26: Hydrogen bonds facilitate dye-RNA surface interactions. A) A 

plot of the free hydroxyl group surface accessibilities (defined here as the ratio of the volume 

of the AV cloud within 7Å of the free hydroxyl group to the duplex surface accessible within 
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7 Å) of Alexa488 labels on duplexes against their measured residual anisotropies. B) A 

snapshot from the MD simulations of Alexa488 at position b11, showing the formation of a 

hydrogen bond between a sulfo group of the dye and a hydroxyl group of a sugar residue. 

 

 

Supplementary Figure 3.27: Comparison of the residual anisotropies, r, obtained for Cy5 

(A) and Alexa488 (B) labels on the different three-way junction. The 3WJ T1 is compared 

against T2, T3 or T4. The diagonal line indicates a 1:1 correlation. No significant differences 

are observed between the different three-way junction molecules. The observed variation of 

0.01 is on the order of the experimental uncertainty. 

 

Supplementary Figure 3.28: A) Comparison of the residual anisotropies, r, of Alexa488 

labels on the four-way junction and the corresponding duplex. The diagonal line indicates a 
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1:1 correlation. Label b14 shows the largest deviation, potentially due to proximity to the 

junction as illustrated by the AV of the b14 label on the 4WJ (inset). The structure of the RNA 

four-way junction was obtained using 50 FRET pairs as described in 264. B) Comparison of 

the residual anisotropies, r, of Alexa488 labels on different three-way junction molecules 

and the corresponding duplex. The diagonal line indicates a 1:1 correlation. The inset shows 

the AV cloud of label c8 on the 3WJ T1. The structure of the RNA three-way junction was 

obtained using 42-45 FRET pairs as described in 264 and 256. The labeling sites are highlighted 

in yellow in the insets. 
 

 

Supplementary Figure 3.29: FCS curves of Cy5 labels at position a12 in the four-way junction 

molecule (4WJ), the three-way junction T1 and the corresponding duplex, I4. The FCS curves 

were measured at a power density of 11 kW/cm2 using polarized excitation and detection. 

Shown are parallel-perpendicular correlation functions, normalized to the total number of 

molecules N. The corresponding fits to the model given by eq. 3.25 are given as solid lines. 

The fitted parameters are listed in Supplementary Table 3.9. A clear difference is observed for 

the label close on the three-way junction T1, while the FCS curves for the four-way junction and 

duplex overlap. The longer relaxation time observed for the cis-trans photoisomerization on the 

three-way junction indicates that the dye experiences steric restriction due to interaction with 

the nearby junction.  
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Supplementary Figure 3.30: Polarization-resolved FCS curves of the non-sulfonated Cy5 

labels at the terminal position c1 on the four-way junction, the three-way junctions T3 and T4 

and the duplex I3. The FCS curves were measured at a power density of 11 kW/cm2 using 

polarized excitation and detection. Shown are the parallel-perpendicular correlation functions. 

FCS curves were fitted to the model given in eq. 3.29-30 with the generalized model function 

for a spherical rotor as given in eq. 3.29 and normalized to the total number of molecules Ntotal. 

Vertical lines indicate the fitted longest rotational diffusion times (tR1). The rotational 

depolarization of this label monitors predominantly the global tumbling motion of the RNA 

because the non-sulfonated terminal Cy5 prominently stacks to the terminal bases (compare 

Supplementary Fig. 3.6). The fitted parameters are given in Supplementary Table 3.11. 
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Supplementary Figure 3.31: Polarization-resolved FCS curves of Alexa488 labels at the 

internal position b11 on the four-way junction, the three-way junction T3 and the duplex I2 The 

FCS curves were measured at a power density of 17 kW/cm2 using polarized excitation and 

detection. Shown are the average of 2 parallel-parallel correlation functions. FCS curves were 

fitted to the generalized model function for a spherical rotor as given by eq. 3.23 and normalized 

to the total number of molecules Ntotal. Vertical lines indicate the fitted longest rotational diffusion 

times (tR1). The inset magnifies the region of the curve that is relevant for the rotational 

contribution. The rotational times and their corresponding amplitudes are given in 

Supplementary Table 3.12. 
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Supplementary Figure 3.32: Comparison of predicted and fitted rotational correlation terms 

for end-stacked Cy5 labels for the four-way junction (A), the three-way junctions T1 (B) and T3 

(C), and the duplex I2 (D). The parallel-perpendicular pFCS curves fitted to the model function 

for a spherical rotor as given in eq. 3.29. Shown is only the rotational correlation term, defined 

as 1 + 𝐴𝑅 (
1

1+𝐶
∙ 𝑒
−

𝑡

𝑡𝑅1 +
𝐶

1+𝐶
∙ 𝑒
−

𝑡

𝑡𝑅2) , where the two rotational terms are characterized by 

depolarization times 𝑡𝑅1 , 𝑡𝑅2  and amplitudes 𝐴𝑅1, 𝐴𝑅2. For the spherical rotor, 𝑡𝑅2
𝑡𝑅1
= 0.3, 𝐴𝑅1 =

𝐴𝑅

1+𝐶
 and 𝐴𝑅2 =

𝐴𝑅∙𝐶

1+𝐶
,  and 𝐶 = −0.519 for parallel-perpendicular correlation functions 262 . The 
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theoretical rotational correlation functions were calculated using the diffusion tensor obtained 

from the HydroPro software259 based on the FRET restrained structures of the three and four-

way junctions and the average dipole moment of the fluorophore obtained from the MD 

simulations, as described in the methods. The amplitude of the rotational contribution to the 

correlation is underestimated by a factor of ~2 in the experiment compared to the prediction. 

The fitted parameters are given in Supplementary Table 3.14. The fitted curves were scaled 

with respect to their amplitude and time dependence to match the predicted curves (E-F). A 

good agreement is obtained for the three and four-way junction molecules, while the predicted 

duplex clearly deviates from the spherical rotor model. The scaling factors are given in 

Supplementary Table 3.13. 
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Supplementary Figure 3.33: Inferring the molecular shape of RNA from polarized-FCS curves. 

The experimental correlation curves (black curves) of the end-stacked Cy5 label b33 labeled 

on the different RNA molecules are compared with fits that assume a spherical model (red 

curve, eq. 3.29), the asymmetric model based on the predicted diffusion tensor (blue, eq. 3.31) 

and the prolate model with a fixed amplitude of the rotational contribution (orange, see 



j
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𝜑xy. D) A plot of the axial position, z, against the distance from the helical axis, rxy. The manual 

clustering was performed as follows. First, diffusive states were identified in the z-rxy projection 

shown in D based on a minimum distance from the helical axis of rxy > 14.3 Å. After the diffusive 

states were removed, a total of 14 clusters were manually identified in the z- 𝜑xy parameter 

space as shown in C. The polygon edges were drawn through the regions of minimum density 

between the clusters. For each cluster, the mean dye position and transition dipole moment 

orientation was then calculated as descried in the methods. Work performed by Dr. Oleg 

Opanasyuk. 

Supplementary Tables 

Supplementary Table 3.1. Fitted lifetime and anisotropy values for Cy5 labels.  

label 
name 

molecule x1 1 (ns) x2 2 (ns) x (ns) r1 1 (ns) r2 (r) global (ns) 

free dye free dye   1.00 0.95 0.95     

b27 4WJ 0.25 1.82 0.75 1.04 1.23 0.21 0.64 0.17 > 50 

b27(T3) 3WJ 0.25 1.75 0.75 1.00 1.19 0.23 0.55 0.15 > 50 

b27(T1) 3WJ 0.20 1.78 0.80 1.03 1.17 0.23 0.64 0.15 > 50 

b27(T4) 3WJ 0.22 1.70 0.78 1.02 1.17 0.22 0.75 0.16 > 50 

b27(I2) duplex 0.22 1.67 0.78 1.01 1.15 0.24 0.74 0.14 > 50 

b27(I3) duplex 0.19 1.89 0.81 1.02 1.18 0.23 0.63 0.15 > 50 

d23 4WJ 0.25 1.61 0.75 1.01 1.16 0.24 0.70 0.14 > 50 

d23(I1) duplex 0.31 1.51 0.69 0.96 1.13 0.25 0.68 0.13 32.4 

c8 4WJ 0.26 1.74 0.75 1.03 1.21 0.20 0.65 0.18 > 50 

c8(T3) 3WJ 0.23 1.81 0.77 1.05 1.23 0.20 0.63 0.18 > 50 

c8(T4) 3WJ 0.21 1.85 0.79 1.05 1.22 0.22 0.61 0.16 > 50 

c8(T1) 3WJ 0.23 1.72 0.77 1.03 1.19 0.23 0.62 0.15 > 50 

c8(I3) duplex 0.20 1.73 0.80 1.03 1.16 0.23 0.74 0.15 > 50 

c8(I2) duplex 0.34 1.47 0.66 0.94 1.12 0.25 0.67 0.13 34.11 

a26 4WJ 0.24 1.53 0.76 0.99 1.12 0.26 0.71 0.12 > 50 

a26(T1) 3WJ 0.30 1.48 0.70 0.96 1.11 0.26 0.66 0.12 > 50 

a26(I4) duplex 0.21 1.60 0.79 1.00 1.13 0.25 0.73 0.13 > 50 

a28 4WJ 0.30 1.58 0.70 1.00 1.18 0.27 0.69 0.11 20.90 

a28(T2) 3WJ 0.24 1.52 0.76 0.99 1.11 0.26 0.67 0.12 > 50 

a28(I4) duplex 0.30 1.46 0.70 0.96 1.11 0.26 0.83 0.12 > 50 

b28(I3) duplex 0.16 1.78 0.84 1.01 1.13 0.26 0.63 0.12 > 50 

a12 4WJ 0.22 1.71 0.78 1.00 1.16 0.25 0.55 0.13 > 50 

a12(T1) 3WJ 0.40 2.12 0.60 1.06 1.49 0.12 0.51 0.26 > 50 

a12(T2) 3WJ 0.34 2.11 0.66 1.07 1.43 0.13 0.52 0.25 > 50 

a12(T4) 3WJ 0.35 2.07 0.65 1.06 1.41 0.14 0.53 0.24 > 50 

a12(I4) duplex 0.24 1.55 0.76 0.99 1.12 0.25 0.73 0.13 > 50 

d18 4WJ 0.40 2.01 0.60 1.09 1.46 0.11 0.62 0.27 > 50 

d18(I1) duplex 0.39 1.59 0.61 0.97 1.21 0.19 0.67 0.19 24.80 

d27 4WJ 0.35 1.61 0.65 0.99 1.21 0.21 0.67 0.17 > 50 
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d27(T2) 3WJ 0.37 1.55 0.63 0.96 1.18 0.21 0.72 0.17 40.09 

d27(T4) 3WJ 0.35 1.58 0.65 0.97 1.19 0.21 0.66 0.17 39.76 

d27(I1) duplex 0.37 1.55 0.63 0.97 1.18 0.21 0.64 0.17 18.10 

c12 4WJ 0.36 1.61 0.64 0.99 1.21 0.20 0.57 0.18 > 50 

c12(I3) duplex 0.37 1.59 0.63 0.97 1.20 0.19 0.62 0.19 19.07 

c24 4WJ 0.34 1.59 0.66 1.00 1.20 0.20 0.56 0.18 21.98 

c24(I3) duplex 0.37 1.54 0.63 0.96 1.18 0.20 0.66 0.18 18.33 

d10 4WJ 0.36 1.60 0.64 0.99 1.21 0.19 0.74 0.19 > 50 

d10(I1) duplex 0.37 1.57 0.63 0.98 1.20 0.19 0.64 0.19 18.52 

b33 4WJ 0.85 1.91 0.15 0.91 1.76 0.09 0.54 0.29 32.94 

b33(T1) 3WJ 0.80 1.90 0.20 0.97 1.72 0.09 0.71 0.29 31.13 

b33(T3) 3WJ 0.72 1.95 0.28 1.02 1.69 0.11 0.60 0.27 26.68 

b33(I2) duplex 0.80 1.91 0.20 0.94 1.72 0.09 0.52 0.28 18.55 

b33(I3) duplex 0.79 1.89 0.21 0.93 1.69 0.09 0.44 0.29 15.36 

d26 4WJ 0.78 1.74 0.22 0.92 1.56 0.11 0.56 0.27 26.58 

d26(T1) 3WJ 0.79 1.71 0.21 0.87 1.53 0.11 0.58 0.28 18.90 

d26(I1) duplex 0.75 1.74 0.25 0.96 1.55 0.10 0.53 0.28 15.03 

d28 4WJ 0.65 1.90 0.35 0.99 1.57 0.12 0.53 0.26 > 50 

d28(T4) 3WJ 0.67 1.89 0.33 0.96 1.59 0.13 0.42 0.25 29.63 

d28(I1) duplex 0.64 1.88 0.36 0.98 1.56 0.11 0.51 0.27 20.54 

c1 4WJ 0.87 1.69 0.13 0.85 1.57 0.06 0.47 0.32 28.2 

c1(T3) 3WJ 0.86 1.69 0.14 0.87 1.58 0.06 0.41 0.32 20.66 

c1(T4) 3WJ 0.89 1.69 0.11 0.88 1.60 0.06 0.49 0.32 25.34 

c1(I3) duplex 0.90 1.68 0.10 0.81 1.59 0.05 0.40 0.33 13.58 

The fitted lifetime components are 1-2 and the corresponding fractions are x1-2. The anisotropy decay is described by 
two depolarization times 1-2 with corresponding fractions, r1 and r. The longest anisotropy component arises from the 
global motion and its amplitude is the residual anisotropy (r). The colors given to the label names indicate the dye 
environment. Bright blue: internal labels attached to uracil, purple: labels near the junction, blue-gray: internal labels 
attached to guanine, magenta: labels near the 3’-end, non-sulfonated terminal labels: dark red. 

Supplementary Table 3.2. Comparison of dynamic (F,dyn) and steady state (F) 
quantum yields of Cy5 labels.  

Label name  Molecule F,dyn F 

b27(I2) duplex 0.37 0.37 

d27(I1) duplex 0.38 0.37 

b33(I2) duplex 0.55 0.50 

a12(T1) duplex 0.48 0.47 

The dynamic quantum yield was determined from the species-averaged fluorescence lifetime given in Supplementary 
Table 3.1 using eq. 3.13. The steady-state quantum yields were determined by measuring the spectral emission with 
respect to a reference as described in the methods. 
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Supplementary Table 3.3. The fit results for the FCS curves of Cy5 labels.  
Label 
type 

Label 
name 

Power 
(kW/ 
cm2) 

offset Nbright tdiff 
(ms) 

z0/w0 𝐀𝐈𝐒𝐎𝟏  tISO,1 
(µs) 

𝐀𝐈𝐒𝐎𝟐  tISO,2 
(µs) 

AAb tAb 
(ns) 

AR tR 
(ns) 

Free dye Cy5 13 1 0.93 0.05 6 0.25 1.26 0.35 0.23 0.95 0.27   

 26 1 0.85 0.05 6 0.16 0.98 0.44 0.19 0.96 0.67   

 52 1 0.74 0.05 6 0.16 0.69 0.44 0.1 0.95 0.6   

Internal 
U-

attached 

b27(I2) 13 1 1.08 0.23 6 0.1 8.26 0.4 0.72 1.01 1.02 0.18 21.1 

 26 1 0.93 0.23 6 0.11 6.24 0.38 0.51 0.89 1.04 0.18 56.9 

 52 1 0.7 0.23 6 0.13 5.24 0.34 0.4 0.89 0.98 0.25 52.3 

 76 1 0.6 0.23 6 0.15 4.57 0.32 0.32 0.89 0.93 0.28 39.9 

Internal 
G-

attached 

d27(I1) 13 1 1.31 0.21 6 0.09 3.97 0.44 0.7 0.84 1.36 0.21 18 

 26 1 1.14 0.21 6 0.11 2.42 0.42 0.38 0.92 1.06 0.2 17.8 

 52 1 0.85 0.21 6 0.1 2.41 0.41 0.27 0.89 0.98 0.23 21.1 

 76 1 0.74 0.21 6 0.11 2.47 0.38 0.24 0.91 0.87 0.23 34.6 

Near 3’-
end 

b33(I2) 13 1 0.87 0.24 6 0.1 16.5 0.35 2.27 0.96 1.42 0.18 34.3 

 26 1 0.78 0.24 6 0.14 6.46 0.31 1.32 0.96 1.44 0.17 34.3 

 52 1 0.68 0.24 6 0.21 3.63 0.25 0.76 0.95 1.19 0.13 39.8 

 76 1 0.59 0.24 6 0.25 2.98 0.23 0.56 0.91 1.2 0.13 33.9 

Junction 
label 

a12(T1) 13 1 1.48 0.25 6 0.16 14.5 0.28 1.44 0.91 1.92 0.27 47.4 

 26 1 1.26 0.25 6 0.19 8.44 0.25 0.97 0.92 1.49 0.24 64.8 

 52 1 0.95 0.25 6 0.23 6.17 0.23 0.67 0.91 1.34 0.25 56.6 

 76 1 1.02 0.25 6 0.24 5.74 0.22 0.61 0.93 1.2 0.26 52.7 

FCS curves were fitted to the model function described in eq. 3.25. Nbright is the effective number of molecules in the 
bright state, tdiff is the diffusion time, z0/w0 describes the shape of the observation volume,  
AISO1−2 are the fitted amplitudes and tISO1−2 the relaxation times of the cis-trans isomerization process, tAb is the photon 
anti bunching time with amplitude AAb and tR is the rotational depolarization time with amplitude AR. The FCS curves 
are displayed in Fig. 3.2D and Supplementary Fig. 3.7. 

Supplementary Table 3.4. Fitted lifetime and anisotropy values for Alexa488 labels.  

label 
name  molecule 

x1 1 (ns) x2 
2 

(ns) x3 
3 
(ns) 

x 

(ns) r1 
1 

(ns) r2 
2 
(ns) 

r3 

(r) 
3(global) 
(ns) 

free dye free dye 1.00 4.05                      

b11 4WJ 0.93 4.02 0.07 1.45 
  

3.83 0.16 0.22 0.11 1.37 0.12 17.81 

b11(T2) 3WJ 0.94 4.03 0.06 1.44 
  

3.88 0.17 0.24 0.10 1.35 0.11 14.55 

b11(T3) 3WJ 0.92 4.00 0.08 1.43 
  

3.80 0.16 0.24 0.11 1.40 0.12 16.80 

b11(T1) 3WJ 0.93 4.00 0.07 1.41   3.81 0.16 0.27 0.10 1.71 0.12 19.72 

b11(I2) duplex 0.94 4.05 0.06 1.35 
  

3.88 0.16 0.24 0.10 1.35 0.12 12.99 

b28  4WJ 0.77 3.91 0.16 2.07 0.07 0.32 3.37 0.16 0.25 0.12 1.63 0.10 18.76 

b28(T4) 3WJ 0.78 3.94 0.15 2.07 0.07 0.31 3.40 0.16 0.23 0.12 1.37 0.10 14.31 

b28(T3) 3WJ 0.78 3.95 0.15 2.14 0.07 0.28 3.42 0.16 0.23 0.12 1.39 0.10 13.60 

b28(T1) 3WJ 0.79 3.94 0.14 2.04 0.07 0.22 3.42 0.16 0.23 0.12 1.42 0.10 14.53 

b28(I2) duplex 0.80 3.96 0.14 2.07 0.07 0.25 3.45 0.16 0.23 0.12 1.43 0.10 11.78 

d23  4WJ 0.80 3.97 0.13 2.28 0.07 0.35 3.49 0.16 0.25 0.11 1.52 0.11 16.29 

d23(T4) 3WJ 0.78 3.98 0.15 2.40 0.08 0.40 3.47 0.17 0.22 0.11 1.32 0.10 12.86 

d23(T2) 3WJ 0.78 3.99 0.14 2.39 0.08 0.36 3.49 0.18 0.30 0.10 1.82 0.10 16.02 
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d23(I1) duplex 0.79 3.99 0.14 2.34 0.07 0.35 3.52 0.16 0.24 0.11 1.34 0.11 11.27 

c8  4WJ 0.70 3.91 0.17 1.83 0.13 0.29 3.08 0.15 0.25 0.13 1.54 0.10 13.97 

c8(T4) 3WJ 0.80 3.85 0.20 1.25 
  

3.35 0.19 0.33 0.10 2.09 0.09 19.98 

c8(T3) 3WJ 0.84 3.88 0.16 1.22 
  

3.45 0.18 0.31 0.12 2.29 0.08 21.45 

c8(T1) 3WJ 0.71 3.93 0.14 1.78 0.16 0.26 3.05 0.17 0.23 0.13 1.32 0.08 13.27 

c8(I3) duplex 0.75 3.95 0.16 1.96 0.09 0.31 3.30 0.16 0.23 0.12 1.22 0.10 9.12 

b8 4WJ 0.80 4.10 0.13 1.92 0.07 0.53 3.58 0.15 0.31 0.13 1.85 0.10 38.77 

b8(I2) duplex 0.75 4.06 0.16 2.07 0.09 0.57 3.43 0.17 0.22 0.13 1.34 0.08 13.35 

b14(I2) duplex 0.74 4.18 0.18 2.29 0.09 0.54 3.54 0.17 0.19 0.10 1.30 0.11 19.79 

b14 4WJ 0.88 4.19 0.08 2.36 0.04 0.32 3.89 0.14 0.22 0.11 1.64 0.13 32.59 

a23(I2) duplex 0.85 4.06 0.16 1.24 
  

3.62 0.18 0.25 0.12 1.55 0.08 14.33 

a26(I2) duplex 0.88 4.05 0.12 1.42 
  

3.75 0.17 0.24 0.12 1.50 0.09 13.50 

c16(I2) duplex 0.80 4.19 0.07 1.81 0.13 0.19 3.51 0.24 0.14 0.10 1.46 0.14 20.94 

b5  4WJ 0.78 4.13 0.15 2.60 0.07 0.63 3.66 0.19 0.23 0.12 1.40 0.07 21.03 

b5(T3) 3WJ 0.79 4.12 0.15 2.47 0.07 0.58 3.64 0.19 0.23 0.12 1.40 0.07 21.12 

b5(T2) 3WJ 0.93 4.11 0.07 1.26 
  

3.92 0.22 0.24 0.11 1.36 0.06 14.39 

b5(T1) 3WJ 0.91 4.11 0.09 1.29 
  

3.87 0.20 0.24 0.11 1.41 0.07 20.54 

b5(I2) duplex 0.92 4.11 0.08 1.31 
  

3.88 0.19 0.23 0.11 1.24 0.07 17.67 

d7  4WJ 0.80 4.07 0.11 1.65 0.09 0.41 3.48 0.17 0.23 0.15 1.44 0.06 13.58 

d7(T2) 3WJ 0.83 4.07 0.09 1.72 0.08 0.46 3.57 0.18 0.23 0.14 1.36 0.06 11.88 

d7(T4) 3WJ 0.83 4.07 0.10 1.71 0.07 0.41 3.59 0.18 0.23 0.14 1.31 0.06 10.04 

d7(I1) duplex 0.88 4.07 0.12 1.09 
  

3.72 0.19 0.23 0.13 1.29 0.06 7.81 

b33  4WJ 0.53 3.56 0.19 1.48 0.27 0.31 2.26 0.19 0.17 0.14 0.97 0.05 10.91 

b33(T4) 3WJ 0.60 3.54 0.18 1.53 0.23 0.32 2.45 0.20 0.20 0.14 0.96 0.05 8.68 

b33(T3) 3WJ 0.51 3.54 0.20 1.42 0.29 0.30 2.19 0.17 0.15 0.16 0.84 0.06 8.17 

b33(T1) 3WJ 0.60 3.58 0.17 1.62 0.23 0.34 2.49 0.20 0.23 0.14 1.07 0.05 10.80 

b33(I2) duplex 0.59 3.56 0.17 1.54 0.24 0.32 2.45 0.18 0.20 0.15 0.92 0.05 8.07 

d28  4WJ 0.58 3.56 0.15 1.51 0.27 0.27 2.36 0.21 0.25 0.13 1.09 0.04 11.91 

d28(T2) 3WJ 0.60 3.57 0.14 1.53 0.26 0.28 2.43 0.21 0.25 0.13 1.10 0.04 15.08 

d28(T4) 3WJ 0.59 3.57 0.15 1.55 0.26 0.28 2.41 0.21 0.24 0.13 1.05 0.04 12.43 

d28(T1) 3WJ 0.60 3.56 0.14 1.51 0.26 0.27 2.42 0.21 0.25 0.13 1.05 0.04 12.51 

d28(I1) duplex 0.59 3.57 0.14 1.45 0.27 0.26 2.39 0.20 0.24 0.13 1.01 0.04 9.43 

c29  4WJ 0.61 3.71 0.17 1.51 0.22 0.30 2.60 0.20 0.23 0.14 1.10 0.04 10.88 

c29(T4) 3WJ 0.62 3.72 0.16 1.48 0.22 0.29 2.61 0.20 0.22 0.14 1.03 0.04 8.76 

c29(T3) 3WJ 0.66 3.74 0.15 1.55 0.19 0.30 2.76 0.21 0.23 0.13 1.16 0.04 11.55 

c29(T2) 3WJ 0.65 3.74 0.16 1.51 0.20 0.29 2.70 0.21 0.24 0.13 1.20 0.04 13.78 

c29(I3) duplex 0.63 3.71 0.16 1.53 0.22 0.32 2.64 0.21 0.23 0.13 1.07 0.04 8.27 

c29(I1) duplex 0.63 3.66 0.16 1.48 0.20 0.30 2.62 0.21 0.24 0.13 1.17 0.04 10.35 

The fitted lifetime components are 1-3 and the corresponding fractions are x1-3. The anisotropy decay is described by 
the three depolarization times 1-3 with corresponding fractions, r1-2 and r The longest anisotropy component arises 
from the global motion and its amplitude is the residual anisotropy (r). The colors given to the label names indicate the 
dye environment. Bright blue: internal labels, orange: labels near the 5’-end, magenta: labels near the 3’-end. 
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Supplementary Table 3.5: Fit results for the FCS curves of different Alexa488 labels.  

Label type Label name offset Nbright tdiff (ms) z0/w0 AQ tQ(ns) AT tT s) 
Free dye Alexa488 1 6.87 0.17 3.62   0.24 3.74 

Internal b11(I2) 1 4.09 0.84 3.34 0.07 79.34 0.2 5.28 

b28(I2) 1 4.32 0.76 3.72 0.12 86.06 0.18 4.9 

d23(I1) 1 9.6 0.77 4.06 0.1 66.26 0.19 5.01 

c8(I3) 1 7.02 0.72 4.92 0.13 73.17 0.17 5.21 

Near 5’-end b5(I2) 1 6.98 0.82 3.69 0.07 98.34 0.18 4.65 

d7(I1) 1 7.92 0.7 2.96 0.04 130.7 0.21 4.33 

Near 3’-end b33(I2) 1 7.98 0.76 4.73 0.33 45.82 0.12 3.92 

d28(I1) 1 4.79 0.71 4 0.47 46.85 0.11 3.59 

c29(I3) 1 5.03 0.7 4.17 0.53 60.49 0.09 3.71 

FCS curves were fitted to the model function described in eq. 3.23. Nbright is the effective number of molecules in the 

bright state, tdiff is the diffusion time, z0/w0 describes the shape of the observation volume, 𝑡𝑇 is the relaxation time of 

the triplet state with fraction 𝐴𝑇, and 𝑡𝑄 is the relaxation time of the static quenching process with the fraction of statically 

quenched molecules 𝐴𝑄. The label d7 required an additional bunching term to achieve a good fit with an amplitude of 

0.04 and a relaxation time of 80 µs. The FCS curves are displayed in Fig. 3.3D and Supplementary Fig. 3.10. 

Supplementary Table 3.6: Comparison of dynamic (F,dyn) and steady state (F) 

quantum yields of Alexa488 labels. 

Label name  Molecule F,dyn F (liFCS)  fstatic F (spectral) 

b11(I2) duplex 0.92 0.85 0.08 0.9 

b28(I2) duplex 0.82 0.74 0.1 0.76 

d23(I1) duplex 0.84 0.72 0.14   

c8(I3) duplex 0.78 0.71 0.09   

b5(I2) duplex 0.92 0.8 0.14   

d7(I1) duplex 0.88 0.75 0.15 0.8 

b33(I2) duplex 0.58 0.35 0.4 0.42 

d28(I1) duplex 0.57 0.33 0.42   

c29(I3) duplex 0.63 0.39 0.37 0.34 

The dynamic quantum yield was determined from the species-averaged fluorescence lifetime given in Supplementary 

Table 3.4 using eq. 3.13 The steady-state quantum yield was determined using the low-intensity FCS (liFCS) method. 

The fraction of statically quenched species (fstatic) was calculated from the measured dynamic and steady-state quantum 

yields using eq. 3.18. As a control, the steady-state quantum yield was also measured from the spectral emission, 

which yielded consistent results (see Supplementary Fig. 3.11A for a comparison). 
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Supplementary Table 3.7: Parameters used in AV simulations. 

Parameter Cy5 Alexa488 

Llink (Å) 
22.0 (U attached) 
19.5 (G attached) 

20.0 

wlink (Å) 2.5 2.5 
Rdye (Å) 4.5 4.5 

The dye is approximated by a sphere with radius Rdye and is attached to the RNA base by a flexible linker of length Llink 

and width wlink, as illustrated in Supplementary Fig. 3.15. 

Supplementary Table 3.8: Standard deviations for the ensemble measurements of 
lifetime and residual anisotropy for Alexa488 and Cy5 labels.  

Alexa488 
labels 

Mean x  SD 

(ns) 

Mean r  
SD 

 
 Cy5 labels 

Mean x  
SD 

(ns) 

Mean r  
SD 

 
b11(4WJ) 3.81±0.04 0.12±0.01  b27(4WJ) 1.21±0.04 0.18±0.01 

b11(T2) 3.85±0.04 0.12±0.01  b27(I2) 1.19±0.04 0.16±0.02 

b11(T3) 3.78±0.03 0.12±0.01  d23(4WJ) 1.21±0.07 0.16±0.03 

b11(T1) 3.80±0.01 0.13±0.01  c8(4WJ) 1.24±0.04 0.19±0.02 

b11(I2) 3.86±0.03 0.12±0.01  c8(I3) 1.15±0.02 0.15±0.01 

d23(4WJ) 3.55±0.09 0.11±0.01  a26(4WJ) 1.12±0.01 0.13±0.01 

c8(4WJ) 3.10±0.03 0.09±0.01  a12(T1) 1.42±0.11 0.24±0.04 

c8(T3) 3.38±0.10 0.09±0.01  d27(4WJ) 1.21±0.01 0.17±0.01 

c8(T1) 3.20±0.16 0.08±0.02  c12(4WJ) 1.20±0.01 - 

c8(I3) 3.27±0.04 0.10±0.01  b33(4WJ) 1.51±0.22 0.28±0.02 

b8(I2) 3.47±0.06 0.08±0.01  b33(I2) 1.64±0.07 0.28±0.01 

b14(I2) 3.49±0.07 0.11±0.01  d28(4WJ) 1.51±0.09 0.25±0.02 

b5(4WJ) 3.52±0.20 0.07±0.01     

b5(I2) 3.83±0.06 0.07±0.01     

d7(T2) 3.57±0.01 0.06±0.01     

b33(T3) 2.13±0.08 0.05±0.01     

“Mean x ± SD” and “Mean r ± SD” refer to the average of the species-weighted fluorescence lifetimes and residual 

anisotropies, respectively, over all repeated measurements for a given sample. The samples were measured between 

2-4 times. SD is the standard deviation calculated for repeated measurements performed on different days. In many 

cases, the samples for the repeated measurements were newly hybridized from single strands. 
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Supplementary Table 3.9: Fit results for the FCS curves of Cy5 labels at position a12 in 

the different molecules.  

Molecule offset Nbright 
tdiff 

(ms) 
z0/w0 AISO1 

tISO1 
(µs) 

AISO2 
tISO2 
(µs) 

AISO tISO 
(µs) 

AAb tAb 
(ns) 

AR tR1 (ns) 

4WJ 1 2.5 0.29 6 0.08 5.57 0.41 0.61 0.49 0.72 0.88 1.13 0.08 35.76 

3WJ, T1 1 2.5 0.24 6 0.2 7.28 0.24 0.87 0.44 1.65 0.93 1.58 0.11 33.58 

Duplex, 
I3 

1 1.9 0.25 6 0.08 3.73 0.43 0.55 0.51 0.54 0.89 1.12 0.08 13.11 

FCS curves were fitted to the model function described in eq. 3.25. Nbright is the effective number of molecules in the 

bright state, tdiff is the diffusion time, z0/w0 describes the shape of the observation volume, AISO,1-2 are the fitted 

amplitudes and tISO,1-2 the relaxation times of the cis-trans isomerization process, tAb is the photon antibunching time 

with amplitude AAb, tR1 is the longest rotational depolarization time and AR is the amplitude of the rotational term. The 

total fraction of molecules in the cis state, AISO = AISO1 + AISO2 and tISO is the amplitude weighted average of tISO1 and 

tISO1. The FCS curves are displayed in Supplementary Fig. 3.29. 

Supplementary Table 3.10: Fit results for FCS curves of Cy5 labels at position b33 on 

different molecules. 

Molecule offset Nbright 
tdiff 

(ms) 
z0/w0 AISO1 

tISO1 
(µs) 

AISO2 
tISO2 
(µs) 

AAb tAb 
(ns) 

AR tR1 
(ns) 

tR2 
(ns) 

4WJ 1 1.3 0.31 6 0.16 7.36 0.26 1.64 0.9 1.62 0.11 38.9 11.7 

3WJ, T1 1 1.6 0.27 6 0.17 6.62 0.25 1.62 0.93 1.51 0.10 38.3 11.5 

3WJ, T3 1 2.0 0.29 6 0.14 7.88 0.28 1.8 0.94 1.5 0.10 38.7 11.6 

duplex, I2 1 1.9 0.24 6 0.15 8.18 0.28 1.81 0.96 1.53 0.08 24.2 7.26 

FCS curves were fit to the model function specified in eq. 3.29, as shown in Fig. 3.6C. Nbright is the effective number of 

molecules in the bright state, tdiff is the diffusion time, z0/w0 is the ratio of the axial to the lateral width of the observation 

volume, AISO,1-2 are the fitted amplitudes and tISO1-2 the relaxation times of the cis-trans isomerization process, tAb is the 

photon anti bunching time with amplitude AAb, tR1-2 are the rotational depolarization times and AR is the amplitude of the 

rotational term. The curves were measured at a power density of 11 kW/cm2. 

Supplementary Table 3.11: Fit results for the polarization-resolved FCS curves of Cy5 

labels the terminal position c1 on the specified molecules. 

Molecule AR tR1 (ns) tR2 = 0.3⋅tR1 (ns) 
4WJ 0.13 38.03 11.41 

3WJ, T3 0.11 34.13 10.24 
3WJ, T4 0.13 28.36 8.51 
duplex 0.09 23.91 7.17 

FCS curves were fit to the model function for a spherical rotor as given by eq. 3.29. tR1-2 are the rotational depolarization 

times with corresponding amplitudes AR1-2. The FCS curves are shown in Supplementary Fig. 3.30. 
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Supplementary Table 3.12: Fit results for the polarization-resolved FCS curves of 

Alexa488 labels at the internal position b11 on the specified molecules.  

Molecule AR tR1 (ns) tR2 = 0.3⋅tR1 (ns) 
4WJ  0.48 35.31 10.59 

3WJ, T3  0.46 31.45 9.43 
duplex  0.49 22.28 6.69 

The FCS curves were fit to the model given in eq. 3.23 in the methods, using the model function of the spherical rotor 

as given in eq. 3.24 to describe the molecular rotation. FCS curves are shown in Supplementary Fig. 3.31. 

Supplementary Table 3.13: Scaling factors used to overlay the fitted rotational 

correlation terms from the experimental pFCS curves using the model for the spherical 

rotor (eq. 3.29) with the predicted curves based on the HYDROPRO model as given in 

Supplementary Fig. 3.32.  

RNA 
molecule 

tR’ (pred) 
[ns] 

tR’ (fit) 
[ns]  tR’ (pred) / tR’ (fit) AR(pred) AR (fit) AR(pred) / AR (fit) 

4WJ 91.0 51.9 1.75 0.19 0.11 1.67 
3WJ, T1 80.2 51.1 1.57 0.19 0.10 1.96 
3WJ, T3 60.1 51.6 1.17 0.19 0.10 1.99 

Duplex, I2 25.3 32.8 0.77 0.19 0.08 2.27 
The given relaxation times tR’ correspond to the time point where the amplitude-scaled correlation amplitude of the 

rotational term decayed to a value of 1.1. AR(fit) is the amplitude of the rotational term obtained from the fitting of 

experimental FCS curve (Fig. 3.6C) to the model function given by eq. 3.29. AR(pred) = 0.19 is the theoretical amplitude 

of the rotation contribution for the spherical rotor obtained from eq. 3.46. 
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Supplementary Table 3.14: Fit results for polarization-resolved FCS curves of end-

stacked Cy5 labels in the different RNA molecules.  

 duplex 4WJ 3WJ, T3 3WJ, T1 

 predicted rotational diffusion tensor 

Dx (MHz) 3.30 1.97 2.33 2.09 

Dy (MHz) 3.37 2.09 3.02 2.99 

Dz (MHz) 19.06 3.33 4.97 3.97 

D (MHz) 8.58 2.46 3.44 3.02 

1/(6D) 
(ns) 

19.43 67.67 48.49 55.29 

1/(20D) 
(ns) 

5.83 20.30 14.55 16.58 

Dz/Dxy 5.72 1.64 1.86 1.56 

 fit result 

Model spher. scaled prol. spher. scaled prol. spher. scaled prol. spher. scaled prol. 

𝝌𝐫𝐞𝐝.
𝟐  0.737 0.664 0.643 0.802 0.797 0.793 0.787 0.784 0.776 0.837 0.801 0.797 

AR 0.070 0.081 0.086* 0.084 0.086 0.086* 0.081 0.083 0.086* 0.086 0.086 0.086* 

f𝜏 - 0.80 0.51 - 2.05 1.65 - 1.52 1.06 - 1.72 1.50 

Dx (MHz) - 2.64 1.70 - 4.03 3.34 - 3.54 2.84 - 3.60 3.81 

Dy (MHz) - 2.70 1.70 - 4.28 3.34 - 4.58 2.84 - 5.15 3.81 

Dz (MHz) - 15.27 17.82 - 6.82 8.83 - 7.54 8.62 - 6.84 9.40 

D (MHz) 6.61 6.87 7.07 5.37 5.04 5.17 5.19 5.22 4.76 5.90 5.20 5.67 

1/(6D) 
(ns) 

25.21 24.26 23.56 31.03 33.04 32.26 32.10 31.95 34.99 28.24 32.08 29.38 

1/(20D) 
(ns) 

7.56 7.28 7.07 9.31 9.91 9.62 9.63 9.59 10.50 8.47 9.62 8.81 

Asym. 
(Dz/Dxy) 

- 5.72 10.48 - 1.64 2.64 - 1.86 3.04 - 1.56 2.47 

 excess Dz compared to prediction 

ΔDz (MHz) - - 8.1 - - 3.35 - - 3.34 - - 3.45 

Experimental curves were computed from the parallel and perpendicular signals and fit using the general model function 

given in eq. 3.29-30 using the spherical rotor model as given by eq. 3.29 or the asymmetric model function as described 

in the methods and given in eq. 3.31. The orientation of the transition dipole moment was fixed to the average orientation 

obtained from the MD simulations. For the asymmetric model function, the rotational diffusion coefficients, Dx//y/z, were 

fixed to the values obtained from the HYDROPRO software based on the FRET-restrained structural models of the 

RNA molecules and scaled by a common factor f𝜏. The theoretically predicted values for amplitude of the rotational 

correlation term, AR, is AR = 0.19. For the prolate fit model, the amplitude was fixed to AR = 0.086 as obtained for the 
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asymmetric model (indicated by an asterisk, *). The asymmetry is defined as the ratio of Dz and Dxy, where Dxy is the 

average of the x- and y-components. The excess Dz compared to the prediction (ΔDz), is computed as the difference 

between the fitted and scaled predicted values for Dz, ΔDz = Dz(fit) – f𝜏Dz(pred), where f𝜏 for the prolate model is obtained 

as the ratio of the fitted and measured values for Dxy, f𝜏 = Dxy(fit)/Dxy(pred) (see eq. 3.32-33). 

Supplementary Table 3.15: Fluorescence quantum yields for representative Cy5 labels.  

Cluster Label position Molecule 𝚽𝐅,𝐝𝐲𝐧 𝑨𝑰𝑺𝑶 𝚽𝐅,𝐜𝐨𝐫𝐫 
Internal U-attached label b27 duplex, I2 0.40 0.49 0.20 
Internal G-attached label d27 duplex, I1 0.38 0.52 0.18 

Near-3’-end label b33 duplex, I2 0.55 0.45 0.30 
Near-junction label a12 3WJ, T1 0.48 0.44 0.27 

ΦF,corr is the fluorescence quantum yield corrected for cis-trans dark state using the equation ΦF,corr = ΦF,dyn(1 − 𝐴𝐼𝑆𝑂), 

ΦF,dyn is the fluorescence quantum yield calculated from species-weighted average lifetime, and 𝐴𝐼𝑆𝑂 is the amplitude 

of cis-trans relaxation determined from FCS measurements. 

Supplementary Table 3.16: The polarization coefficients 𝑐(𝑎1𝑒1),(𝑎2𝑒2)
(𝐿)  as given in eq. 3.10 

for standard settings of the excitation and emission polarizers. The coefficients are scaled 
to be consistent with previous work by Kask et al.299 and must be multiplied by a factor 
(5 ∙ 7 ∙ 9)2 for use in eq. 3.10.  

𝑳 0 2 4 

𝒄(∥∥),(∥∥)
(𝑳)  3969 6480 576 

𝒄 (∥⊥),(∥⊥)
(𝑳)  441 180 324 

𝒄(∥∥),(∥⊥)
(𝑳)

𝒄(∥⊥),(∥∥)
(𝑳)

 1323 540 −288 

Note that coefficients for both cross-correlations 𝑐(∥∥),(∥⊥)
(𝐿)  and 𝑐(∥⊥),(∥∥)

(𝐿)  are the same, and that an error in Kask et al. for 
the coefficient for 𝐿 = 4 has been corrected. The subscripts denote the polarizations of the excitation-emission cycle, 
i.e., 𝑐(∥∥),(∥⊥)

(𝐿)  is the coefficient for excitation by parallelly polarized light, detection in the parallel channel, re-excitation 
by parallelly polarized light and detection in the perpendicular channel. 
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Supplementary Table 3.17: The normalized polarization coefficients 𝑅𝑝  and 𝑥𝑝 as used 
in eq. 3.31 of the main text and eq. 3.12 in Supplementary Note 3.3 for standard settings 
of the excitation and emission polarizers (𝑝). 

𝒑 𝑹𝒑 𝒙𝒑 𝑪𝒑 

(∥∥), (∥∥) 16

9
≈ 1.778 

45

49
≈ 0.918 

4

45
≈ 0.089 

(∥⊥), (∥⊥) 8

7
≈ 1.143 

5

14
≈ 0.357 

9

5
= 0.180 

(∥∥), (∥⊥)
(∥⊥), (∥∥)

 4

21
≈ 0.190 

15

7
≈ 2.143 −

8

15
≈ −0.533 

 

Supplementary Notes 

Supplementary Note 3.1: Base flipping does not cause significant changes in 
photophysical properties at room temperature 

To investigate whether internal guanines could spontaneously un-pair and flip out of the 
stacked helix to quench the neighboring Alexa488 labels by PET, control experiments 
were performed on RNA duplexes containing mismatches using the following sequence:  

5’-CGAAUUAAUUGUUAUUAAUUAGC-3’ 
3’-GCUUAAUUAAXAAUAAUUAAUCG-5’ 

Here, a mismatch at position X (marked in red) may cause the guanine (yellow) adjacent 
to the dye attachment point on uracil (green) to flip out of the RNA helix. We studied 
different RNA duplexes where the complementary base to guanine (position X) is: 

(1) cytosine, resulting in a Watson Crick base pair GC, 
(2) adenine, resulting in a mismatched GA pair, 
(3) uracil, resulting in a mismatched GU pair, 
(4) or guanine, resulting in a mismatched GG pair. 

The variants (2), (3) and (4) with mismatched base pairs could potentially show base 
flipping. The labeling chemistry and the length of duplex mimic duplexes I1-4 of our 
primary study as closely as possible. We performed time-resolved fluorescence 
measurements of the different constructs and fitted the resulting decays to a three-
component exponential decay and determined the dynamic quantum yield ΦF,dyn and the 
steady-state quantum yield ΦF (Supplementary Table SN1.1). We observed no 
significant dynamic or static quenching for the mismatches compared to the fully base-
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paired duplex, indicating that no significant amount of base flipping occurs at ambient 
temperatures (T = 20 ˚C). This excludes the possibility that PET quenching of Alexa488 
labels could be caused by temporary unpairing of internal guanines. 
Supplementary Table SN1.1: Investigation of base flipping of guanine bases. 
Photophysical properties of Alexa488 labels adjacent to base-paired or mismatched 
guanine bases, measured at 20°C. See Supplementary Note 3.1 for experimental details. 
The steady-state quantum yield ΦF was estimated using the liFCS method. 

 ensemble time resolved fluorescence ensemble time resolved anisotropy  

Mismatch x1 
1 

(ns) 
x2 

2 

(ns) 
x3 

3 

(ns) 

x 

(ns) 
F,dyn r1 

1 

(ns) 
r2 

2 

(ns) 

r3 

(r) 

3 

(global) 
F fstatic 

Fully base 
paired 0.84 4.15 0.16 1.94   3.79 0.90 0.14 0.21 0.10 1.37 0.14 8.77 0.89 0.01 

With GA 
mismatch 0.92 4.15 0.08 1.88   3.96 0.94 0.15 0.21 0.10 1.12 0.13 9.27 0.91 0.03 

With GU 
mismatch 0.91 4.15 0.09 2.41   4.00 0.95 0.13 0.20 0.09 1.14 0.16 9.32 0.86 0.09 

With GG 
mismatch 0.83 4.19 0.11 2.46 0.05 0.56 3.80 0.90 0.14 0.19 0.11 1.14 0.13 9.60 0.89 0.01 

 
Supplementary Note 3.2: FRET-derived distances are independent of the donor 
quantum yield 

In this section, we show that FRET-derived distances are independent of the donor 
quantum yield if the same donor quantum yield is used for the determination of the Förster 
radius 𝑅0 and the calculation of accurate FRET efficiencies. 
The Förster radius is defined as: 

𝑅0 = 0.2108 √Φ𝐹,𝐷 𝜅
2 𝐽 𝑛−4

6
, (3.43) 

where Φ𝐹,𝐷 is the donor fluorescence quantum yield, 𝜅2  is an orientational factor that 
depends on the mutual orientation of the donor emission and acceptor absorption 
transition dipole moments, 𝐽 is the spectral overlap integral and 𝑛 is the refractive index 
of the surrounding medium. 
The FRET efficiency is calculated from the corrected signal in the donor and acceptor 
channel, 𝐹𝐷 and 𝐹𝐴, as 268: 

𝐸 =
𝐹𝐴

𝛾𝐹𝐷 + 𝐹𝐴
, (3.44) 

where the 𝛾-factor corrects for the different detection efficiencies and quantum yields of 
the donor and acceptor fluorophores, defined as: 

𝛾 =
𝑔𝑅|𝐴

𝑔𝐺|𝐷

Φ𝐹,𝐴
Φ𝐹,𝐷

. (3.45) 
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Note that 𝐹𝐷 and 𝐹𝐴 are corrected for background signal, crosstalk of the donor 
fluorophore into the acceptor detection channel, and direct excitation of the acceptor 
fluorophore by the donor excitation laser. 

The FRET efficiency is related to the donor-acceptor separation distance 𝑅𝐷𝐴 by: 

𝐸 =
1

1 + (
𝑅𝐷𝐴
𝑅0
)
6 (3.46) 

Combining the above equations, we obtain the direct relation between 𝑅𝐷𝐴 and the 
corrected signals: 

𝑅𝐷𝐴 = 𝑅0 (
1

𝐸
− 1)

1
6
= 𝑅0 (

𝑔𝑅|𝐴

𝑔𝐺|𝐷

Φ𝐹,𝐴
Φ𝐹,𝐷

 
𝐹𝐷
𝐹𝐴
)

1
6

=  𝑅0,𝑟 (Φ𝐹,𝐴 
𝑔𝑅|𝐴

𝑔𝐺|𝐷
 
𝐹𝐷
𝐹𝐴
)

1
6

, (3.47) 

where we define the reduced Förster radius  𝑅0,𝑟 without consideration of the donor 
quantum yield as: 

𝑅0,𝑟 = 0.2108 √ 𝜅
2 𝐽 𝑛−4

6
= Φ𝐹,𝐷

−1/6
 𝑅0. (3.48) 

In eq. 3.47, the donor fluorescence quantum yield cancels. Thus, the FRET-derived 
distance 𝑅𝐷𝐴 is independent of the donor quantum yield. Identical considerations apply to 
time-resolved FRET measurements 270. 

 

Supplementary Note 3.3: Derivation of rotational correlation functions for arbitrary 
diffusion tensors (performed by Dr. Oleg Opanasyuk) 

Although the measured polarization-resolved FCS correlation functions are second-order 
fluorescence intensity correlation function, they represent 4th-order correlation functions 
𝐺(4)(𝑡1, 𝑡1

′ , 𝑡2, 𝑡2
′ ) of the excitation and emission probabilities, meaning they depend on four 

time points in the following sequence of events. First, the fluorophore is excited by light 
of a given polarization at time 𝑡1, after which it can rotate during its excited state lifetime 
until it relaxes back to the ground state by emission of a photon at time 𝑡1′ . After an 
additional time delay, the fluorophore is re-excited at time 𝑡2 and it the second photon is 
emitted at time 𝑡2′ . This sequence of events is illustrated in the following scheme: 

 
𝑡1
Ω1

∆Ω1(∆𝑡1)                 
→      

𝑡1
′

Ω1
′

⏞        
𝐟𝐥.  𝐝𝐞𝐥𝐚𝐲 ∆𝑡1

∆Ω21(𝑡−∆𝑡2)
→        

𝑡2
Ω2

∆Ω2(∆𝑡2)                   
→      

𝑡2
′

Ω2
′

⏞        
𝐟𝐥.  𝐝𝐞𝐥𝐚𝐲 ∆𝑡2

                       𝑒1
           𝐜𝐨𝐫𝐫𝐞𝐥𝐚𝐭𝐢𝐨𝐧 𝐭𝐢𝐦𝐞 𝑡𝑐          
→                     𝑒2   

, (3.49) 

where Ω𝑖 denotes the orientation of the fluorophore dipole moment at step 𝑖 and 𝑒𝑖 marks 
the emission of a photon at time 𝑡𝑖. The excitation probabilities at time 𝑡1 and 𝑡2 depend 
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on the polarization of the incident laser light, and the emission probabilities at times 𝑡1′  
and 𝑡2′  depend on the polarization of the detection channel. The fourth-order correlation 
function for the rotational contribution is expressed as299: 

𝐺(4)(𝑡1, 𝑡1
′ , 𝑡2, 𝑡2

′ ) = 〈𝑎(Ω1)𝑒(Ω1
′ )𝑎(Ω2)𝑒(Ω2

′ )〉, (3.50) 

where 𝑎(Ω) and 𝑒(Ω) denote the absorption and emission probabilities and the angular 
brackets denote the average over all orientations Ω𝑖. The second-order correlation 
function is then obtained by integration over all possible time delays ∆𝑡1 = 𝑡1′ − 𝑡1 and 
∆𝑡2 = 𝑡2

′ − 𝑡2 consistent with the correlation time 𝑡, i.e., the time between the two photon 
detection events at the times 𝑡1′  and 𝑡2′ . The problem can be simplified if the excited state 
lifetime is much shorter compared to the rotational diffusion time (i.e., 6𝐷rot𝜏 ≪ 1). In this 
case, the rotational contribution to the correlation function, 𝐺rot(𝑡𝑐), is given by: 

𝐺rot(𝑡𝑐) = 𝐺
(4)(0,0, 𝑡𝑐 , 𝑡𝑐) = 〈𝑎(0)𝑒(0)𝑎(𝑡𝑐)𝑒(𝑡𝑐)〉. (3.51) 

In this case the rotational contribution 𝐺rot(𝑡) can be decoupled from all other 
contributions, and the total intensity correlation function can be factorized: 

𝐺(𝑡) =
1

𝑁bright
𝐺𝐴𝐵(𝑡)⏟  
~1 ns

𝐺rot(𝑡)⏟    
~10−100 ns

𝐺𝐼𝑆𝑂(𝑡)⏟    
~1 μs

  𝐺diff(𝑡)⏟    
~1 ms

 + 1, (3.52) 

where the contribution of photon antibunching (𝐺𝐴𝐵(𝑡)), photoisomerization (𝐺𝐼𝑆𝑂(𝑡)), and 
diffusion (𝐺diff(𝑡)) are described as given above. 

Explicit expressions for the rotational correlation function have previously been derived 
for the spherical and ellipsoidal rotors114,299. Here, we derive expressions for the rotational 
correlation function for arbitrary diffusion tensors 𝓓 = (𝐷𝑥 , 𝐷𝑦, 𝐷𝑧) based on the matrix 
method presented by Kalmykov283. According to this formalism, the rotational correlation 
functions for isotropic rotation can be expressed as the weighted sum of elements of 
Wigner D-matrices 𝐷𝑛𝑚

(𝑙) (Ω) averaged over the time-dependent angular distribution 𝑝(Ω, 𝑡): 

𝐺rot (𝑡𝑐) =∑𝐂(𝑙) ⋅ 𝓕(𝑙)(𝑡𝑐)

𝑙

= ∑𝐶𝑝,𝑞
(𝑙)

𝑙,𝑝,𝑞

ℱ𝑝,𝑞
(𝑙)(𝑡𝑐), (3.53) 

where the functions ℱ𝑝,𝑞
(𝑙)(𝑡𝑐) are given by: 

ℱ𝑝,𝑞
(𝑙)(𝑡) = 〈𝐷𝑝,𝑞

(𝑙) (Ω)〉𝑝(Ω,𝑡) = ∫𝐷𝑝,𝑞
(𝑙) (Ω) 𝑝(Ω, 𝑡) 𝑑Ω , (3.54) 

and the angular probability distribution function 𝑝(Ω, 𝑡) follows the Smoluchovski diffusion 
equation. The diffusion averaged time-dependent functions ℱ𝑝,𝑞

(𝑙)(𝑡) can be expressed as: 



Chapter 3. Fluorescent probes on RNA 
    

142 
 

𝓕(𝑙)(𝑡) = 𝑒𝐀
(𝑙)(𝓓)𝑡 , (3.55) 

where the matrix 𝐀(𝑙) is a function of the (diagonalized) rotational diffusion tensor 𝓓 =
(𝐷𝑥 , 𝐷𝑦, 𝐷𝑧): 

 
[𝐀(𝑙)(𝓓)]

𝑝,𝑞
= −2𝐷(𝑐𝑝

𝑙 𝛿𝑝𝑞 + 𝑎𝑝
𝑙 𝛿𝑝,𝑞−2 + 𝑎𝑝−2

𝑙 𝛿𝑝,𝑞+2);

𝑐𝑝
𝑙 =

𝑙(𝑙 + 1)

2
+ ∆ 𝑝2;    𝑎𝑝

𝑙 =
1

4
𝜃√[𝑙2 − (𝑝 + 1)2][(𝑙 + 1)2 − (𝑝 + 1)2];

𝐷 =
𝐷𝑥 + 𝐷𝑦
2

;    ∆=
𝐷𝑧

𝐷𝑥 + 𝐷𝑦
−
1

2
;      𝜃 =

𝐷𝑥 − 𝐷𝑦
𝐷𝑥 + 𝐷𝑦

 (3.56) 

Here, the parameter 𝜃 is a measure of asymmetry of the diffusion tensor 𝓓 in the xy plane, 
and the parameter ∆ is the measure of asymmetry relative to the z-axis. In practice, the 
matrix exponential in eq. 3.55 can be calculated using the eigen-value decomposition of 
the matrix 𝐀(𝑙): 

𝓕(𝑙)(𝑡) = 𝑒𝐀
(𝑙)𝑡 = 𝐔(𝑙) 𝑒𝚲

(𝑙) 𝑡 𝐔(𝑙)T, (3.57) 

where the matrix 𝐔 consist of normalized eigen-vectors of 𝐀(𝑙) as rows and 𝚲 is the 
diagonal matrix of eigen-values of 𝐀(𝑙). 

For collinear absorption and emission transition dipole moments, the rotational correlation 
function 𝐺rot

(𝑎1𝑒1),(𝑎2𝑒2) (𝑡𝑐) for a certain combination of excitation and emission polarizer 
settings (𝑎1𝑒1), (𝑎2𝑒2),  is given by: 

𝐺rot
(𝑎1𝑒1),(𝑎2𝑒2) (𝑡𝑐)    = ∑ 𝑐(𝑎1𝑒1),(𝑎2𝑒2)

(𝐿)
 𝑔(𝐿)(𝑡𝑐),

𝐿=0,2,4

 (3.58) 

Here, the time-dependent functions 𝑔(𝐿)(𝑡) are given by: 

𝑔(𝐿)(𝑡𝑐) =∑𝑐𝑖
(𝐿)𝑒−𝑘𝑖

(𝐿)
𝑡𝑐

𝑖

;  𝑐𝑖
(𝐿)
= |∑𝐷𝑄,0

(𝐿)(Ω𝝁)

𝑄

𝑢𝑄,𝑖
𝐿 |

2

;    ∑𝑐𝑖
(𝐿)

𝑖

= 1, (3.59) 

where 𝑘𝑖
(𝐿) are the eigenvalues and 𝑢𝑄,𝑖𝐿  the eigen-vectors of the matrix 𝐀(𝑙) defined in 

eq. 3.57, and Ω𝜇 are Euler angles defining the position of the transition dipole moment 𝜇 
in the eigen-frame of the diffusion tensor, i.e., the frame where the diffusion tensor is 
diagonal. The respective amplitudes 𝑐(𝑎1𝑒1),(𝑎2𝑒2)

(𝐿)  of the functions 𝑔(𝐿)(𝑡) can be calculated 
for given combinations of excitation and emission polarizations299 and are given in 
Supplementary Table 3.16. 
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To account for the normalization of the experimental FCS curves, eq. 3.58 can be 
rewritten in the form: 

�̂�rot (𝑡𝑐)    = 𝐺rot (𝑡𝑐)/𝑐𝑝
(0)
= 1 + 𝑅𝑝 (𝑥𝑝 𝑔

(2)(𝑡𝑐) + (1 − 𝑥𝑝) 𝑔
(4)(𝑡𝑐)), (3.60) 

where: 

𝑅𝑝 =
𝑐𝑝
(2) + 𝑐𝑝

(4)

𝑐𝑝
(0)

;   𝑥𝑝 =
𝑐𝑝
(2)

𝑐𝑝
(2) + 𝑐𝑝

(4)
;   𝑝 = (𝑎1𝑒1), (𝑎2𝑒2). (3.61) 

Alternatively, the parameter 𝑥𝑝 can be replaced by the parameter 𝐶𝑝 as used in eq. 3.31 
in the main text defined as: 

𝐶𝑝 =
1 − 𝑥𝑝
𝑥𝑝

=
𝑐𝑝
(4)

𝑐𝑝
(2)
, (3.62) 

From which the normalized rotation correlation function, �̂�rot (𝑡𝑐), is obtained as: 

�̂�rot (𝑡𝑐)    = 1 + 𝑅𝑝 (
1

1 + 𝐶𝑝
 𝑔(2)(𝑡𝑐) +

𝐶𝑝
1 + 𝐶𝑝

 𝑔(4)(𝑡𝑐)), (3.63) 

The values for the parameters 𝑅𝑝, 𝑥𝑝, and 𝐶𝑝 are given in in Supplementary Table 3.17. 
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4.1  Introduction 

Since the large diversity of functions in biomolecules is a direct manifestation of the 

chemical structure and dynamic behavior of the biomolecular system, their structure 

determination is crucial. There are several biomolecular research tools like X-ray 

crystallography300-302, cryo-electron microscopy303,304 and nuclear magnetic 

resonance305,306 that are conventionally employed to probe the conformational structure 

and dynamics of biomolecules and report on their biomolecular interactions. Another 

important technique to study biomolecular structural dynamics is Förster resonance 

energy transfer (FRET), which is particularly useful for large and dynamic biomolecules 

and complexes. The FRET technique utilizes fluorescent dye labels, strategically placed 

on the biomolecule, and determines their inter-dye distance by measuring the relative 

changes in fluorescent properties15,159,187,265,307-309. A thorough understanding of the 

fluorophore photophysics is essential for the choice and design of suitable fluorescent 

probes and the correct interpretation of the dye behavior. The local environment in the 

biomolecule has a profound effect on the fluorescence properties of the dye. A notable 

example is protein-induced fluorescence enhancement (PIFE). Here an increase in 

fluorescence intensity occurs when a protein binds to a nucleic acid in the proximity of a 

fluorescent probe like Cy3 or Cy5135,136,220. In certain cases, fluorescence quenching may 

occur through interactions of amino acids like Tryptophan and organic fluorophores like 

rhodamine or oxazine due to photoinduced electron transfer (PET)104,105. For example, 

when FRET is used to measure the distance between two regions of a protein, the 

presence of quenchers can cause systematic deviations in recovered distances270. 

Therefore, one must be cautious while interpreting changes in spectroscopic properties 

of the dye since they may originate from features of the local environment of the dye. 

The influence of the local environment on the fluorophore properties can however be used 

to our advantage to report on the local biomolecular environment. Depending on the 

fluorophore, the protein and the solvent conditions, dye-protein interactions can occur in 

a variety of ways. The different modes of interactions or binding mechanisms include -

stacking310-312, electrostatic interactions313 and hydrophobic interactions314. Interactions 

with a protein can have significant consequences on the dye behavior resulting in 
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fluorescence quenching105, fluorescence enhancement135,136, spectral shifts114,315, and 

anisotropy changes101,102,316,317. 

In this study, we use the bacteriophage T4 Lysozyme (T4L) as a prototype system for 

exploring the influence of the local dye environment in proteins. It is a modular protein 

consisting of two subdomains, the N-terminal subdomain and the C-terminal subdomain 

linked by a long α-helix318 (Helix C, Fig. 4.1A). Additionally, there is a highly flexible 

domain, which acts as a connector and integral to the structure of T4L (Helix A, grey Fig. 

4.1A,C) . T4L has been extensively used as a model protein in protein unfolding319,320 and 

ligand binding studies321-323. It is very tolerant of mutations, even accommodating 

insertions and deletions324. Mutations introduced for the covalent labeling of organic 

fluorophores onto specific sites is therefore expected to cause little perturbations to the 

protein conformation. The function of T4L is the hydrolysis of the peptidoglycans of 

bacterial cell walls, this cleavage involving a hinge-bending motion between open and 

closed conformations. An even more compact minor state, referred to as the C3 state, 

was discovered by Sanabria et.al.3 The equilibrium fractions of the 3 conformational 

states were found to be 54%(C1), 30%(C2) and 16%(C3) of the wild type T4L. From the 

500+ structural models of T4L available within the Protein Data Bank (PDB), we chose 

PDB 172L to represent the open (C1) structure and 148L to represent the closed (C2) 

structure of T4L 3,267 (Fig. 4.1B). 

The main objective of this study is to investigate the effect of fluorescent properties of 

coupled dyes in different protein environments and subsequently use the dye as a probe 

to sense the environment. The commonly used fluorophores, Alexa488 and Alexa647, 

were chosen and covalently coupled to chosen labeling sites in the protein via long flexible 

linkers. The experimental output from fluorescence spectroscopy is combined with 

computational simulations to give a detailed insight into the origin, type and extent of dye-

protein interactions under various environments. The amino acid residues responsible for 

dye trapping and quenching, the effect of dye trapping on fluorescence quenching, the 

extent of static quenching and H-bonding interactions and the interference to dye motion 

from protein dynamics are presented. Finally, specific examples are shown where the 

coupled dyes act as sensors and report on changes in the local and global protein 

environment. 
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over all subdomains of T4L (Fig. 4.1D). Subsequently, we combine fluorescence 

techniques and computational simulations to gain information on potential interactions 

between the protein and the dye. From the insights gathered from these studies, we could 

use the fluorophores as sensors and identify the characteristics of unknown local 

biomolecular environments or global events. 

4.2.1 Alexa488 labels exhibit environment-sensitive photophysical properties 

(The T4L variants P86C, R119C, D127C, N132C and I150C were prepared and 

measured by A.P., with help from L.S. The variants E22pAcF, S36pAcF, Q69pAcF, 

K19pAcF, S44pAcF, K60pAcF were prepared and measured by K.H., to the best of my 

knowledge) 

In order to study the environment-dependent behavior of Alexa488 dye, ensemble time 

resolved fluorescence lifetime and anisotropy measurements of Alexa488 labels on 11 

sites were studied(Fig. 4.1D, Supplementary Fig. 4.1). The original residue at each of 

these sites have been mutated to either cysteine (C) or pAcPhe (pAcF) to accommodate 

the dye labeling chemistry, thus leading to 11 T4L mutants. Hereafter, I refer to each 

labeled T4L variant by its mutation site which is also the labeling site (For example: P86C, 

S44pAcF etc.). Fig. 4.2A shows the spread of the species-weighted fluorescence lifetimes 

of Alexa488 labels over a time range x= 2.3-4.1 ns and that of residual anisotropies 

over a wide range 0.15-0.24. For the free Alexa488 dye, the fluorescence is single 

exponential with a lifetime of 4.1 ns, while the fluorescence of the coupled labels is 

multiexponential, indicating interactions between the dye and the protein. Fluorescence 

decay curves of highly quenched (N132) and relatively less quenched (P86) Alexa488 

labels are shown in Fig. 4.2B(top). The multiexponential fluorescence decays are 

characterized by two or three lifetime components (Table 4.1, Supplementary table 2). 

Among the labels studied, the longest lifetime was exhibited by S44, with fluorescence 

lifetime x= 4.1 ns, similar to that of the unquenched dye; while E22 had the shortest 

lifetime x= 2.4 ns. The anisotropy decay curves of the Alexa488 labels, N132 and P86, 

are shown in Fig. 4.2B(bottom). The decays are characterized by three rotational 

correlation times (Supplementary table 2), of which the longest correlation time describes 

the global rotation of the protein and the corresponding amplitude is a measure of the 
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rotational freedom of the molecule and is called the residual anisotropy (r). The highest 

and lowest residual anisotropies were exhibited by K19 (r = 0.25) and R119 (r = 0.15), 

respectively. In presence of only transient interactions, we expect an inverse correlation 

between lifetime and residual anisotropy because when the lifetime of the dye is lowered 

due to quenching, the increased dye-quencher interactions is presumed to raise the 

anisotropy. However, this expected correlation is not observed for the studied Alexa488 

labels. This indicates that there are specific environment-dependent interactions affecting 

the photophysical properties of these labels. The elements in the local protein 

environment affecting the fluorescence properties of the dye labels are investigated in the 

following sections. 

Table 4.1. Photophysical properties of representative Alexa488 labels. 

Label 
position 

x1 1, ns x2 2, ns x3 3, ns
x

ns 
r F 

F,dy

n 
fstatic 

λmax 

(abs) 
nm 

AQ 

P86C 0.81 4.22 0.13 2.45 0.06 0.31 3.76 0.18 0.84 0.89 0.06 496 0.06 
R119C 0.65 4.04 0.24 1.90 0.11 0.45 3.14 0.15 0.68 0.75 0.08 495 0.13 
D127C 0.71 4.13 0.20 2.35 0.08 0.38 3.46 0.19 0.72 0.82 0.12 496 0.13 
N132C 0.62 3.99 0.29 2.07 0.09 0.43 3.10 0.22 0.68 0.74 0.09 496 0.11 
I150C 0.70 4.04 0.23 2.40 0.07 0.40 3.40 0.20 0.75 0.81 0.08 496 0.15 

Alexa488 
free dye       4.05 0.02 0.96 - - 491 0.00 

The species-weighted average lifetime, x, calculated using eq. 4.5 and residual anisotropy, r, are obtained from 
fluorescence and anisotropy decay analysis. The steady state fluorescence quantum yield (F), the dynamic 
fluorescence quantum yield (F,dyn) and the fraction of statically quenched species (fstatic) are calculated using eq. 4.9-
11. λmax(abs) is the wavelength at absorption maxima. AQ is the amplitude of the static quenching process with a 
relaxation time 68 ns obtained on global fitting of FCS curves measured at 485 nm and 5.6 kW/cm2 power to the model 
function given by eq. 4.15. 
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Figure 4.2. Photophysics of Alexa488 depends on local protein environment.(A) The species-
weighted average fluorescence lifetime s and residual anisotropies exhibit a wide range of 
values due to difference in dye environments. An inverse correlation between these two 
observables can be seen only for 6 of the 11 labels, indicating specific interactions for each 
label. (B) Exemplary fluorescence and anisotropy decays of Alexa488 labels, P86 (orange) and 
N132 (brown), representative of less quenched and highly quenched lables, with the instrument 
response function (grey) and their corresponding fits (black lines). (C) Absorption spectra of 
Alexa488 free dye and representative labels, P86 and N132, show the red shift of labels 
compared to the free dye. (D) FCS curves (parallel-perpendicular correlations) of selected 
Alexa488 labels (dotted lines) and their fits (solid lines) measured at 485 nm and at an excitation 
power of 5.6 kW/cm2. The vertical lines indicate the fitted relaxation times for the translational 
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diffusion (tdiff), triplet (tT) and quenching (tQ) for the N132 label. Inset: Zoom of static quenching 
regime showing fitted curves. (E) Steady state fluorescent quantum yield (F) and dynamic 
fluorescence quantum yield (F,dyn) are plotted for the selected Alexa488 labels. The black line 
shows a 1:1 relationship. The difference between the two values arises due to static quenching. 
The fraction of static quenching can be calculated using the displayed formula  and is seen to 
be approx. 10% for the Alexa488 labels. 

A combination of spectroscopic methods sheds light on Alexa488 fluorescence 
quenching. One of the major factors affecting the photophysical behavior of Alexa488 

dye is PET quenching108 where electron transfer occurs from an electron donor with 

suitable oxidation potential to the chromophore. The amino acids Trp, Tyr, Met and His 

can serve as effective electron donors for Alexa488108 and other Rhodamine-based 

dyes104. The mechanism of PET by amino acid residues involves a combination of both 

static and dynamic quenching pathways. While dynamic quenching, which occurs by 

collisional encounters, effects both fluorescence lifetime and intensity, static quenching 

reduces the intensity without influencing the lifetime104,105,108. 

Static quenching occurs by ground-state complex formation between the dye and a 

quencher. This results in the perturbation of the ground state and therefore in the red shift 

of the dye absorption114. The absorption spectra can thus act as indicators for dye-protein 

interactions, if such interactions lead to static quenching. In the present study, we observe 

a 5 nm shift of absorption spectra for the coupled dyes compared to the free dye, 

indicating potential stacking interactions (Fig. 4.2C). Since polarity differences and 

presence of H and J aggregates also result in absorption shifts, we cannot make 

conclusive statements about the quenching pathway from these spectral shifts alone. In 

addition, there is no significant difference in the absorption maxima between the 

measured coupled dyes, which further hampers our efforts to extract information about 

individual dye environments from the absorption spectra.  

In order to quantify the magnitude of quenching, selected T4L labels and the free dye 

were probed by FCS measurements performed at a constant power density of 5.6 kW/cm2 

at 485 nm. A fluorescence intensity fluctuation at 68 ns was observed to varying degrees 

for the T4L labels, but was absent for the free dye. Since this is a protein environment-

dependent observation, and amino acid quenching of Alexa488 is expected, this 

fluctuation is assigned to PET dye quenching. The fits of the FCS curves of R119, D127, 

N132 and I150 (Fig. 4.2D, Table 1, Supplementary table 3) show a fluorescence intensity 
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fluctuation with amplitude Q >11% at a correlation time tQ = 68 ns, while the amplitude of 

P86 is lower at Q=6%. This lower quenching amplitude for P86 agrees with its longer 

lifetime from the time resolved measurements. It must be remembered that the FCS 

amplitude may be an average of more than 1 process occurring in the same time range, 

and does not necessarily reflect a single quenching mechanism.  

To unravel the quenching pathway, we measured the fluorescence quantum yields for the 

free dye and selected T4L labels (Fig. 4.2E). We measure two types of fluorescence 

quantum yields : (i) The dynamic fluorescence quantum yield (F,dyn)measures the 

dynamic/collisional quenching and is proportional to the average lifetime x as given by 

eq. (4.10). (ii) The steady state fluorescence quantum yield (F) measures the reduction 

in fluorescence intensity relative to a standard reference and therefore accounts for both 

static and dynamic quenching processes.  

From Fig. 4.2E, it is clear that F,dyn is consistently higher than F. This difference is due 

to static quenching which is not reflected in F,dyn, but reduces F. From these quantities, 

the fraction of statically quenched species (fstatic) can be calculated as given in eq. 4.14. 

For the measured Alexa488 labels, the fstatic is between 6-12%, P86 being the least (6%) 

and D127 being the most (12%) statically quenched. From previous studies of Alexa488 

labels on RNA (Chapter 3), fstatic up to 41% were observed. Compared to that, the loss of 

fluorescence due to static quenching is considerably lower for the T4L protein labels. 

Therefore, we conclude that dynamic quenching is the major quenching pathway for the 

T4L-coupled Alexa488 labels. In proteins, the aromatic PET quenchers are usually found 

within hydrophobic pockets where dye accessibility is low; in contrast to the exposed 

guanine quencher at the nucleic acid helix ends (Chapter 3). Therefore, effective dye-

quencher stacking, necessary for ground state complex formation in static quenching, is 

less probable in proteins compared to nucleic acids with dyes labeled close to the 

Guanine terminus. 

4.2.2 Simulation studies predict probable dye-protein interactions 

In order to investigate the behavior of Alexa488 dyes on the T4L protein two independent 

simulation approaches were applied: Molecular Dynamics (MD) simulations and 

accessible volume (AV) calculations. The MD simulations yield atomistic representations 
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of the dye attached to the protein while the AV simulations provide sterically allowed dye 

positions while assuming all positions to be equally probable103,242. Since conformational 

sampling in MD simulations is time-consuming process, it was performed only on selected 

labels (P86, R119, D127, N132 and I150). For each labeling position, we performed 10 

simulations of 3000 ns simulation time each. The more coarse-grained AV simulations, 

on the other hand, are based on simple geometric calculations, and were carried out for 

all measured labels. 

a)  MD simulations allow a closer look at interaction modes 

(MD simulations and their analysis were carried out by Dr. Christian Hanke) 

In order to investigate the sampled conformational space in the MD simulations, the 

positions of a selected atom in the dye (the xanthene oxygen atom, Supplementary Fig. 

4.3B) over the course of the simulation is shown as spheres in Fig.4.3A and 

Supplementary Fig. 4.2. A high density of spheres at regions near the T4L surface 

suggest interactions and indicate potential dye trapping, whereas a more uniformly 

distribution of spheres would correspond to a less trapped label (e.g. P86). For a better 

understanding of dye interactions, we computed the dye-amino acid distance over the 

simulation time for several amino acids (Supplementary Fig. 4.3). From these traces, 

stable and long-lived interactions can be inferred as distinct plateaus with distances ~ 10 

Å. Some of the frequently occurring interaction modes are presented in Fig. 4.3B and 

discussed below. 

-stacking interactions of dye with PET quenchers: In order to investigate potential -

stacking, we follow Vaiana et. al106, who describe a combination of distances and angles 

between the dye and quencher by which -interactions lead to effective PET quenching. 

The distance (r) is defined between the centers of dye and quencher ring systems and 

the angle () is defined between the normal vectors of the planes of these ring systems 

(Supplementary Fig.4.4). These interaction parameters are calculated for the MD 

trajectories (Fig. 4.3B(1), right). In our simulations, the distance (r) was generally greater 

than 5.5 Å where stacking interactions were less probable. However, there were a few 

instances of suitable r and  combinations that could result in quenching interactions due 

to effective -overlap (Fig. 4.3B(1)). Since the quenching amino acid residues, Trp and 
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Tyr, are hydrophobic, they are usually buried within hydrophobic protein pockets and are 

thus inaccessible to the dyes. Therefore, strong - interactions are only occasionally 

observed in our simulations.  

H-bonding interactions of dye with positively charged and other amino acids: 

Among the amino acid residues on T4L, Lysine and Arginine are the most positively 

charged, due to protonation of their NH2 and guanidine groups, respectively, at 

physiological pH used in the experiments. They have high aqueous pKa’s: ~10.5 for Lys 

and ~13.8 for Arg328. These residues are responsible for the positively charged regions 

on the electrostatic potential map on the T4L surface (Supplementary Fig. 4.5). The 

positively charged Lys and Arg potentially participate in H-bonding with the negatively 

charged SO3- groups of the dye labels (Fig.4.1B). This type of electrostatic interaction is 

the most frequent of the interaction modes observed between the coupled dye and the 

protein in the simulations. The higher prevalence of Lys and Arg in T4L and their solvent-

exposed natures contribute to the predominance of this interaction mode. For each of the 

10 simulations performed for a given label, the percentage of simulation time where H-

bonding was observed was calculated and displayed as box plots (Fig. 4.3B(2)); the 

criteria for H-bonding adopted from Raschka et al.329,. It can be seen that N132 has 

consistently high H-bonding in all the simulations with the highest average among the 

labels measured; while the lowest average percentage of H bonding was exhibited by 

R119. This ranking is also reflected in their respective residual anisotropies. The positive 

charges in the amino acid side chains trap the negatively charged dye, thereby generating 

a “contact volume”, which is an area of defined thickness close to the protein surface 

favored by the dye242 where diffusion is lower. It is assumed that when trapped to Lys or 

Arg, the dye remains for a long time in the neighborhood of PET quenching amino acids, 

leading to quenching events which otherwise would not have been as probable. In 

addition to the positively charged Lys and Arg, neutral (non-charged) and polar amino 

acids like Asn and Gln are also seen to participate in H-bonding (Supplementary Fig. 

4.6A). 

A less frequently observed interaction partner for the protein in the simulations is the dye-

linker. The long flexible linker connecting the dye to the protein labeling site contains 

functional groups which can form H-bonding interactions with suitable amino acid 
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residues (Supplementary Fig. 4.6B). This particular mode of interaction is usually 

observed together with other dye-protein interaction modes. 

Concerted interactions: Even though -stacking interactions between the dye and 

Trp/Tyr are relatively rare in our simulations, H-bonding interactions between the oxygen 

of the SO3- group in the dye label and the hydrogen from the NH and OH functional groups 

of Trp or Tyr are more frequently detected. Consistently, these dye interactions are 

reinforced due to the presence of another dye-protein bond in its proximity (Fig. 4.3B(3)). 

Such concerted interactions can be detected in the dye-quencher distance trace, where 

most instances of quencher-dye proximity are accompanied by dye proximity to a 

positively charged amino acid (Fig. 4.3B(3)). 

Cation- interactions: A common non-covalent interaction existing between the amino 

acids in a protein is the cation- interaction330-332. This is usually observed between the 

cationic side chain of Lys/Arg and the aromatic sidechain of Trp, Tyr and Phe within a 

distance of 6 Å. The fluorophore Alexa488 also possesses delocalized  electrons in its 

aromatic rings which is within the 6 Å distance from the cationic centres of Lys and Arg 

residues. Therefore, cation- interactions are highly likely between Lys/Arg and the dye. 

This interaction mode has been detected in our MD simulations (Fig. 4.3B(4)). A 

screening of the MD trajectories to identify potential cation- interactions was carried out 

using a geometric criterion  6 Å between the ammonium nitrogen (NZ) in Lys or the 

guanidinium carbon (CZ) in Arg and the midpoints of any of the 3 rings in the xanthene 

system of Alexa488. This screening provides us with an upper limit of the percentage of 

simulation time where cation- interactions are possible. (Fig. 4.3B(4), box plot). Clearly, 

this percentage will be an overestimation of actual cation- interactions since we consider 

only the geometric criteria, and not all cation- contacts represent energetically favorable 

interactions. It can be seen that on average, N132 has the highest percentage of 

interactions, comparable to the % of H-bonding. The prevalence of H-bonding and cation-

 interactions over the simulation period are remarkably high, emphasizing the role of 

Lysine and Arginine in affecting dye behavior. 
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b)  AV simulations predict changes in fluorescence parameters  

Because in all-atom MD simulation, sampling is limited, we use coarse grained AV 

simulations. In the current study, the accessible volume (AV) approach to calculate 

proximity/accessibility to various suspected interaction sites and correlate it to a 

fluorescence observable like the fluorescence lifetime or residual anisotropy. Since the 

protein T4L adopts both open (PDB: 172L) and closed (PDB: 148L) conformations, for 

accessibility calculations, a weighted average of the calculated quantity for the C1 and C2 

structures were employed. Since the structure of C3 is still under study, the equilibrium 

species fraction determined for the C3 state, was instead assigned to the C2 state for the 

purpose of this study. Thus AV-based calculations were weighted 54% for the C1 state 

and 46% for the C2 state. The following factors affecting Alexa488 behavior were studied: 

Interaction with PET quenchers: PET quencher accessibility is calculated as the 

fraction of the interaction volume to the AV volume; where the interaction volume (Fig. 

4.4A, inset) is defined as the volume of AV that is  4 Å from the quenchers, Trp, Tyr, Met 

and His. Since this accessibility as an estimate of quencher proximity and thereby, the 

concentration, we can study the effect of quenchers on the species-weighted average 

fluorescence lifetime (Fig.4A).  

PET quencher accessibility = 0.54 ∙ [
𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐴𝑉 𝑣𝑜𝑙𝑢𝑚𝑒
]
𝐶1
+ 0.46 ∙ [

𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐴𝑉 𝑣𝑜𝑙𝑢𝑚𝑒
]
𝐶2

 

From Fig 4.4A, it is seen that unquenched labels have negligible quencher accessibility. 

A clear correlation between the calculated quencher accessibility and fluorescence 

lifetime is not observed, indicating that presence of PET quenchers is not the only factor 

determining the fluorescence behavior.  

Interference due to protein dynamics: During the hinge-bending motion of T4L, it is 

possible for a dye to get trapped if the dye is labeled close to the cleft region. In order to 

investigate if such a trapping is detrimental to the fluorescence of a dye, we calculate the 

difference in AVs between the C1 and C2 states and correlate it to the residual anisotropy 

(Fig. 4.4B). Among the measured labels, E22, K60 and N132 exhibit the largest changes 

in AV, going from open to closed state, indicating that these labels are the most affected 

by the hinge bending motion. Interestingly, these labels also exhibit high residual 
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anisotropies. This correlation implies that during T4L hinge bending motion, some dyes 

may be trapped or “squeezed” by the protein depending on its labeling site and 

orientation.  

 
Figure 4.4.  Predicting factors affecting Alexa488 behavior. (A) PET quenchers: The predicted 
accessibilities of the PET quenchers, Trp, Tyr, Met and His, have little correlation with the 
species-weighted average fluorescence lifetimes of the Alexa488 dyes. Inset shows the 
interaction volume of an exemplary AV. (B) Hinge bending motion of T4L: Change in AV 
between C1 and C2 states plotted against residual anisotropy show that the sites where dye 
labels are constrained due to protein dynamics have relatively high residual anisotropy. Inset: 
Example of an AV at labeling position E22 (red spheres) in C1 (green) and C2 (pink) states. (C) 
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Dye trapping: The fraction of statically quenched species (fstatic) from experiment is well 
correlated to the fraction of trapped protein surface that is dark (ftrapped,dark) from calculations. 
This is due to the fluorescence of Lys/Arg-trapped dyes being quenched by adjacent PET 
quenchers. (D) Static PET: Assuming a hypothetical case of no static quenching, simulated 
dynamic fluorescence quantum yields is plotted as a function of the corrected residual 
anisotropies (equation displayed), yielding the inverse correlation expected in the absence of 
static quenching. 

Interaction with Lys/Arg: From our MD studies, we could ascertain that in addition to 

the PET quenchers, positively charged amino acids, Lys/Arg, also interact with the dye 

for a considerable length of time. In the vicinity of these Lys/Arg residues, PET quenchers 

are also present. It is therefore reasonable to assume that there is a fraction of dye 

species which undergo PET quenching by Trp/Tyr while being trapped by Lys/Arg. To 

estimate the extent of trapped positions that are dark (statically quenched), we determine 

the number of trapped positions (that is, Lys or Arg residues) that are within 4 Å of the 

dye AV and find out how many of these residues have PET quenchers within 4 Å, since 

these would render the dye dark (more details in Supplementary note 4.1). Then, the 

species fraction of trapped dark surface is: 

𝑥trapped,dark =
Number of quencher − adjacent Lys Arg⁄ near AV

Number of Lys Arg⁄ near AV
 

  (4.1) 

This fraction of trapped surface that is dark from the AV calculations correlates reasonably 

well ( = 0.71) with the experimental fraction of statically quenched species (fstatic), 

calculated from the fluorescence quantum yields (Fig. 4.4C); confirming that static 

quenching occurs when the dye is trapped near quencher-rich areas. The validity of this 

assumption was further tested by incorporating this fraction into fluorescence parameters 

obtained experimentally as described below. 

It is known that residual anisotropy is a measure of dye restriction 103. However, the 

measured r does not reflect the trapping at the dark surface, since static quenching 

removes the quenched molecules from observation and we observe only the bright 

molecules. We imagine a hypothetical situation where all quenching is dynamic and 

calculate the residual anisotropy in that situation. Due to the additive property of 

anisotropy, 𝑟 = ∑𝑟𝑖 ∙ 𝑓𝑖. where 𝑟𝑖 and 𝑓𝑖 are the anisotropy and fluorescence fractions for 

the ith species. In our case, there are 2 species: bright and dark. Therefore, 



Chapter 4. Fluorescent probes on protein T4 Lysozyme 
    

160 
 

𝑟 = (𝑟𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑏𝑟𝑖𝑔ℎ𝑡 ∙ 𝑓𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑏𝑟𝑖𝑔ℎ𝑡) + (𝑟𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑑𝑎𝑟𝑘 ∙ 𝑓𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑑𝑎𝑟𝑘) (4.2) 

The Fluorescence fraction, 𝑓𝑖 =
〈Φ𝐹〉1∙𝑥𝑖

∑𝑥𝑖∙〈Φ𝐹〉𝑖
 . 

We approximate 〈Φ𝐹〉1 ≈ 〈Φ𝐹〉2, since in this hypothetical case, all trapped fractions have 

the same brightness. Then we get 𝑓𝑖 ≈ 𝑥𝑖. 

Thus, we can use the species fractions (𝑥𝑖) instead of the fluorescence fractions (𝑓𝑖) in eq 

(4.2)  

𝑟 = (𝑟𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑏𝑟𝑖𝑔ℎ𝑡 ∙ 𝑥𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑏𝑟𝑖𝑔ℎ𝑡) + (𝑟𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑑𝑎𝑟𝑘 ∙ 𝑥𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑑𝑎𝑟𝑘) (4.3) 

Thus we can determine the corrected residual anisotropy, r,corr, as the sum of the 

measured r (bright) and r of dark molecules weighted by their respective fractions on 

the trapped surface. If we assume that the r of dark molecules is 0.3 due to trapping, the 

corrected r is: 

𝑟∞,𝑐𝑜𝑟𝑟 = (𝑟∞,𝑚𝑒𝑎𝑠. ∙ 𝑥𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑏𝑟𝑖𝑔ℎ𝑡) + (0.3 ∙ 𝑥𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑑𝑎𝑟𝑘) (4.4) 

where 𝑥𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑏𝑟𝑖𝑔ℎ𝑡 = 1 − 𝑥𝑡𝑟𝑎𝑝𝑝𝑒𝑑,𝑑𝑎𝑟𝑘 (4.5) 

The corrected residual anisotropy accounts for the hypothetical case where all 

interactions are collisional (dynamic) and all static effects are absent. A previous study 

from Peulen et al.270 simulated the diffusion and dynamic quenching of Alexa488 dyes on 

different proteins by using a combination of AV and Brownian dynamics (BD) simulations. 

The resulting fluorescence quantum yield is purely dynamic in nature. We adopt this 

approach to obtain the simulated dynamic fluorescence quantum yield (F,dyn) for the T4L 

labels under study. The simulated and measured F,dyn are not equal and simulated F,dyn 

measured F,dyn (Supplementary Fig.4.7). A good inverse correlation is observed when 

the simulated F,dyn is plotted as a function of r,corr (Fig. 4.4D) with a correlation coefficient 

r=-0.84 ; thus validating our proposition of static quenching of dyes trapped at Lys/Arg 

residues with nearby quenchers. 

In conclusion, we can summarize that the different environmental factors that alter the 

photophysical properties of Alexa488 dyes on T4L. The major quenching mechanism is 

PET which occur by a combination of dynamic and static quenching pathways. These 

quenching effects are boosted when the dye is trapped to a nearby positively charged 



Chapter 4. Fluorescent probes on protein T4 Lysozyme 
    

161 
 

amino acid like Lys or Arg. The hinge bending motion of T4L also present spatial 

constraints to dyes labeled in its proximity. It may be worth noting that some of the 

observed correlations are expected to improve with the adoption of a C3 structure in the 

future. 

4.2.3 The photophysics of coupled-Alexa647 dyes are influenced by the T4L 
local environment 

(The T4L variants S44pAcF and K60pAcF were prepared and measured by A.P. The 

variants S44C, N55C, Q69C, P86C, R119C, N132C, I150C and D127C were prepared 

and measured by K.H., to the best of my knowledge.) 

In order to investigate the photophysical properties of a class of dyes quite different from 

Alexa488, we chose the cyanine dye, Alexa647. They are often used as a donor-acceptor 

dye pair in FRET experiments3,238,270. Alexa647 is expected to exhibit association-induced 

fluorescence enhancement (AIFE) similar to the Cy5 dyes (Chapter 3). The fluorescence 

behavior of Alexa647 on 9 distinct labeling sites on T4L were investigated (Fig.4.5A, 

Supplementary Table 4.5) using ensemble time resolved fluorescence lifetime and 

anisotropy measurements. When Alexa647 dyes are coupled to different sites in T4L, 

they exhibit lifetimes ranging from x = 1.25 ns to 1.5 ns, longer than that for the free 

Alexa647 dye ( = 1.0 ns333). The residual anisotropies, ranging between 0.16 - 0.31, are 

highly correlated to the corresponding lifetimes (Pearson’s correlation coefficient, r = 

0.91). The label K60 shows the longest lifetime and the highest residual anisotropy, while 

the P86 label demonstrates the shortest lifetime and lowest residual anisotropy. The 

fluorescence and anisotropy decay curves of these two labels are displayed in Fig.4.5B 

along with their fitted curves. Since the residual anisotropy is a measure of the 

environmental restriction to dye movement, it follows that, for the Alexa647 labels, the 

more sterically restricted dyes appear brighter with longer lifetimes, and vice versa. This 

phenomenon, called AIFE, is explained by the restriction to cis-trans isomerization of the 

Alexa647 dye (explained in detail in chapters 2 and 3)  
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Figure 4.5. Photophysics of Alexa647 depends on the local protein environment. (A) The 
species-weighted average fluorescence lifetimes and residual anisotropies exhibit a wide range 
of values due to difference in dye environments. A positive correlation between these two 
observables can be seen throughout, indicating that the dye photophysics is influenced by its 
propensity to cis-trans isomerization. (B) Exemplary fluorescence and anisotropy decays of 
representative Alexa488 labels, P86 (orange) and K60 (yellow) with the instrument response 
function (grey) and their corresponding fits (black lines). (C) Absorption spectra of a few 
Alexa647 labels and the free dye show varying extents of red shift of labels compared to the 
free dye. The colors of the curves correspond to the label colors in panel A. (D) FCS curves 
(parallel-perpendicular correlations) of representative Alexa647 labels (dashed lines) and their 
fits (solid lines) measured under PIE signal at 635 nm and at an excitation power of 0.7 kW/cm2. 
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The vertical lines indicate the fitted relaxation times for the translational diffusion (tdiff) and cis-
trans isomerization (tISO) for the P86 label. (E) Sketch of cis-trans isomerization by bond rotation 
(red arrow) in Alexa647. Steric restriction to the dye movement affects the rate constant of this 
process (kISO) calculated from FCS fits. The decay rate constant and the residual anisotropy 
are highly correlated. 

Cis-trans isomerization is modulated in restrictive environments. Cis-trans 

isomerism in Alexa647 labels exist due to the double-bonded group in the chromophore 

situated between two bulky heterocyclic rings (Fig. 4.1C). The potential energy barrier for 

cis-trans isomerization is increased in restrictive environments 136. As a result, the rate 

constant of photoisomerization decreases and the excited state deactivates mainly 

radiatively, thus enhancing the fluorescence. This gives rise to the phenomenon of 

association-induced fluorescence enhancement (AIFE) (Chapter 2), similar to 

PIFE135,136,220, whereby the dye association with the local environment brings about an 

increase in fluorescence.  

The observed photophysical responses of Alexa647 labels are thus governed by the rates 

of cis-trans isomerism. The wide distribution of lifetimes and residual anisotropies 

demonstrate the heterogeneous microenvironment of these labels. Alexa647 labels 

coupled in the vicinity of highly restrictive protein environments have larger residual 

anisotropies and increased brightness and longer lifetimes due to AIFE. Based on this, 

labels like K60, I150, N132 etc. are predicted to be in sterically confined states and likely 

trapped to the protein surface; while the environment of Alexa647 labels like P86 or S44 

is expected to be mostly unrestrictive (Fig. 4.5A, Table 2). 

The excellent correlation between the residual anisotropies and their corresponding 

lifetimes presents us with a novel information. A plot of fluorescence-averaged lifetime, 

f and the corresponding residual anisotropies (data as in Supplementary Table 4.5) 

yields a linear fit (Pearson’s r = 0.82). When this linear function is extrapolated to the 

fluorescence lifetime of the free dye (=1 ns), a residual anisotropy of 0.057 (denoted as 

𝑟∞,𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙.) is obtained. This may be considered the anisotropy of a covalently bonded 

Alexa647 dye that not trapped by the protein surface. Sindbert et.al. described the 

wobbling in a cone (WIC) model for a Cy5 dye and characterized the wobbling motion103 

using the equation: 
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1

2
cos 𝜃𝑐𝑜𝑛𝑒(1 + cos 𝜃𝑐𝑜𝑛𝑒) = √

𝑟∞
𝑟0

 

where cos 𝜃𝑐𝑜𝑛𝑒is the opening half angle. 

(4.6) 

The Alexa647 dye used here is structurally similar to the Cy5 dye and more importantly, 

its transition dipole moment is also parallel to the linker axis, allowing us to adopt the 

above equation. Replacing 𝑟∞ with 𝑟∞,𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙. in eq. (4.6), we calculate the opening half 

angle to be 𝜃𝑐𝑜𝑛𝑒=59.3. 

Absorption spectra measured for Alexa647 labels show that the labels are red shifted 

compared to the free dye (Fig. 4.5C), indicating dye-T4L interactions. From the inset, it is 

seen that the most red-shifted labels have the highest fluorescence enhancement and 

vice versa. That is, these spectral shifts indicate the extent of dye-protein interactions. 

To probe the cis-trans process in the Alexa647 labels, we tracked the relaxation 

processes for selected representative labels using fluorescent correlation spectroscopy 

(FCS) at 0.7 kW/cm2 (Fig. 4.5D, Table 2, Supplementary Table 6). The free dye, being 

the least restricted, exhibited the highest amplitude at 0.38, for the cis-trans relaxation 

process; while the K60 label exhibited the lowest amplitude at 0.19.and the longest 

correlation time for the cis trans process (38 s). The sketch in Fig. 4.5E shows the central 

double bond of Alexa647 undergoing geometric isomerism. The rate constant of 

isomerization (kISO) from the trans to cis isomer, can be determined from the amplitude 

and time of the cis-trans relaxation obtained from the FCS fits141 with equations (4.17) 

and (4.18). It shows good correlation (Pearson’s r = 0.91) to the rate constant of 

fluorescence decay, k0, in accordance with the proposed AIFE mechanism. Highly 

trapped dyes like the label at K60 show lower rate constants (kISO = 2.1 ns-1), while 

relatively mobile dye labels have higher rate constants (kISO = 4.2-5.3 ns-1) and the free 

dye exhibits the highest kISO = 6.3 ns-1. 
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Table 4.2. Photophysical properties of representative Alexa647 labels.  

Label position x, ns r 
λmax(abs), 

nm 

FCS @ 0.7kW/cm2, 635 nm 

AISO tISO,µs kISO, ns-1 

N55C 1.25 0.21 652 0.24 19.89 5.31 

P86C 1.25 0.18 652 0.24 23.17 4.84 

N132C 1.36 0.26 653 0.24 24.39 4.23 

K60pAcF 1.48 0.31 654 0.19 37.66 2.08 

Alexa647 free dye 1.0 - 650 0.38 27.66 6.25 

The species-weighted average lifetime, x, calculated using eq. 4.5 and residual anisotropy, r, are obtained from 
fluorescence and anisotropy decay analysis. The free dye lifetime is from literature333. λmax(abs) is the wavelength at 
absorption maxima. AISO and tISO are the amplitudes and relaxation times for the cis-trans isomerization process 
obtained on fitting FCS curves measured at an excitation of 0.7 kW/cm2 at 635 nm to the model function given by eq. 
4.16. The rate constant of trans to cis isomerization, kISO, is calculated using equations, 4.17 and 4.18. 

4.2.4 The source of steric restriction unraveled by AV simulations 

Change in dye AV on protein bending and accessibility of Alexa647 to positively charged 

amino acids were calculated using the AV approach (for settings, refer to the Methods 

section) to reveal the source of steric restriction of Alexa647 labels. The protein dynamics, 

specifically, the hinge bending motion of T4L, is expected to interfere with the movement 

of the coupled Alexa647 dye. To investigate this possibility, the change in accessible 

volumes between C1 and C2 states was computed, analogous to that for the Alexa488 

labels. The label K60 shows the highest deviation and correlates with high residual 

anisotropy. 
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Figure 4.6. Alexa647 trapping sites in T4L. (A) Hinge bending motion of T4L: Change in AV 
between C1 and C2 states plotted against residual anisotropy show that the sites where dye 
labels are constrained due to protein dynamics have relatively high residual anisotropy. Inset: 
Example of an AV at labeling position K60 (spheres) in C1 (green) and C2 (pink) states. (B) 
Except for K60, where the residual anisotropy originates from interference from protein motion, 
the predicted accessibilities of the positively charged residues correlates moderately well with 
the measured residual anisotropy. The blue arrow is added as a guide for the eye (and is not a 
linear fit). 

Since the Alexa647 dye is net negatively charged due to its sulfonated nature, it is 

expected to have affinity towards positive charges and can get trapped at these amino 

acid sites. The Lys+Arg accessibilities, defined as the fraction of the AV cloud within 4 Å 

of any arginine or lysine, was calculated for PDB:172L (C1 state) and PDB:142L (C2 state) 

and were weighted by their prevalence in the cysteine-free pseudo-wild type of T4L 3. 

When the accessibilities were plotted against the residual anisotropies, we did not get a 

good correlation, although a positive trend could be detected (Fig. 4.6B, blue arrow). For 

the label K60, the r is higher than expected for the corresponding predicted dye 

accessibility due to dye squeezing during protein dynamics. For the rest of the labels, the 

residual anisotropy is higher for labels with higher accessibilities to Lys/Arg. This implies 

that the molecular source of steric restriction is the dye trapping at the Lys and Arg 

residues. The absence of a good correlation could be due to the opposing effect of water 

quenching, whereby protonated solvents quench the fluorescence of red-emitting dyes 
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due to energy transfer from the excited state of the dye to the harmonics and combination 

bands of OH vibrational modes of water. The extent of this quenching effect depends on 

the solvent accessibility of the fluorophore and is therefore different at distinct protein 

environments. 

4.2.5 Singly labeled dyes act as reporters of local environment and global events 

In the previous sections, we investigated meticulously how the fluorescent properties of 

coupled Alexa488 and Alexa647 dyes are affected by the local environment. The insights 

from these studies equip us to identify the characteristics of an unknown local 

biomolecular environment, since their features will be reflected in the dye fluorescence 

properties. Thus, these fluorophores act as sensors by providing information on the local 

and global environments. 

a)  Information about local environment 

Stern- Volmer plots for the Alexa488 labels can be used to assess the presence of PET 

quenchers in the neighborhood of the coupling site. For a cyanine-based dye like 

Alexa647, appreciable AIFE, characterized by high lifetimes and residual anisotropies, 

are indicative of a large number of Lys/Arg in the vicinity of the labeling site. Additionally, 

high residual anisotropies could indicate proximity to the active site of T4L. The T4L active 

site is located in the cleft region situated between the C and N terminal subdomains. The 

hinge bending motion of the protein would trap a dye in this region and therefore restrict 

its free motion. This would increase the residual anisotropy significantly, thereby 

indicating proximity to the active site. 

b)  Detecting protein unfolding and denaturation  

(The temperature-dependent studies shown here were carried out by L.S.) 

The study of unfolding and denaturation of proteins is an important area of research334 

since it indicates the protein stability and the conditions which a protein can endure. 

Fluorescence is one among the many techniques used to investigate this phenomenon. 

Although FRET between donor and acceptor dyes are generally used to monitor the 

unfolding steps, singly labeled dyes can also provide valuable information. Fig. 4.7A 

displays the fluorescence quantum yields determined using eq. 4.12, for Alexa488 dye 
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labels coupled at positions P86, R119, D127, N132 and I150 in the rigid C-terminal sub 

domain, at temperatures ranging from 10-45°C. As the temperature is initially increased 

up to 35°C, the dyes show very little fluctuations in quantum yields, implying that the 

structure of the C-terminal domain of the protein is not perturbed. The slight increase in 

the quantum yield of some of the labels could be due to one of the following reasons:(1) 

An increasing distance from quenchers: The label P86, for example, is quenched by 

Tyrosine, Y88, and Tryptophan, W126, in the open T4L state (Fig.4.7A, inset). On 

increasing temperature, the quencher W126 on the neighboring helix may be moving 

further away, causing an increase in fluorescence quantum yield. (2) A reduction in static 

quenching at higher temperatures. Above 35°C, we begin to see marked changes in dye 

behavior for all labels, signifying increased perturbances in the protein environment. The 

fluorescence quantum yield of the free Alexa488 dye, however, does not vary over the 

measured temperature range. This confirms that the changes in the fluorescence 

properties of the dye labels occur due to environmental effects and is not due to 

degradation of the dye itself. 

c)  Detecting substrate binding  
(The T4L variants used in this study were prepared and measured by K.H.) 

Binding of the substrate, peptidoglycan, at the active site of protein T4L, can be detected 

by appropriately labeled Alexa647 labels. It is known that on substrate binding, the 

proportion of closed conformers is increased3, thereby creating a sterically restrictive 

environment and increasing accessibility to the interacting residues on the surface of T4L. 

Since for the Alexa647 dye, this steric restriction lowers the rate of cis-trans isomerization, 

measuring the rate constant of isomerization, helps us predict substrate binding. 

To demonstrate this, I show the FCS curves of Alexa647 label I150 in the presence and 

absence of peptidoglycan (Fig. 4.7B, Supplementary Table 7). An additional functional 

mutation E11A, is introduced in the active site of the protein since this mutant is known 

to bind and unbind the substrate, but not cleave it3. The equilibrium ratios of the different 

states for the substrate-free functional mutant is 75%(C1), 12%(C2) and 13%(C3); while 

that of the functional mutant in presence of substrate is 56%(C1), 27%(C2) and 17%(C3)3 

(Fig. 4.7B, upper inset). When excited at 635 nm with an excitation power of 0.7 kW/cm2, 
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the power-dependent rate constant of isomerization, 𝑘𝐼𝑆𝑂′ =7.8 ms-1 decreases to 4.9 ms-

1 in the presence of the substrate (Fig. 4.7B).  

The source of increased steric restriction for the closed C2 conformer was investigated 

and revealed to be due to an increase in accessibility to positively charged amino acids. 

Using the AV approach, it was ascertained that when T4L changes from open to closed 

state, there is a 26% increase in dye accessibility to Lys/Arg for a label at I150 (Fig. 4.7B, 

lower inset). The increased dye trapping is reflected in the decreased rate constant of cis-

trans isomerization. A suitably labeled Alexa647 dye can therefore report on the 

equilibrium shift between open and closed states of T4L and in turn, detect substrate 

binding. 

 
Figure 4.7. Dye as reporter of local and global environments. (A) The tertiary structural changes 
occurring in the T4L structure upon increasing the temperature can be sensed by the Alexa488 
labels. The changes in the fluorescence quantum yields reflect the change in PET quencher 
distances as the structural elements begin to unfold. (B) Alexa647 labels detects substrate 
binding in E11A variant where the substrate is not cleaved on binding. The parallel-
perpendicular FCS curve of the label I150 displays longer relaxation times for the cis-trans 
isomerization process on substrate binding with a corresponding decrease of the rate of 
isomerization. Substrate binding on T4L(E11A) corresponds to a larger proportion of closed 
states (upper inset3). The dye accessibility to Lys/Arg residues of the I150 label in these closed 
states are higher than in the open state.(lower inset); this increased steric restriction leading to 
decreased isomerization. 
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4.3   Conclusions and outlook 

A combined investigation of the fluorescence properties of T4L-labeled Alexa488 and 

Alexa647 dyes using spectroscopy and simulations helped identify fluorescence 

quenching sites and sterically constraining environments. In addition to PET quenching 

amino acids, dye trapping was observed at positively charged residues like Lys and Arg. 

Multiple modes of dye-protein interactions like - stacking, H-bonding and cation- 

interactions were recognized by MD simulations. AV simulations verified that protein 

dynamics could cause steric restrictions to dye motion, which are subsequently reflected 

in their photophysical properties. AV and BD simulations also successfully examined the 

source of quenching in Alexa488 labels. 

From the insights gathered on dye-protein interactions, we are equipped to sense an 

unknown environment of a dye-labeled protein. With appropriate experiment design, dye 

labeled proteins can act as local or global environment sensors. In addition to locally 

assessing the proximity to PET quenchers or sterically restrictive environments, global 

events like substrate binding and protein denaturation can also be inferred. Thus, 

studying the local environment effect on the photophysical properties of covalently labeled 

dyes can potentially answer important structural questions in biology. 

4.4  Materials and methods 

Sample preparation. Site-directed mutagenesis was used to generate the cysteine and 

Amber (unnatural amino acid, p-acetylphenylalanine) mutants using the TAG codon in 

the pseudo-wild-type T4L. It contains the mutations C54T and C97A in comparison to 

wild-type T4L. This is done to replace all naturally-occurring cysteine residues. The 

generated mutants were cloned into the pET11a vector (Life Technologies Corp.)335. 

Transformation of the plasmid (containing the gene with the mutants at specific sites) into 

competent cells, either BL21(DE3) or Dh5 E. coli cells (Life Technologies Corp.), protein 

production and purification were carried out according to the procedure outlined in 

Sanabria et.al3. Gel electrophoresis was performed to verify purity at different stages of 

protein purification and labeling (Supplementary fig.4.8). 

Site-specific labeling of T4L: The sites with p-acetyl-L-phenylalanine (pAcPhe) were 

labeled by coupling its keto group to the hydroxylamine of the fluorophore under study. 
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The sites with cysteine residue were coupled by Michael addition of its thiol group with 

the maleimide of the appropriate fluorophore. For Alexa488 dyes, all measurements were 

done on singly labeled samples. However, the second mutation was present without 

being labeled (Supplementary Table 1). For the study of Alexa647 labels, doubly labeled 

samples were obtained by site-specific, orthogonal labeling; the second label being the 

Alexa488 dye (Supplementary Table 4). However, the employed measurement 

procedures ensure the acquisition of Alexa647 signal uninfluenced by the Alexa488 

labeling. The maleimide and hydroxyl amine derivatives of Alexa488 and Alexa647 were 

obtained from Life Technologies Corp. For substrate binding studies of labeled T4L 

mutants with peptidoglycan (from Micrococcus luteus, Sigma-Aldrich), the procedure 

applied is described in Sanabria et.al3. Description of protocols followed for the synthesis 

of T4L and dye labeling are given in Chapter 7. 

Fluorescence lifetime and anisotropy decay measurements and analysis: 
Fluorescence decays were recorded using a FluoTime300 spectrometer (PicoQuant, 

Germany) equipped with a white light laser (SuperK Extreme EXW-12, NKT Photonics, 

Denmark) or an IBH-5000U (IBH-Scotland) with a diode laser LDH-P-C-470 (PicoQuant, 

Germany) for the green dye or diode laser LDH-8-1-126 (PicoQuant, Germany) for the 

red dye. To reduce the contribution of the scattered light, filters (Farbglas FGL 495 and 

FGL 645, Thorlabs, New Jersey, USA) were used to cutoff wavelengths at 495 nm and 

645 nm for Alexa488 and Alexa647 samples respectively. Samples for measurement (20 

μl) were taken in quartz ultra-micro cuvettes (Helma #105.252.85.40). The IRF was 

recorded using the highly scattering LUDOX solution. For Alexa488 samples, the 

excitation and emission wavelengths were set at 488 nm and 520 nm. For Alexa647 data, 

the doubly labeled samples were used, but due to the excitation of sample at 635nm and 

emission recording at 665nm, we observe only the direct acceptor photophysics and not 

the FRET sensitized acceptor behavior. 

To estimate the fluorescence lifetimes, the fluorescence decays with polarizer-detector 

setting, VM (parallel-magic angle), was fitted; while for anisotropies, the measured decays 

with the polarizer-detector settings, VV (parallel-parallel) and VH (parallel-perpendicular), 

were fitted. The fittings were performed using either inhouse softwares, PyFia (a python-
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based fitting software) or chisurf (https://github.com/Fluorescence-Tools/chisurf) or using 

MATLAB scripts and the model functions are as described in Chapter 3. 

The fluorescence decays 𝑓(𝑡) of single-labeled T4L molecules were described by  

 𝑓(𝑡) =∑𝑥(𝑖)

𝑖

𝑒−𝑡 𝑖⁄ , (4.7) 

where 𝜏𝑖 and 𝑥(𝑖) are the fluorescence lifetimes and corresponding species fractions with 

∑ 𝑥 
(𝑖) = 1𝑖 . Up to three lifetime components were used in the analysis. The number of 

components chosen were always the minimum number required to achieve a 2 of 1.15 

and well-behaved residuals. The species-weighted average fluorescence lifetime (𝜏𝑥) 

and the fluorescence-weighted average fluorescence lifetime (𝜏𝑓) are then defined as: 

 𝜏𝑥 = ∑ 𝑥
(𝑖)𝜏𝑖𝑖   

𝜏𝑓 = 
∑ 𝑥(𝑖)𝜏𝑖

2
𝑖

∑ 𝑥(𝑖)𝜏𝑖𝑖
 

(4.8) 

The anisotropy decays were described by: 

 𝑟(𝑡) =∑𝑟𝑖
𝑖

𝑒−𝑡 𝜌𝑖⁄ , (4.9) 

where 
𝑖
 and 𝑟𝑖 are the rotational correlation times and respective amplitudes. The sum 

of the anisotropy amplitudes is equal to the fundamental anisotropy ∑ 𝑥𝑟
(𝑖)
= 𝑟0𝑖 , where 𝑟0 

= 0.38. For description of fits, refer to the Methods section in Chapter 3. Up to three 

rotational components were used for the analysis. The residual anisotropy 𝑟∞ is defined 

as the anisotropy amplitude of the component with the longest rotational correlation time 

(
𝑔𝑙𝑜𝑏𝑎𝑙

) which reflects the overall tumbling motion of the molecule (global motion). 

Dynamic fluorescence quantum yield (𝑭,𝒅𝒚𝒏). The dynamic fluorescence quantum 

yield (𝐹,𝑑𝑦𝑛) is defined for those molecules undergoing dynamic/transient processes 

only. Since the species-weighted average fluorescence lifetime 𝜏𝑥 of a dye is 

proportional to its fluorescence quantum yield,  

 F,dyn = F,ref ∙
𝜏𝑥 

𝜏𝑥,ref
, (4.10) 



Chapter 4. Fluorescent probes on protein T4 Lysozyme 
    

173 
 

where ΦF,ref and 𝜏𝑥,ref are the fluorescence quantum yield and species-averaged 

fluorescence lifetimes of a reference sample with known quantum yield, respectively. 

Alexa488 free dye was used as the reference, and the measured values of 𝑥= 4.05 ns 

and F,ref = 0.964 were used.  

Absorption and emission spectral measurements: Absorption spectra were 

measured with a UV-Vis spectrometer (Cary 4000, Agilent Technologies) at optical 

densities below 0.02 to avoid inner filter effects. The fluorescence spectra for 

fluorescence quantum yield measurements of Alexa488 labels were recorded with a 

fluorescence spectrometer (FluroMax-4, Horiba Scientific) at an excitation of 460 nm. To 

exclude polarization effects, the fluorescence was collected at a 90° angle with the 

emission polarizer set to the magic angle (54.7°). All measurements were done at room 

temperature in the measurement buffer, unless otherwise specified. 

Steady-state fluorescence quantum yield (𝐅). For the F of Alexa488 labels at 20C, 

measurements were performed according to336 by comparing the emission of the sample 

with Alexa488 free dye as the reference dye. The steady-state quantum yield is 

determined from: 

 
𝐹 = 𝐹,𝑟𝑒𝑓 ∙

𝐹s 

𝐹ref
∙
𝐴ref 

𝐴s
∙ [
𝑛s
𝑛ref

]
2

 
(4.11) 

where F and 𝛷𝐹,𝑟𝑒𝑓 are the steady state fluorescence quantum yields of the sample and 

reference, F is the integrated intensity of the fluorescence emission spectra; A is the 

measured absorbance at the excitation wavelength, n is the refractive index of the 

solution of measurement and the subscripts s and ref refer to the sample and reference, 

respectively. The emission and absorption spectra were measured thrice at 3 different 

concentrations and the slope m of the plot between integrated fluorescence intensity and 

absorbance used to determine the fluorescence quantum yield as: 

 
𝐹 = 𝐹,𝑟𝑒𝑓 ∙

𝑚𝑠 

𝑚𝑟𝑒𝑓
∙ [
𝑛s
𝑛ref

]
2

 
(4.12) 

The 𝛷𝐹,𝑟𝑒𝑓 of Alexa488 was measured to be 0.964 against a secondary standard 

reference dye, Rh110 whose 𝛷𝐹 = 0.94. This value was, in turn, calibrated vs the primary 

reference standards, Rh6G in EtOH and Fluorescein in NaOH336. 
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For determining the 𝛷𝐹 at different temperatures in the range from 11°C to 44°C, the 

fluorescence intensities of the samples at 520 nm at different temperature conditions were 

measured and compared with the emission intensity at 19 C (explained further in 

Supplementary note 4.2). The steady state fluorescence quantum yields for all the labels 

at 20°C were measured as described above. Assuming that Φ𝐹20℃ = Φ𝐹19℃, the quantum 

yields at temperatures from 11°C to 44°C were determined from their respective 

fluorescence intensities at 520 nm as: 

Φ𝐹
𝑇℃ = Φ𝐹

19℃ ∗ (
𝐹520
𝑇℃

𝐹19℃
) 

(4.13) 

where Φ𝐹𝑇℃ is the fluorescence quantum yield at temperature, T°C, and 𝐹520𝑇℃ is the 

fluorescence intensity at 520 nm at temperature, T°C. 

Fraction of statically quenched species. From the steady state fluorescence quantum 

yield F, and the dynamic fluorescence quantum yield F,dyn, we calculate the fraction of 

statically quenched species as: 

 
𝑓𝑠𝑡𝑎𝑡𝑖𝑐 = 1 −

𝐹

𝐹,𝑑𝑦𝑛
 (4.14) 

FCS measurements. FCS experiments of Alexa488 labels were performed on a custom-

built confocal microscope. The fluorescent molecules were excited by a diode laser 

(Cobolt 06-MLD, Germany) at 488 nm in continuous wave mode. The laser was focused 

into the sample by a water-immersion objective lens (UPLAPO 60 NA = 1.2, Olympus, 

Hamburg, Germany). The fluorescence was separated from the excitation by a dichroic 

beam splitter (488/636 PC, AHF, Tübingen, Germany). A polarizing beam splitter 

(VISHTII, Gsänger) was used to split the emission beam into two polarizations (parallel 

and perpendicular to the polarization of the excitation laser light) to eliminate dead time 

and after-pulsing artefacts in the correlation functions. Fluorescence signals were passed 

through bandpass filters (HQ 533/467, Germany) and registered on avalanche 

photodiode detectors (APD, SPCM-AQR-14, Perkin-Elmer). Cross-correlation functions 

of the parallel and perpendicular signals were computed using a homebuilt hardware 

correlator239. The FCS measurements to investigate the static quenching of Alexa488 

labels were performed at an excitation power of 5.6 kW/cm2 and wavelength of 485 nm. 
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The correlated curves were fitted in the range from 12 ns to 110 ms with a model 

comprising of two 3D diffusion terms and two bunching components at 4.3 µs and 68 ns 

that are assigned to triplet state formation and quenching dynamics and fitted globally 

between the different dye labels, respectively: 

𝐺(𝑡𝑐) = 𝑜𝑓𝑓𝑠𝑒𝑡 +
1

𝑁𝑏𝑟𝑖𝑔ℎ𝑡

[
 
 
 
 

𝑓𝑑𝑦𝑒

1+
𝑡

𝑡𝑑𝑖𝑓𝑓,𝑑𝑦𝑒

∙
1

√
1+

𝑡

(
z0
𝜔0
)
2
∙𝑡𝑑𝑖𝑓𝑓,𝑑𝑦𝑒

+ (1 − 𝑓𝑑𝑦𝑒) ∙
1

1+
𝑡

𝑡𝑑𝑖𝑓𝑓

∙

1

√
1+

𝑡

(
z0
𝜔0
)
2
∙𝑡𝑑𝑖𝑓𝑓]

 
 
 
 

⋅                 (1 − 𝐴𝑇 + 𝐴𝑇 ⋅ 𝑒
−
𝑡

𝑡𝑇 − 𝐴𝑄 + 𝐴𝑄 ∙ 𝑒
−
𝑡

𝑡𝑄)  

(4.15) 

where 𝑁𝑏𝑟𝑖𝑔ℎ𝑡 = 𝑁𝑡𝑜𝑡𝑎𝑙 ∙ (1 − 𝐴𝑇 − 𝐴𝑄) 

Here 𝑁𝑡𝑜𝑡𝑎𝑙 refers to the total number of molecules and 𝑡𝑑𝑖𝑓𝑓,𝑑𝑦𝑒 and 𝑡𝑑𝑖𝑓𝑓 are the diffusion 

times of the free dye and the labeled dye, respectively, 𝑓𝑑𝑦𝑒is the fraction of free dye, 𝜔0 

and z0 are the 1/e2 radii of the 3D Gaussian shaped observation volume in the lateral and 

in axial dimension, respectively (typically, 𝑧0 𝜔0⁄  = 3-6 for our setup). 𝑡𝑇 and 𝐴𝑇 are the 

time and fraction, respectively, of the molecules in the triplet state and 𝑡𝑄 and 𝐴𝑄 are the 

relaxation time of static quenching and fraction of the statically quenched molecules. 

FCS measurements of Alexa647 labels. Here, T4L samples doubly labeled with 

Alexa488 and Alexa647 dyes were subjected to pulsed interleaved excitation (PIE)337 

which employs two pulsed lasers operating at identical frequencies, but with a delay 

corresponding to half the repetition period. The microtime information is used to 

distinguish photons based on their excitation source and detection channel. Alternating 

laser excitation (ALEX)338 allows us to extract the Alexa647 signals detected in parallel 

and perpendicular channels after direct excitation of this dye with the laser at 635 nm. 

The experimental set up is described in Hellenkamp et al.238. The excitation power of the 

laser applied was 0.7 kW/cm2. Cross-correlation functions of the parallel and 

perpendicular signals were computed using a homebuilt hardware239. The correlated 

curves were fitted in the range from 94 ns to 150 ms with a model comprising of a diffusion 

term and a bunching term 20-40 s assigned to cis-trans isomerization as given below: 
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𝐺(𝑡𝑐) = 𝑜𝑓𝑓𝑠𝑒𝑡 +
1

𝑁𝑏𝑟𝑖𝑔ℎ𝑡
⋅

1

1 +
𝑡

𝑡𝑑𝑖𝑓𝑓

⋅
1

√
(1 +

𝑡

(
𝑧0
𝜔0
)
2

⋅ 𝑡𝑑𝑖𝑓𝑓

)

∙ (1 − 𝐴𝐼𝑆𝑂 + 𝐴𝐼𝑆𝑂 ⋅ 𝑒
−
𝑡
𝑡𝐼𝑆𝑂) 

(4.16) 

where 𝑁𝑏𝑟𝑖𝑔ℎ𝑡 = 𝑁𝑡𝑜𝑡𝑎𝑙 ∙ (1 − 𝐴𝐼𝑆𝑂) 

Here 𝑁𝑡𝑜𝑡𝑎𝑙 refers to the total number of molecules and 𝑡𝐼𝑆𝑂 and 𝐴𝐼𝑆𝑂 are the relaxation 

time and fraction, respectively, of molecules undergoing cis-trans isomerization. The rest 

of the parameters are the same as described in eq. 4.15. 

The excitation power-dependent transcis isomerization rate constant, 𝑘𝐼𝑆𝑂′ , and the 

cistrans back isomerization, 𝑘𝐵𝐼𝑆𝑂′ , can be calculated from the amplitude, 𝐴𝐼𝑆𝑂 =
𝑘𝐼𝑆𝑂
′

𝑘𝐵𝐼𝑆𝑂
′  

and the relaxation time, 1

 𝑡𝐼𝑆𝑂
= 𝑘𝐼𝑆𝑂

′ + 𝑘𝐵𝐼𝑆𝑂
′ , as: 

𝑘𝐼𝑆𝑂
′ =

𝐴𝐼𝑆𝑂
1 + 𝐴𝐼𝑆𝑂

∙
1 

𝑡𝐼𝑆𝑂
 and 

𝑘𝐵𝐼𝑆𝑂
′ =

𝑘𝐼𝑆𝑂
′

𝐴𝐼𝑆𝑂
 

(4.17) 

From Widengren et al.141, we know that 𝑘𝐼𝑆𝑂′ =
𝑘01

𝑘10+𝑘01
∙ 𝑘𝐼𝑆𝑂.where 𝑘10is the fluorescence 

decay rate constant, 𝑘10 =
1

𝜏𝑥
 and 𝑘01is the rate constant of excitation. Since 𝑘01 = 𝜎01 ∙

𝛾𝑃 ∙ 𝐼,where 𝜎01 is the absorption cross section, 𝛾𝑃 is the inverse photon energy and 𝐼 is 

the excitation power, we can calculate the rate constant of transcis isomerization 

independent of the excitation power as:  

 
𝑘𝐼𝑆𝑂 =

𝑘01
𝑘10 + 𝑘01

∙ 𝑘𝐼𝑆𝑂
′  (4.18) 

 

Computational methods 

AV calculations. AV calculations were performed using the 3-radii AV model, which 

calculated 3 single radius AV with different radii and overlays them to get the final AV. 

Each single radius AV approximates the dye as a sphere with radius Rdye, tethered to the 

biomolecule by a flexible linker of length Llink with width wlink103 (Supplementary Fig.4.9). 

The linker length Llink was estimated from the fully extended conformation of the linker 
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using the CambridgeSoft Chem3D software. The AV parameters were as follows: for 

Alexa488, Llink =20 Å; wlink =4.5 Å and Rdye= 5 Å,4.5 Å,1.5 Å and for Cy5, Llink =22 Å, wlink 

=4.5 Å and Rdye= 11 Å,3 Å,3.5 Å. The attachment point for the labels was the -carbon. 

The geometric modeling was performed using the software Olga 

(https://github.com/Fluorescence-Tools/Olga). The accessibilities were calculated as the 

volume of the AV within 4 Å of the interested amino acid residue. 

Simulating dynamic fluorescence quantum yield. A combination of AV and Brownian 

dynamics (BD) simulations were used to simulate dynamic quenching of Alexa488 using 

the procedure developed by Peulen et al.270. The dye is approximated as a sphere of 

radius Rdye= 3.5 Å tethered to T4L with a linker of length, Llink =20 Å and width, wlink =4.5 

Å, diffusing with a diffusion coefficient, D=10 Å2 ns-1 within its accessible volume. 

Quenching with Trp, Tyr, Met and His is approximated by a step function where the dye 

is quenched with a rate constant, kQ=2 ns-1 if it is closer than distance Rrad=8.5 Å from the 

protein surface. A “sticky” region is defined closer than distance, Rsurface=8 Å from the 

protein surface, where the diffusion coefficient of the dye is slowed down by a factor 0.1. 

Length of the BD simulation was 10 µs with a step length of 2 ps. 

MD simulations. In order to investigate the dynamics of Alexa488 attached to the T4L 

protein, molecular dynamics simulations for five T4L variants (P86C, R119C, D127C, 

N132C, I150C) were performed using the GPU-Version294,295 of the Amber software suite 

(version 16)257. The ff14SB force field339 was used for the protein, while the force field 

parameters by Graen et al. 340, which were adapted to Amber by Schepers et al.341 were 

used for the dye. The starting structure of the protein was extracted from the crystal 

structure with PDB-ID 1LW9342 by removing all molecules except for the protein. 

Subsequently, the dye was placed at the respective labeling position, and the original 

amino acid was replaced by the cysteine with attached maleimide linker. The protein-dye 

complex was then placed in a truncated octahedral water box of TIP4PEW288,343 water 

molecules. Na+ and Cl- ions were added as counter ions to reach a concentration of 0.1 

M. Thermalization of the prepare system was done following previously described 

protocols344. For each variant, 10 independent simulations were performed by starting the 

thermalization process at slightly different initial temperature resulting in different initial 
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velocities of the atoms for each simulation. Each simulation was run for 3000 ns of 

simulation time, where coordinates were saved every 20 ps.  

In addition to identifying potential modes of interaction, additional analyses were 

performed over all trajectories: 

(a) Potential stacking interactions of the dye and quenching atoms: In order to investigate 

potential stacking interactions of Alexa488 with the quenching amino acids we used 

geometric criteria following Vaiana et al.106, to calculate interaction parameters, r and , 

where r is the distance between the centers of the dye and the quenching amino acid and 

 is the angle between the normal vectors of the rings (Supplementary Fig.4.4). 

Tryptophan and tyrosine were considered as potential quenching amino acids. 

(b)Hydrogen bond analysis between Alexa488 and positively charged amino acids: In 

order to investigate potential hydrogen bonds between the dye Alexa488 and the 

positively charged amino acids, lysine and arginine, we used geometric criteria following 

the definitions for hydrogen bond from Raschka et al.329. Potential hydrogen bond 

acceptors on Alexa488 were the oxygens bound to the sulfur atoms, as well as the 

oxygens on the 2-carboxy group of the chromophore. The hydrogens on the NH2 group 

of the lysine residue, as well as those on the two NH2 groups of the guanidino group in 

the arginine residue were considered as potential hydrogen bond donors. A hydrogen 

bond is counted as present if three criteria are fulfilled at the same time (Supplementary 

Fig.4.10): (1) The distance between the hydrogen of the donor and the acceptor atom is 

smaller than 2.5 Å. (2) The angle between the donor nitrogen, the donor hydrogen, and 

the acceptor atom is between 120 and 180 degrees. (3) The angle between the donor 

hydrogen atom, the acceptor atom, and the carbon atom next to the acceptor is between 

90 and 180 degrees. Distances and angles were calculated for every frame of the 

trajectory and then evaluated for the presence of potential hydrogen bonds. 

(c) Dye-amino acid distances between the oxygen atom of the xanthene ring of Alexa488 

and the quenching amino acids Trp, Tyr, His and Met, and the positively charged amino 

acids, Lys and Arg were plotted for every 20 ps. The atoms chosen for distance 

calculations are (Supplementary Fig.4.3B) either carbon atoms approximately in the 
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Supplementary Figure 4.7. Comparing measured and simulated dynamic fluorescence 
quantum yields. The measured quantities do not account for those interactions which result in 
static quenching. The simulations, on the other hand, assume that all interactions are dynamic. 
Therefore it includes all possible interactions, leading to a lower quantum yield than F,dyn 
calculated from experimentally determined x. The black line shows a 1:1 relationship.  
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Supplementary Tables 

Supplementary Table 4.1. Mutations introduced to T4L wt* for investigating the 

photophysical properties of Alexa488 labels.  

Sample 
# 

Alexa488 
labels studied 

Mutations introduced in 
T4L wt* for dye labeling 

Derivation to T4L 
wt* 

Presence of other 
mutations in the studied 

sample (unlabeled) 

1 K19 K19Amber pAcF at aa 19 I150C 

2 K19 K19Amber pAcF at aa 20 N132C 

3 E22 E22Amber pAcF at aa 22 P86C 

4 E22 E22Amber pAcF at aa 22 D127C 

5 S36 S36Amber pAcF at aa 36 P86C 

6 S36 S36Amber pAcF at aa 36 N132C 

7 S44 S44Amber pAcF at aa 36 Q69C 

8 S44 S44Amber pAcF at aa 44 P86C 

9 S44 S44Amber pAcF at aa 44 R119C 

10 S44 S44Amber pAcF at aa 44 D127C 

11 S44 S44Amber pAcF at aa 44 N132C 

12 S44 S44Amber pAcF at aa 44 I150C 

13 K60 K60Amber pAcF at aa 60 P86C 

14 K60 K60Amber pAcF at aa 60 R119C 

15 K60 K60Amber pAcF at aa 60 N132C 

16 K60 K60Amber pAcF at aa 60 I150C 

17 Q69 Q69Amber pAcF at aa 69 P86C 

18 Q69 Q69Amber pAcF at aa 69 R119C 

19 Q69 Q69Amber pAcF at aa 69 N132C 

20 Q69 Q69Amber pAcF at aa 69 I150C 

21 P86 P86C Cys at aa 86 - 

22 R119 R119C Cys at aa 119 - 

23 D127 D127C Cys at aa 127 - 

24 N132 N132C Cys at aa 132 - 

25 I150 I150C Cys at aa 150 - 
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Supplementary Table 4.2. Fitted lifetimes and anisotropy values for Alexa488 labels  

Label 
#. Label x1 

1, 

ns 
x2 

2, 

ns 
x3 

3, 

ns 
x

ns 

Av. 
x r1 

1, 
ns 

r2 
2, 
ns 

r3 

(r) 
3, 
ns 

 
free 
dye 1.00 4.05         4.05 4.05             

1 K19 0.02 7.56 0.91 4.28 0.07 0.78 4.09 
4.06 

0.08 0.22 0.05 1.84 0.25 12.77 

2 K19 0.28 5.07 0.64 3.99 0.08 0.70 4.03 0.10 0.20 0.05 1.63 0.23 12.00 

3 E22 0.39 4.05 0.45 1.85 0.16 0.76 2.52 
2.44 

0.04 0.13 0.09 1.70 0.24 12.02 

4 E22 0.36 3.83 0.47 1.83 0.17 0.67 2.36 0.05 0.14 0.12 1.78 0.20 16.33 

5 S36 0.81 4.40 0.14 2.28 0.05 0.49 3.91 
3.92 

0.10 0.17 0.09 1.44 0.19 12.00 

6 S36 0.83 4.39 0.13 2.23 0.05 0.46 3.93 0.08 0.13 0.07 0.91 0.22 8.12 

7 S44 0.94 4.32 0.06 1.75     4.17 

4.14 

0.09 0.15 0.09 1.17 0.19 9.33 

8 S44 0.94 4.32 0.06 1.75     4.17 0.11 0.19 0.07 1.27 0.20 8.60 

9 S44 0.96 4.32 0.04 1.44     4.20           8.60 

10 S44 0.85 4.28 0.10 2.25 0.05 0.39 3.87           9.33 

11 S44 0.96 4.32 0.04 1.44     4.20           8.60 

12 S44 0.96 4.32 0.04 1.44     4.20           8.60 

13 K60 0.94 4.12 0.06 2.07     4.00 

3.93 

0.10 0.18 0.08 1.24 0.20 8.24 

14 K60 0.91 4.26 0.09 1.81     4.04 0.08 0.16 0.07 1.17 0.23 9.00 

15 K60 0.89 4.15 0.11 1.78     3.89           8.24 

16 K60 0.88 4.09 0.12 1.76     3.81           8.24 

17 Q69 0.94 4.20 0.06 1.52     4.04 

3.94 

0.12 0.18 0.09 1.07 0.17 8.26 

18 Q69 0.88 4.20 0.12 1.64     3.89           8.26 

19 Q69 0.89 4.20 0.11 1.47     3.90           8.26 

20 Q69 0.89 4.20 0.11 1.88     3.94           8.26 

21 P86 0.81 4.22 0.13 2.45 0.06 0.31 3.76 3.76 0.10 0.13 0.10 1.07 0.18 7.74 

22 R119 0.65 4.04 0.24 1.90 0.11 0.45 3.14 3.14 0.10 0.17 0.12 1.20 0.15 6.77 

23 D127 0.71 4.13 0.20 2.35 0.08 0.38 3.46 3.46 0.09 0.14 0.09 1.03 0.19 9.00 

24 N132 0.62 3.99 0.29 2.07 0.09 0.43 3.10 3.10 0.06 0.12 0.09 1.13 0.22 7.97 

25 I150 0.70 4.04 0.23 2.40 0.07 0.40 3.40 3.40 0.08 0.13 0.10 1.05 0.20 7.92 

Label # corresponds to the sample number assigned in Supplementary table 1. The fitted lifetime components are 1-3 

and the corresponding fractions are x1-3. Fitting for anisotropy yielded the components 1-3 and corresponding fractions, 
b1-3. The longest anisotropy component arises from the global motion and its amplitude is the residual anisotropy (r). 
x is the species-weighted average fluorescence lifetime. Av. x is the average x for a given label position. 
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Supplementary Table 4.3. Fit results for the FCS curves of Alexa488 labels.  

Label # Alexa488 
label 

offset Nbright tdiff 
(ms) 

z0/0 ffree 
dye 

tdiff,free dye 
(ms) 

AT tT(ns) AQ tQ s) 

21 P86 1.00 3.78 0.90 4.19 0.06 0.26 0.09 4.28 0.06 67.87 

22 R119 1.00 3.14 0.90 4.19 0.11 0.26 0.07 4.28 0.13 67.87 

23 D127 1.00 3.10 0.90 4.19 0.14 0.26 0.03 4.28 0.13 67.87 

24 N132 1.00 5.68 0.90 4.19 0.17 0.26 0.08 4.28 0.11 67.87 

25 I150 1.00 3.50 0.90 4.19 0.17 0.26 0.06 4.28 0.15 67.87 

 free dye 1.00 3.01 0.90 4.19 1.00 0.26 0.09 4.28 0.00 67.87 

Label # corresponds to the sample number assigned in Supplementary table 1. FCS was measured at 635 nm excitation 
and power of 0.7 kW/cm2 and the average of parallel-perpendicular and perpendicular-parallel correlation curves fitted 
to the model function described in eq. 4.15. Nbright is the effective number of molecules in the bright state, tdiff is the 
diffusion time, z0/w0 describes the shape of the observation volume, 𝑡𝑇 and 𝐴𝑇 are the time and fraction, respectively, 
of the molecules in the triplet state and 𝑡𝑄 and 𝐴𝑄, of the statically quenched molecules. Due to presence of free dye, 
an additional diffusion term is used for fitting which describes the diffusion of free dye. All relaxation times are globally 
fitted between the different molecules. 

 

Supplementary Table 4.4. Mutations introduced to T4L wt* for investigating the 
photophysical studies of Alexa647 labels.  

Sample 
# 

Alexa647 
labels 

studied 

Mutations 
introduced in T4L 
wt* for Alexa647 

labeling 

Derivation to 
wt* 

Other mutations and labels in the studied 
sample 

Mutations Labeled with 

26 S44 S44C Cys at aa 44 E5Amber(pAcF) Alexa488 

27 S44 S44Amber pAcF at aa 44 R119C Alexa488 

28 N55 N55C Cys at aa 55 R8Amber(pAcF) Alexa488 

29 Q69 Q69C Cys at aa 69 R8Amber(pAcF) Alexa488 

30 Q69 Q69C Cys at aa 69 K19Amber(pAcF) Alexa488 

31 Q69 Q69C Cys at aa 69 S44Amber(pAcF) Alexa488 

32 Q69 Q69C Cys at aa 69 N55Amber(pAcF) Alexa488 

33 P86 P86C Cys at aa 86 R8Amber(pAcF) Alexa488 

34 P86 P86C Cys at aa 86 K19Amber(pAcF) Alexa488 

35 P86 P86C Cys at aa 86 E22Amber(pAcF) Alexa488 

36 P86 P86C Cys at aa 86 S36Amber(pAcF) Alexa488 

37 P86 P86C Cys at aa 86 S44Amber(pAcF) Alexa488 

38 P86 P86C Cys at aa 86 K60Amber(pAcF) Alexa488 

39 P86 P86C Cys at aa 86 Q69Amber(pAcF) Alexa488 

40 R119 R119C Cys at aa 119 D70Amber(pAcF) Alexa488 

41 R119 R119C Cys at aa 119 Q69Amber(pAcF) Alexa488 

42 R119 R119C Cys at aa 119 R8Amber(pAcF) Alexa488 

43 R119 R119C Cys at aa 119 K19Amber(pAcF) Alexa488 

44 R119 R119C Cys at aa 119 N55Amber(pAcF) Alexa488 

45 R119 R119C Cys at aa 119 K60Amber(pAcF) Alexa488 

46 R119 R119C Cys at aa 119 S44Amber(pAcF) Alexa488 
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47 N132 N132C Cys at aa 132 S44Amber(pAcF) Alexa488 

48 N132 N132C Cys at aa 132 R8Amber(pAcF) Alexa488 

49 N132 N132C Cys at aa 132 K19Amber(pAcF) Alexa488 

50 N132 N132C Cys at aa 132 S36Amber(pAcF) Alexa488 

51 N132 N132C Cys at aa 132 N55Amber(pAcF) Alexa488 

52 N132 N132C Cys at aa 132 K60Amber(pAcF) Alexa488 

53 N132 N132C Cys at aa 132 D70Amber(pAcF) Alexa488 

54 N132 N132C Cys at aa 132 E5Amber(pAcF) Alexa488 

55 N132 N132C Cys at aa 132 Q69Amber(pAcF) Alexa488 

56 I150 I150C Cys at aa 150 N55Amber(pAcF) Alexa488 

57 I150 I150C Cys at aa 150 Q69Amber(pAcF) Alexa488 

58 K60 K60Amber pAcF at aa 60 N132C Alexa488 

59 D127 D127C Cys at aa 127 S44Amber(pAcF) Alexa488 

60 D127 D127C Cys at aa 127 E22Amber(pAcF) Alexa488 

61* I150* I150C Cys at aa 150 S44Amber(pAcF) Alexa488 
* This label contains additional E11A functional mutation 
In all these samples, Alexa488 labels are also present, but do not affect the fluorescence signals from Alexa647 labels 
under study due to direct excitation at 635nm and emission monitoring at 665nm ensuring Alexa647-only properties, 
similar to a singly labeled sample (explained further in the methods section). 
 

Supplementary Table 4.5. Fitted lifetimes and anisotropy values for Alexa647 labels  

#. Label x1 
1, 

ns x2 
2, 

ns x3 
3, 

ns 
x

ns 
f

ns 
Av. 

x 
r1 

1, 
ns r2 

2, 
ns 

r3 

(r) 
3, 
ns 

26 S44 0.30 1.68 0.65 1.12 0.05 0.32 1.24 1.33 
1.28 

0.08 0.03 0.14 0.70 0.17 10.68 

27 S44 0.40 1.77 0.53 1.09 0.06 0.26 1.31 1.45 0.03 0.06 0.15 0.62 0.20 12.75 

28 N55 0.35 1.67 0.59 1.09 0.06 0.34 1.25 1.35 1.25 0.03 0.14 0.12 0.84 0.24 12.11 

29 Q69 0.09 2.13 0.62 1.37 0.30 0.79 1.26 1.37 

1.27 

0.08 0.17 0.12 0.86 0.20 11.84 

30 Q69 0.14 2.00 0.58 1.29 0.28 0.71 1.23 1.36 0.06 0.08 0.12 0.57 0.21 13.96 

31 Q69 0.29 1.89 0.60 1.24 0.10 0.52 1.35 1.48 0.05 0.05 0.11 0.73 0.23 12.53 

32 Q69 0.09 2.12 0.60 1.37 0.30 0.76 1.26 1.38 0.04 0.08 0.13 0.66 0.22 13.12 

33 P86 0.28 1.75 0.72 1.05     1.25 1.33 

1.25 

0.06 0.10 0.15 0.79 0.18 11.26 

34 P86 0.02 2.37 0.35 1.59 0.64 1.00 1.22 1.31 0.07 0.04 0.16 0.71 0.17 12.58 

35 P86 0.26 1.83 0.66 1.19 0.08 0.53 1.30 1.4 0.04 0.17 0.14 0.87 0.21 11.38 

36 P86 0.33 1.79 0.62 1.14 0.05 0.36 1.32 1.42 0.04 0.09 0.14 0.79 0.21 10.73 

37 P86 0.03 2.39 0.58 1.40 0.39 0.81 1.20 1.31 0.06 0.09 0.17 0.78 0.16 19.93 

38 P86 0.06 2.16 0.61 1.37 0.34 0.86 1.25 1.33 0.03 0.06 0.17 0.89 0.19 17.79 

39 P86 0.10 1.96 0.47 1.36 0.43 0.93 1.24 1.32 0.06 0.05 0.15 0.91 0.18 14.09 

40 R119 0.02 2.57 0.55 1.65 0.43 0.97 1.37 1.47 

1.28 

0.05 0.06 0.07 0.73 0.27 10.13 

41 R119 0.31 1.77 0.69 1.05     1.28 1.37 0.11 0.35 0.10 1.72 0.19 19.97 

42 R119 0.39 1.73 0.57 1.08 0.05 0.36 1.30 1.41 0.04 0.12 0.13 0.80 0.22 11.18 

43 R119 0.13 1.96 0.63 1.30 0.24 0.73 1.25 1.36 0.03 0.03 0.15 0.80 0.21 17.19 

44 R119 0.22 1.85 0.62 1.26 0.16 0.47 1.26 1.4 0.04 0.16 0.14 0.90 0.21 14.11 

45 R119 0.15 1.99 0.71 1.26 0.14 0.60 1.27 1.38 0.03 0.17 0.13 0.82 0.23 11.47 

46 R119 0.03 2.54 0.64 1.45 0.33 0.77 1.25 1.37 0.09 0.02 0.15 0.99 0.15 14.80 

47 N132 0.02 2.68 0.64 1.56 0.34 0.84 1.34 1.45 1.36 0.07 0.12 0.06 0.67 0.27 10.45 
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48 N132 0.18 1.99 0.62 1.34 0.20 0.72 1.33 1.44 0.03 0.07 0.11 0.63 0.25 11.14 

49 N132 0.15 2.18 0.66 1.54 0.20 0.73 1.48 1.6 0.04 0.16 0.08 0.96 0.28 10.37 

50 N132 0.21 1.98 0.61 1.40 0.18 0.72 1.40 1.51 0.03 0.09 0.07 0.76 0.29 10.10 

51 N132 0.20 1.93 0.65 1.27 0.15 0.60 1.30 1.42 0.10 0.12 0.08 0.78 0.22 11.38 

52 N132 0.28 1.87 0.57 1.26 0.15 0.70 1.35 1.45 0.05 0.02 0.07 0.53 0.28 8.61 

53 N132 0.01 2.98 0.54 1.69 0.46 0.99 1.37 1.47 0.05 0.07 0.07 0.75 0.27 9.80 

54 N132 0.44 1.78 0.51 1.10 0.05 0.22 1.35 1.48 0.03 0.09 0.07 0.74 0.29 10.84 

55 N132 0.50 1.74 0.50 0.99     1.36 1.47 0.11 0.23 0.06 2.86 0.22 11.06 

56 I150 0.60 0.93 0.40 1.88     1.31 1.47 
1.38 

    0.15 0.87 0.23 29.46 

57 I150 0.35 0.84 0.05 2.65 0.59 1.70 1.44 1.61     0.11 0.44 0.27 9.20 

58 K60 0.46 1.98 0.48 1.16 0.06 0.28 1.48 1.65 1.48 0.02 0.16 0.06 0.75 0.31 12.16 

59 D127 0.39 1.75 0.55 1.09 0.06 0.16 1.29 1.43 
1.31 

0.04 0.13 0.09 0.83 0.25 11.78 

60 D127 0.38 1.79 0.56 1.11 0.05 0.19 1.32 1.46 0.05 0.32 0.08 1.17 0.25 11.27 

# corresponds to the sample number assigned in Supplementary table 4. The fitted lifetime components are 1-3 and 
the corresponding fractions are x1-3. Fitting for anisotropy yielded the components 1-3 and corresponding fractions, r1-

3. The longest anisotropy component arises from the global motion and its amplitude is the residual anisotropy (r). x 
is the species-weighted average fluorescence lifetime. f is the fluorescence-average lifetime. Av. x is the average 
x for a given label position. 

 

Supplementary Table 4.6. Fit results for the FCS curves of Alexa647 labels.  

Label # Alexa647 
label  

Alexa488 
position 

offset Nbright tdiff 
(ms) 

z0/0 AISO tISO 
(µs) 

54 N132 E5 1.00 0.18 0.77 6.27 0.24 22.48 
50 N132 S36 1.00 0.15 0.81 6.58 0.25 26.31 
28 N55 R8 1.00 0.22 0.74 6.00 0.24 19.89 
35 P86 E22 1.00 0.18 0.76 5.45 0.23 20.12 
36 P86 S36 1.00 0.15 0.77 5.98 0.25 26.21 
58 K60 N132 1.00 0.17 0.79 5.19 0.19 37.66 

 Free dye - 1.00 19.15 0.34 6.00 0.38 27.66 
Label # corresponds to the sample number assigned in Supplementary table 4. FCS was measured at 635 nm excitation 
and power of 5.6 kW/cm2 and the average of parallel-perpendicular and perpendicular-parallel correlation curves fitted 
to the model function as described in eq. 4.16. Nbright is the effective number of molecules in the bright state, tdiff is the 
diffusion time, z0/w0 describes the shape of the observation volume, AISO is the fitted amplitudes and tISO the relaxation 
times of the cis-trans isomerization process. The experimental conditions are described in the methods section. 

 

Supplementary Table 4.7. Fit results for the FCS curves of Alexa647 labels in the 
substrate binding study 

Alexa647 
label  Other mutations substrate offset Nbright 

tdiff 
(ms) 

z0/w0 AISO tISO (µs) 

I150  E11A, S44Amber No 1 0.15 1.26 6.1 0.25 25.51 

I150  E11A, S44Amber Yes 1.14 0.25 1.37 6 0.24 39.64 

Fit results for the FCS curves of Alexa647 labels at position I150 and functional mutation E11A in presence and absence 
of substrate peptidoglycan. E11A corresponds to Sample # 61 from Supplementary table 4. FCS was measured at 635 
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nm excitation and power of 0.7 kW/cm2 and the average of parallel-perpendicular and perpendicular-parallel correlation 
curves fitted to the model function described in eq. 4.16. Nbright is the effective number of molecules in the bright state, 
tdiff is the diffusion time, z0/w0 describes the shape of the observation volume, AISO is the fitted amplitudes and tISO the 
relaxation times of the cis-trans isomerization process. 

 

Supplementary Notes 

Supplementary Note 4.1. Calculation of trapped dark surface  

Using AV simulations, the Lysines and Arginines within 4 Å of the accessible volume of 

the dye was identified for both the C1 and C2 conformations. Lys and Arg are referred to 

as the “trapping positions” due to their high affinity for interaction. 

Supplementary Table 4.8. Trapping positions within 4 Å of the dye AV in the C1 
conformation 

Alexa488 
label Lys/Arg within 4 Å in the C1 state Total 

Nr. 
E22 K19 K35 R14 R137 R145         5 

S36 K19 K35 K43 K48 R52         5 

K60 K16 K65 K162 R8 R14 R52       6 

Q69 K35 K48 R52 K65 R76 R80 R96     7 

K19 K16 K35 K43 R148 R145         5 

S44 K35 K43 K48 R52           4 

P86 R76 R80 K83 K85 R95 R96 R119 K124 R125 9 

R119 R80 K83 K85 K124 R125 K135       6 

D127 R95 R119 K124 R125 K135 K147 R154     7 

N132 K83 R119 K124 R125 K135 R137 R154     7 

I150 K83 R119 K124 R125 K135 R137 R154     7 

 

Supplementary Table 4.9. Trapping positions within 4 Å of the dye AV in the C2 
conformation 
Alexa488 
label Lys/Arg within 4 Å in the C2 state Total 

Nr. 
E22 K19 K35 R137             3 

S36 K19 K35 K43 K48 R137         5 

K60 R8 R14 K16 R52 K65        5 

Q69 R8 K35 K48 R52 K65 R76 R80     7 

K19 R8 R14 K16 K35 K43 R137 R148     7 

S44 K35 K43 K48 R52           4 

P86 R76 R80 K83 K85 R96 R119 K124 R125   8 

R119 K83 K85 K124 R125 K135        5 

D127 R95 R119 K124 R125 K135 K147 R148 R154   8 

N132 K83 R119 R125 K135 R137 R154       6 
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I150 K135 K147 R148 R154           4 

For each individual Lys and Arg, PET quenchers within 4 Å was identified. It was seen 

that the PET quenchers within 4 Å of a given Lys or Arg are the same in both C1 and C2 

conformations. 

Supplementary Table 4.10. PET quenchers near trapped positions in both C1 and C2 
conformations 

Lysines/Arginines Names of quenchers within 4[A] 
K16 Y18 
K19 Y18, Y24, Y25 
K35 Y24 
K43 None 
K48 None 
K60 None 
K65 None 
K83 None 
K85 Y88 

K124 M120, W126 
K135 None 
K147 Y139 
K162 W158, Y161 

R8 M6 
R14 Y18 
R52 None 
R76 None 
R80 None 
R95 W126 
R96 Y88 

R119 M120 
R125 M120, W126 
R137 W138, Y139 
R145 None 
R148 Y161 
R154 W126 

 

From the above table, we can see which of the Lys/Arg positions have atleast one 

quencher within 4 Å (adjacent area). A dye stuck at these positions has a higher 

probability to be quenched. Then the fraction of trapped dark surface is calculated from 

eq. 4.1: 𝑥trapped,dark =
Nr.  of Q adjacent Lys or Arg near AV

Nr.  of Lys or Arg near AV
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Supplementary Table 4.11. Calculation of trapped dark surface for C1 and C2 
conformations and their weighted average.  

Alexa488 label 
Nr. of trapped 

positions near dye 
Nr. of quencher-
adjacent trapped 

positions near dye 
𝒙𝐭𝐫𝐚𝐩𝐩𝐞𝐝,𝐝𝐚𝐫𝐤 

C1 C2 C1 C2 C1 C2 weighted average 
E22 5 3 4 3 0.80 1.00 0.89 
S36 5 5 2 3 0.40 0.60 0.49 
K60 6 5 4 3 0.67 0.60 0.64 
Q69 7 7 2 2 0.29 0.29 0.29 
K19 5 7 3 6 0.60 0.86 0.72 
S44 4 4 1 1 0.25 0.25 0.25 
P86 9 8 6 5 0.67 0.63 0.65 

R119 6 5 3 3 0.50 0.60 0.55 
D127 7 8 6 7 0.86 0.88 0.87 
N132 7 6 5 4 0.71 0.67 0.69 
I150 7 4 5 3 0.71 0.75 0.73 

The weights are the fraction of open and closed (including compact) states for the T4L wt* determined previously by 
Sanabria et al.3. Weighted average of  𝑥trapped,dark = (0.54 ∗ 𝑥trapped,dark(𝐶1)) + (0.46 ∗ 𝑥trapped,dark(𝐶2)) 

 

Supplementary Note 4.2. Calculating F for a series of temperatures 

For the determination of fluorescence quantum yield of Alexa488 labels at a range of 

temperatures from 11°C to 44°C, at first the fluorescence intensities at 520 nm emission 

was measured at an excitation of 485 nm. 

Supplementary Table 4.12. Measured fluorescence intensity at 520nm emission for 
Alexa488 labels at temperatures from 11°C to 44°C when excited at 485 nm. 

T  Fluorescence intensity (a.u.) at 520 nm, 𝐹520𝑇℃ 
[°C] P86C R119C D127C N132C I150C Alexa488 
11 16041317 15367226 13957341 18131650 13806152 24900509 

15 16410097 15298145 13905215 18151396 13924999 24631524 

19 17079680 15316162 13911038 18261736 13968596 25419476 

23 17593382 15370934 13851696 18225571 14241184 25501367 

27 17183657 15437148 13947645 18464957 14519915 25454423 

31 17259223 15594141 13891722 18513190 13786136 25426918 

35 17056977 15587857 13602229 18429354 12957114 25201431 
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39 15584192 15266411 12839434 18286451 10111314 24885994 

44 11729957 13840126 11017298 17321462 4096617 25026799 

The steady state fluorescence quantum yields for all the labels at 20°C were measured 

as described in literature336 and calculated according to equations (4.11) and (4.12). It 

was then assumed that Φ𝐹20℃ = Φ𝐹19℃. Now that we have Φ𝐹19℃, the quantum yields at the 

other temperatures were determined from their respective fluorescence intensities at 520 

nm as: 

Φ𝐹
𝑇℃ = Φ𝐹

19℃ ∗ (
𝐹520
𝑇℃

𝐹520
19℃) 

(4.19) 

where Φ𝐹𝑇℃ is the fluorescence quantum yield at temperature, T°C and 𝐹520𝑇℃ is the 

fluorescence intensity at 520 nm at temperature, T°C. 

Supplementary Table 4.13. Calculated fluorescence quantum yield of Alexa488 labels. 
T  Steady state fluorescence quantum yield, F 

[°C] P86C R119C D127C N132C I150C Alexa488 
11 0.79 0.69 0.72 0.67 0.74 0.94 

15 0.81 0.68 0.72 0.67 0.74 0.93 

19 0.84 0.68 0.72 0.68 0.75 0.96 
23 0.87 0.69 0.72 0.67 0.76 0.96 

27 0.85 0.69 0.72 0.68 0.78 0.96 

31 0.85 0.70 0.72 0.68 0.74 0.96 

35 0.84 0.70 0.71 0.68 0.69 0.95 

39 0.77 0.68 0.67 0.68 0.54 0.94 
44 0.58 0.62 0.57 0.64 0.22 0.95 
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5.1  Introduction 

Förster resonance energy transfer (FRET)18,345 is a powerful approach to study the 

conformational dynamics of biomolecules since it can measure structural dynamics over 

12 orders of magnitude159,265. This ratiometric approach involves non-radiative energy 

transfer from a high-energy fluorophore (donor, D) to a lower-energy fluorophore 

(acceptor, A). When the fluorophores are present within the FRET range, dipole-dipole 

coupling can occur, leading to energy transfer with efficiency, E∝(RDA)-6, where RDA is the 

interdye distance. Since the fluorophores are usually attached to the biomolecule using 

long flexible linkers to allow free dye rotation, there are significant uncertainties in the dye 

position. Therefore, to arrive at accurate protein structural information from interdye 

distances, spatial distribution of dye positions must be included103,239,242 in the dye model 

description. 

5.1.1  A review on the dye description of organic fluorescence labels 

(This section is an updated excerpt from a co-authored paper, “Quantitative FRET studies 

and integrative modeling unravel the structure and dynamics of biomolecular systems” 

published in the journal, Current Opinion in Structural Biology by Dimura et al.242). 

Both EPR spectroscopy with the double electron-electron resonance (DEER) method346 

and FRET spectroscopy are frequently used to obtain structural information on proteins 

by selectively coupling labels via flexible linkers (i.e., nitroxide spin-labels or donor and 

acceptor dyes, respectively). Thus, the labels can explore a large conformational space, 

such that a distribution of inter-label distances rather than a single inter-label distance is 

observed experimentally. In structural analysis, both techniques face the same problem 

of describing the localization of their respective labels and connecting the measured 

distances with structural information on the protein. This is a typical inverse problem, 

where both EPR346-349 and FRET 239 241 350 spectroscopies have developed similar 

solution strategies of assuming a structural model to compute a specific distance 

distribution between the labels and comparing the simulated and experimental values. 

Analogous to super-resolution microscopy, where the knowledge of the optical point 

spread function allows for localizing single emitters far beyond the optical resolution limit, 
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a detailed knowledge of the label distribution for a given biomolecular structure is required 

to maximize the structural resolution of the respective technique.  

All-atom molecular dynamics (MD) simulations4,150,340,351-355 seem to be the most 

appropriate solution to describe the label localization in integrative modeling (Figure 1A-

C). However, while the relevant time-scale of fluorescence and biomolecular dynamics 

covers picoseconds to hours, current MD simulations reach only the micro- to millisecond 

timescale. Furthermore, MD simulations are time-consuming and limited in their capability 

to sample the conformational space, in particular since the dye distribution changes with 

conformational changes of the biomolecule. MD simulations351,353,356 as well as 

experimental fluorescence103,357,358 and EPR359 studies find long-lived conformational 

states, where the labels are trapped on the biomolecular surface. Trapping of cyanine 

dyes is known to change their fluorescence quantum yields 358 such that this process is 

utilized by others for probing protein-nucleic acid interactions by protein-induced 

fluorescence enhancement (PIFE) 135,220. Now, a more general term, association-induced 

fluorescence enhancement (AIFE) has been introduced, where the fluorescence 

enhancement is due to dye association with any biomolecule. To avoid quenching and 

mobility reduction by the surface effects, most commercially available dyes used for FRET 

experiments have long flexible linkers (~ 20 Å), and the fluorophore carries sulfonic acid 

groups for improved solubility. The large flexibility of the linker also ensures a high 

orientational mobility of the dyes such that the assumption of the isotropic average for the 

dipole orientation factor (i.e., 2 = 2/3) is feasible, which is an important factor determining 

the accuracy of distance calculations by FRET measurements. In conclusion, the 

atomistic treatment of dye labels, together with the biomolecular system by MD 

simulations, is helpful for analyzing protein label interactions. However, it is currently not 

feasible to use MD simulations as a rapid routine method to predict the conformational 

sampling of the labels, which is needed for finding the structural model within a large 

ensemble that is most consistent with FRET data, as shown below.  

Computationally faster algorithms use a coarse-grained representation, e.g. the label is 

approximated by a flexibly linked sphere348,360 (see Figure 1a-c), to compute the sterically 

allowed accessible volume (AV), which reproduced MD simulations well 103. The use of a 

geometric search algorithm reduces the computational time for the AV of a single FRET-
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label to less than 50 milliseconds on a conventional desktop computer 239. The computed 

AV represents uniform population densities ρDye of the spatial dye localizations (Figure 

1D). The mesh represents the surface of the dye positions most distant from the 

attachment point and includes all sterically allowed dye positions. To compute 

fluorescence observables, the spatial population densities ρDye (x,y,z) of the dye 

localizations is needed. 

Two convenient assumptions for limiting cases were initially used for the models 

describing the spatial and orientational dye density in various hybrid-FRET modeling 

approaches: (1) The Nano Positioning System (NPS) assumes a label adopting a single 

position with a defined conformation of the linker and the fluorophore wobbling in a cone 

(Localized antenna/Single cone model)360. This means that all fluorophores of an 

ensemble of molecules are located at the same position (defined by a delta function δ) 

with respect to the macromolecule: ρDye(x,y,z) = δ(xDye,yDye,zDye). Since the position 

(xDye,yDye,zDye) of the dye is initially unknown multiple measurements are used to localize 

it within a credible volume for a given confidence level (Figure 1d, left). (2) As an 

approximation of a freely diffusing fast rotating dye all orientations and all positions within 

the AV are equally populated; ρDye(x,y,z) is constant and the fluorophore is isotropic 

oriented within the AV (Free diffusion/Iso model) 239 103. The effect of different dye models 

on the spatial population densities ρDye (x,y,z) along the vector R, pointing from the linker 

attachment site to the mean dye position in the AV, is visualized in the lower panel of 

Figure 1D. 

More recently, other dye models were suggested90,243,361. To consider small fractions of 

fluorescent fluorophores trapped on the biomolecular surface90, the classical AV 

description (using the Free diffusion/Iso model) was extended by defining an additional 

interacting surface layer (the contact volume of defined thickness is highlighted in violet 

in Figure 1D) with a preferential surface residence of the dye, which may be approximated 

by a step function. This surface preference is specific for the dye and the labeling site. 

This combination yields the Free diffusion + Contact/Iso model for an accessible and 

contact volume (ACV), which predicts the compaction of the spatial dye distribution due 

to trapped dye fractions without significant increase of the computational cost. Höfig et 

al.243 introduced a weighted AV description, where the densities ρDye are enriched by 
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biomolecule via long (~20 Å) flexible linkers. (b) Dye labels attached to the protein Atlastin-1 
(grey surface) to give an impression of the sizes. Quenching amino acids on the protein surface 
are highlighted in orange. (c) Molecular dynamics simulations provide the spatial distribution of 
dye molecules. (d) Representation of coarse-grained dye labels. On the top different dye 
representations are shown. On the bottom the spatial density Dye along a vector R starting at 
the attachment point in the direction of the dye mean position is shown for the corresponding 
dye models. The original Nano Positioning System (NPS) 360 assumes the accessible volume 
as prior information (uncertainty), which is reduced by a set of FRET measurements with fixed 
satellites resulting in an uncertainty distribution (red) of a putatively fixed localized dye 
(antenna). The orientation of the dyes follows a diffusion in a cone model highlighted by a 
pictogram. Following R, the dye is located at a specific position (vertical red line) with an 
uncertainty. Accessible volume (AV, mesh) models provide the sterically allowed space of the 
dye molecule attached to the protein as calculated by the FPS program 239. Here, the linkers of 
Alexa488 and Alexa647 are approximated as flexible tubes with width of Lwidth = 4.5 Å and 
length of Llink = 20.5 Å and Llink = 21.0 Å, respectively. Three radii were used to describe the 
dyes (5.0 Å, 4.5 Å, 1.5 Å) and (11.0 Å, 4.7 Å, 1.5 Å) for Alexa488 and Alexa647, respectively. 
The large sphere indicates the mean dye position. For a dye freely diffusing inside of its AV a 
uniform spatial distribution is assumed. The accessible and contact volume (ACV, 90) provides 
a similar description as the AV, but defines an area close to the surface as contact volume 
(violet). In this figure the density Dye in the contact volume is weighted six times stronger and 
defined as part of the AV that is closer than 3 Å from the macromolecular surface. For the 
corresponding model, where a dye freely diffuses within the AV and its diffusion is hindered 
close to the surface, the spatial density Dye along R is approximated by a step function: Dye (R 
< 3 Å) = 6_Dye (R  3 Å). The weighted accessible volume is a modification of AV where Dye 
along R is approximated by a Gaussian chain-inspired empirical weighting function 243. To 
illustrate the effect of the proposed weighting of Dye the weighted AV is colored from blue (high 
density) to red (low density). (Adapted from Fig. 1 of Dimura et al.242) 
 

5.1.2  Prior experimental input and its role in FRET experiments 

Prior experimental information (such as the 3D structure of a protein) are helpful in 

designing FRET experiments and guiding labeling strategies so that informative sites can 

be recognized, those labeling sites can be avoided where mutations for dye coupling can 

affect the protein function or stability362-365 or where the dye is likely to be highly 

quenched104 due to the characteristics of the local environment (Chapter 3+4). 

Additionally, insights from previous structural studies are valuable for mapping FRET 

label positions so that new experiments can be designed to either confirm prior structural 

knowledge (from X-ray crystallography, NMR etc.) or invalidate a previous assumption by 

generating a three dimensional structural model (posterior hypothesis)242. 

Prior information can not only help in designing informative labels, but also in better label 

description. For example, residual anisotropy from time resolved decay experiments is 

used to define the increased dye occupancy within the contact volume in the Free 
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diffusion + Contact/Iso model242. In nucleic acids, it is known that dye labeling at the 

terminal base92,94-96 or even 4-6 base pairs from the terminus (Chapter 3) can cause the 

dye to stack on the terminal base similar to base stacking. Knowledge of such specific 

interactions which significantly alter the dye distribution can be incorporated into the label 

description for FRET studies. To this end, we compare FRET donor-acceptor (DA) 

distances from experiments and simulations on a double stranded RNA (dsRNA) as a 

model system. When there are significant deviations between measured and calculated 

distances, we apply our prior knowledge of position-dependent dye behavior to better 

describe the dye distribution by introducing the concept of a hybrid AV. 

5.2  Results and Discussion 

In this study, the suitability of the Free diffusion + Contact/Iso model242 to describe the 

distribution of donor and acceptor dyes is investigated and a new dye model, called the 

Hybrid AV model, is developed for labels with highly specific localized interactions to 

improve their dye description. FRET distance calibration studies are carried out on dsRNA 

molecules with Alexa488 as the donor dye and Cy5 as the acceptor dye. FRET distance 

calibration with single FRET pairs was carried out for 24 donor-acceptor (DA) 

combinations (Fig. 5.2A, Table 1). The chosen label positions belong to distinct RNA 

environments (as outlined in Chapter 3) and the FRET pairs studied here fall under 4 

categories: (1) the acceptor is close to the 3’ end and the donor is in the internal regions 

of the helix, away from the ends (Fig. 5.2B, filled magenta circles) (2) the donor is close 

to the 3’ end and the acceptor is internal (Fig. 5.2B, magenta circle outlines) (3) both the 

donor and acceptor dyes are in the internal regions (Fig. 5.2B, filled blue circles) (4) both 

the donor and acceptor dyes are close to the 3’ ends on either ends of the helix (Fig. 

5.2B, magenta circle with disconnected outline). The dye linker attachment on dsRNA 

occurs at the C5 atom for uracil and cytosine and the N2 atom for guanine. 

5.2.1  dsRNA rulers: Experimental vs predicted distance RDAE 

The double stranded RNA is used for distance calibration since it is a fairly rigid system 

whose structure is well-defined such that there is least uncertainty arising from structural 

considerations. Five dsRNA molecules are studies here (Fig. 5.2A). Of these, the 

molecules extended I1 and extended I2 are similar in sequence to I1 and I2, respectively; 
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but with 4 extra base pairs added at one of the helix termini, thus “extending” the 

molecule. The extended sequences allow comparison of dye labeling sites (e.g. c29 and 

b33) with the same immediate surrounding primary sequence, but different end 

proximities. They are used as FRET rulers in single-molecule FRET (smFRET) 

spectroscopy studies where the distances between the dyes are varied and energy 

transfer efficiencies obtained. The FRET-averaged donor-acceptor distance RDAE 

corresponding to the FRET efficiency is calculated from experiments and compared with 

theoretical predictions. 

Table 5.1. Experimental and calculated FRET distance, RDAE. For measured residual 

anisotropies, see Chapter 3. 

FRET pair Molecule Position from end 
RDAE,exp 

Å 
RDAE,cal 

Å 

c29(D)-d15(A) I1 (D) near 3'-end 49.2 51.8 

c29(D)-d18(A) I1 (D) near 3'-end 50.4 51.2 

c29(D)-d20(A) I1 (D) near 3'-end 57.5 59.6 

c29(D)-d23(A) I1 (D) near 3'-end 63.3 68.1 

b14(D)-c8(A) I2 Internal label 42.9 41.4 

b11(D)-c8(A) I2 Internal label 50.4 49.6 

b8(D)-c8(A) I2 Internal label 58.0 59.1 

b5(D)-c8(A) I2 Internal label 61.2 64.2 

a26(D)-b27(A) I2 Internal label 57.4 54.0 

a26(D)-b28(A) I2 Internal label 60.1 55.4 

a26(D)-b33(A) I2 (A) near 3'-end 73.7 71.4 

c16(D)-b33(A) I2 (A) near 3'-end 54.2 49.6 

a18(D)-b33(A) I2 (A) near 3'-end 61.8 53.3 

a21(D)-b33(A) I2 (A) near 3'-end 57.8 54.4 

a23(D)-b33(A) I2 (A) near 3'-end 70.2 62.1 

c29(D)-b27(A) I3 (D) near 3'-end 61.9 64.3 

c29(D)-b28(A) I3 (D) near 3'-end 65.4 67.7 

c29(D)-b33(A) I3 (D), (A) near 3'-end 84.7 82.7 

c29(D)-d15(A) Extended I1 Internal label 51.0 50.8 

c29(D)-d18(A) Extended I1 Internal label 50.1 48.4 

c29(D)-d23(A) Extended I1 Internal label 66.8 65.8 
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c16(D)-b33(A) Extended I2 Internal label 53.7 51.0 

a18(D)-b33(A) Extended I2 Internal label 57.1 53.1 

a23(D)-b33(A) Extended I2 Internal label 62.3 61.7 

Experimental and calculated FRET distance, RDAE for all measured dsRNA samples in the distance calibration study. 
(D) and (A) denotes the donor and acceptor labels, respectively. The corresponding sequences and labeling positions 
are given in Figure 5.2A. 

From experiment: Single-molecule confocal experiments are performed on the FRET 

labeled dsRNA molecules, and the single molecules are detected as photon bursts (of a 

certain intensity and duration) during their free diffusion through the confocal volume. 

From the collected photon bursts, a variety of fluorescence information can be extracted 

due to single-molecule multiparameter fluorescence detection (smMFD) 15,16,366,367. 

Photon Distribution Analysis (PDA) is performed to eliminate the photon shot-noise 

contribution and examine the heterogeneity of the sample 337,357,368. A quantitative 

analysis of the FRET efficiency histogram is carried out using an appropriate model that 

accounts for shot noise, background contributions and additional broadening due to 

complex acceptor photophysics and fits one or two states described by Gaussian 

distributions (assigned to a FRET population and a donor only population). The distance 

corresponding to the FRET populations is referred to as the experimental/measured 

donor-acceptor distance, RDAE,exp. 

From predictions: Since the RNA structure is known, the DA distances can be predicted 

from modeling the dye distributions. We use the previously described Free 

diffusion+Contact/Iso model242 to describe the accessible and contact volume (ACV) of 

the dyes from the dye radii and the lengths and widths of the linkers used for labeling. 

Due to interactions between the fluorophore and the biomolecule, the dye is less mobile 

near the surface of the biomolecule. Ensemble fluorescence anisotropy measurements 

239 were employed to calculate the residual anisotropy 𝑟∞. From this, the fraction of the 

fluorophore trapped on the surface of the protein (s) is determined103: 

𝑠 = √
𝑟∞
𝑟0

 
(5.1) 

with the fundamental anisotropy r0=0.38. The measurements were performed on single 

labeled dsRNA molecules and analyzed as described in Chapter 3. From the trapped 
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fraction and the contact volume (defined as the volume of AV within 2Å from the RNA 

surface), the spatial dye densities are calculated3. 

Distances between random points in the donor and acceptor ACVs are calculated and 

converted to efficiencies using eq. 5.2. These FRET efficiencies are averaged over the 

distribution and converted back into to the DA distance, referred to as the predicted or 

calculated distance, RDAE,cal. 

The interdye distance is related to the FRET efficiency as:  

𝐸 =
1

1 + (
𝑅𝐷𝐴
𝑅0
)
6 

(5.2) 

where R0 is the Förster radius and RDA is the donor-acceptor distance. 

It may be noted that RDAE calculated here, is different from Rmp (distance between mean 

dye positions) and RDA (measured by ensemble TCSPC)103. 

Comparison: When both donor and acceptor label are in the internal regions of the helix 

(Fig. 5.2B, blue circles), there is good agreement between experimental and calculated 

distances. However, for the acceptor (Cy5) labels close to the 3’-end, there is a marked 

deviation in RDAE (Fig. 5.2B, filled magenta circles). This originates from their ability to 

reach the exposed terminal bases of the helix and therefore form strong -stacking 

interactions there (Chapter 3 and others92,94,95). -interactions have been studied not only 

for dyes labeled on the terminal bases94,95, but also for dyes labeled a few base pairs 

away from the helix terminus, where effective stacking interactions depend on the length 

of linker, attachment atom in the RNA base and the kind of helix end (5’ or 3’). These -

stacking interactions significantly alter the dye distribution and the dye density is the 

highest in the region close to the terminal base (Chapter 3). To describe these 3’-end 

labels, the coarse-grained Free diffusion+Contact/Iso label description is insufficient 

because the dye densities are more concentrated near the terminal bases than over the 

accessible nucleic acid surface. 
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donor c29(D) on molecules I1 (magenta circle outline) and extended I1 (blue), differs in the 
proximity to the 3’-end. A brief flow chart depicting the main steps for obtaining experimental 
and calculated RDAE are also given. For detailed explanation of the steps, see sections 2.1 
and 4. 

Comparison of same labeling positions in different molecules: The molecule I2 has the 

same primary sequence as the molecule extended I2, and differs only by 4 additional base 

pairs at the dye labeled end on extended I2. This alters the proximity of the acceptor 

b33(A) to the 3’-end, bringing about drastic changes in its photophysical properties. 

Comparing FRET samples with the same donor labels and b33(A) acceptor label on the 

molecules I2 and extended I2 (Fig. 5.2B(a)), we observe deviations between the 

experimental and calculated distances when b33(A) is on molecule I2, where -stacking 

with the terminal bases is possible. Meanwhile, the FRET samples with b33(A) on 

extended I2 show very good agreement between experimental and calculated ⟨𝑅𝐷𝐴⟩𝐸., 

since the acceptor dye is further away from the helix end and cannot stack with the 

terminal bases. 

A similar comparison of the Alexa488 donor at position c29(D) on molecules I1 and 

extended I1 (Fig. 5.2B(b)) yields rather similar agreement between experimental and 

calculated RDAE whether the dye was in the proximity of the 3’-end (as in I1) or further 

away from it (as in extended I1). Although donor (Alexa488) dyes labeled near the 3’-end 

are known to undergo -stacking at the terminal base (Chapter 3 and Neubauer et al.)96 

like an additional base pair, the altered dye distribution due to this interaction is not 

expected to affect the agreement between ⟨𝑅𝐷𝐴⟩𝐸,𝑐𝑎𝑙 and ⟨𝑅𝐷𝐴⟩𝐸,𝑒𝑥𝑝 in the same way as for 

the Cy5 dye. This is because the stacked species are non-fluorescent due to static PET 

quenching with the terminal guanines and do not contribute to the observed donor signal 

in MFD experiments. Nevertheless, dynamic quenching interactions occurring between 

the Alexa488 dye and the exposed terminal guanine is expected to bias the dye 

distribution towards the terminus.  

Improving the estimation of trapped dye fraction: From the correlation between the 

residual anisotropies and lifetimes of Cy5 labels studied in Chapter 3 (Fig.3.2), we can 

arrive at a special case of a covalently attached non-interacting dye. That is, a dye which 

is covalently attached to the RNA, but otherwise free, not being trapped at the RNA 

surface. The residual anisotropy of such a species is obtained from the linear fit of the 
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correlation extrapolated to the free dye lifetime (denoted as 𝑟∞,𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙.). Using this to 

modify eq. 5.1 gives a more accurate estimation for trapped dye fraction since it accounts 

for the cone angle as described in a wobbling in a cone (WIC) model103. The improved 

trapped dye fraction (𝑠′) is then: 

𝑠′ = √
𝑟∞,𝑚𝑒𝑎𝑠. − 𝑟∞,𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙.

𝑟0
= √

∆𝑟∞
𝑟0

 
(5.3) 

where ∆𝑟∞is the difference in the residual anisotropy of the measured sample (𝑟∞,𝑚𝑒𝑎𝑠.) 

and the residual anisotropy of the covalently attached non-interacting dye (𝑟∞,𝑒𝑥𝑡𝑟𝑎𝑝𝑜𝑙.) 

determined by extrapolation (vide supra). 

5.2.2  Improving dye model based on prior knowledge 

It is well documented that rhodamine and cyanine dyes labeled close to or at the terminal 

base undergo strong -stacking interactions with the exposed terminal bases92,94-96. For 

the cyanine labels, these interactions result in association-induced fluorescent 

enhancement (AIFE) and a corresponding increase in residual anisotropy (r). For a 

typical Cy5 label coupled at a nucleobase in the internal regions of the RNA double helix, 

the residual anisotropy was measured to be 0.18 (Chapter 3). However, when Cy5 is 

attached to a position close to the helix end, the time resolved anisotropy measurements 

yield r=0.27. Thus there is a 50% increase in residual anisotropy due to -stacking. This 

information from previous experiments with single labels can be used to improve the dye 

description for DA distance calculations. 

The dye distribution as described by the Free diffusion+Contact/Iso model242 can be 

modified to describe a label that is -stacked to the terminal base, by the addition of an 

accessible volume (AV) close to the terminal base. The additional AV generated is 

assigned a weight of 50%, since this is the percentage of increase in residual anisotropy 

due to -stacking (see eq. 5.4 in Methods section). It is simulated exactly like an AV, but 

with a shorter linker length and assuming the terminal base as the attachment point. This 

hybrid AV model can better describe the end label distribution. 

In this concept of hybrid accessible volume (hybrid AV), the dye densities are not uniform 

over the RNA surface (as in Free diffusion+Contact/Iso model) nor enriched near the 
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attachment point (as in Gaussian chain diffusion model). Instead, the dye density (Dye) 

varies along the long helical axis (z-axis) as shown in Fig. 5.3B. Close to the helix 

terminus, there is an enrichment of Dye due to the “localized trap” furnished by the -

stacked dyes. As we move along the z-axis, away from the terminus outwards, the contact 

volume of the dye maintains a moderately high Dye, albeit slightly lower than the end-

trapped region. This region close to the RNA where surface interactions are more 

probable ("distributed traps" in contrast to the "localized trap" for the end-stacking) is best 

described by the contact volume part of an ACV. Beyond this region, the dye density 

sharply decreases as it extends into the region of unhindered dye movement, and then 

falls to zero outside the accessible volume. The resulting dye model is called a hybrid AV 

model because it is described using a combination of the Free diffusion+Contact/Iso 

model (ACV for the “distributed traps”) and the Free diffusion/Iso model (additional AV for 

the “localized trap”).  

In this study, the hybrid AV is determined by carrying out the following steps: (1) The ACV 

is simulated with Llink =22 Å, wlink =2.5 A and Rdye= 3.5 Å, contact volume thickness of 2 

Å (empirical value) and a trapped dye fraction calculated from the residual anisotropy 

according to eq. 5.1 (2) To account for the “localized trap” at the helix terminus (Chapter 

3, Fig 3.5A), an additional accessible volume is simulated; the attachment point being the 

C6 atom of the terminal residue of the labeled strand and a short Llink = 7 Å, wlink = 2.5 A 

and Rdye= 3.5 Å (3) In order to combine the ACV with the end-stacked AV for calculating 

inter-dye distances, individual ⟨𝑅𝐷𝐴⟩𝐸 values for both the ACV and the AV to a common 

donor-AV are calculated (⟨𝑅𝐷𝐴⟩𝐸,𝐴𝐶𝑉 and ⟨𝑅𝐷𝐴⟩𝐸,𝐴𝑉, respectively), and subsequently 

converted to FRET efficiencies (EACV and EAV, respectively) for weighted averaging. From 

spectroscopic measurements it was estimated that the increase in residual anisotropy 

due to -stacking at the helix end is approx. 50% (see eq. 5.4 in Methods section) and, 

therefore, the additional AV was assigned a weight of 50%. Based on the assigned 

weights, the FRET efficiencies from ACV and AV are combined as Ehybrid = 0.5* EACV 

+0.5* EAV, and then converted back to the distance, RDAE,hybrid.  
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single FRET pairs (Alexa488 donor-Cy5 acceptor) on five double stranded RNA 

molecules where FRET-averaged donor-acceptor (DA) distances, RDAE, from MFD 

experiments and ACV simulations were compared. The Free diffusion + Contact/Iso 

model(ACV model) was found to be generally suitable to describe the distribution of dyes 

coupled in the internal regions of the dsRNA. However, where -stacking is prominent, 

as for Cy5 labels attached near the helix ends, this model was insufficient. It was 

demonstrated that inclusion of prior experimental inputs like anisotropy can improve the 

dye model description when appropriately incorporated into the dye model. A hybrid AV 

model, a modification of the established ACV model, is proposed. The suitability of the 

hybrid AV model for -stacked end labels is demonstrated by a better agreement between 

experimental and calculated RDAE. Thus, researchers undertaking FRET studies should 

attempt to inform themselves of potential interactions that may significantly alter the dye 

distribution around the biomolecule, and incorporate that into the label description for 

more accurate FRET-derived structures. 

 

5.4  Materials and Methods 

smMFD experiment. Single molecule MFD experiments were carried out and analyzed 

by Simon Sindbert, Thomas Peulen and Olga Doroshenko according to the procedure 

described elsewhere256.  

Dye simulations. In the simple Free diffusion+Iso model103,242, all allowed positions of 

the dye are considered to be equally probable, which allows us to define the accessible 

volume(AV) 103. The dye is approximated as a sphere with radius Rdye, tethered to the 

biomolecule by a flexible linker of length Llink with width wlink 103. The AV parameters were 

as follows: for Alexa488, Llink =20 Å; for Cy5, Llink =22 Å and in both cases, wlink =2.5 A 

and Rdye= 3.5 Å. The attachment point for the labels was the C5 atom when attached to 

uracil or cytosine, and the N2 atom when attached to guanine as described in Chapter 2. 

The geometric modeling was performed using the software Olga 

(https://github.com/Fluorescence-Tools/Olga). The structures for the double-stranded 

RNAs used for the AV simulations were generated using the Nucleic Acid Builder from 

the AmberTools suite of programs 257. 
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In the free diffusion + Contact/Iso model, an additional volume near the RNA surface with 

thickness 2Å and dye density calculated from the trapped dye fraction is simulated3. The 

experimental input of residual anisotropy was measured by ensemble time resolved 

anisotropy measurements according to the procedure described in Chapter 3 and used 

to calculate the trapped dye fraction (eq. 4.1)).  

The hybrid accessible volume model is a combination of the ACV model enriched by an 

additional AV near the helix termini whose weighting is determined from the measured 

residual anisotropies. This is applied only for the labels coupled near the helix termini that 

stack on the helix end. The weighting for the additional AV is given by the increase of the 

residual anisotropy due to stacking: 

∆𝑟∞,𝑠𝑡𝑎𝑐𝑘 =
𝑟∞,𝑒𝑛𝑑 − 𝑟∞,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙

𝑟∞,𝑒𝑛𝑑
 (5.4) 

where the subscripts end and internal refers to end-labeled and internally labeled dyes.  

From chapter 3, 𝑟∞,𝑒𝑛𝑑 =0.29 and 𝑟∞,𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 =.0.14 Thus ∆𝑟∞,𝑠𝑡𝑎𝑐𝑘 = 0.49 ≈ 0.5. 

The dye parameters employed for AV and ACV simulations are detailed in the main text. 
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T4L, and the third focuses exclusively on developing FRET models for distance analysis. 

The experimental techniques included an array of spectroscopic methods and 

substantiation of experimental results with simulation studies. (i) Ensemble and 

subensemble lifetime studies, to give a glimpse into quenching environments, (ii) 

Residual anisotropies to identify sterically constrained environments, (iii) Spectral shifts 

from absorption measurements, to indicate the extent of dye-biomolecular interactions, 

(iv) FCS studies, to quantitatively evaluate quenching, cis-trans isomerism processes and 

global rotation, (v) fluorescence quantum yield measurements to explore the mechanisms 

of PET quenching and reveal the extents of static/dynamic quenching, (vi) AV simulations 

and (vii) MD simulations. 

Achievements of my research studies (summarized in Fig. 6.1) 

Chapter 3: Sensing the local environment and global conformation of RNA by 
flexibly coupled fluorescent labels  

(a) Insights obtained about behavior of Alexa488 and Cy5 fluorophores in distinct RNA 

environments in RNA duplexes, three-way and four-way junction molecules. 

 Dyes undergo -stacking with the nucleobases at the helix ends or junctions (Fig. 3.2, 

3.3, 3.4, 3.5 and 3.6). 

 Alexa488 labels at distinct environments are quenched by dynamic and static PET to 

different degrees depending on the sequence (presence of PET quencher, Guanine) 

and the -stacking potential (higher at exposed bases at the helix ends and junction) 

(Fig. 3.3, 3.4 and 3.5).  

 Dye behavior depends on the labeling chemistry employed. A labeling site in the deep 

major groove directs the dye linker towards the 3’ end, while the shallow minor groove 

provides no directional specificity (Fig. 3.1 and 3.2) so that dye distributions and 

orientations are distinctive for different positions on the RNA (Fig. 3.4). 

 AV simulations allowed the examination of the difference between the 3’ and 5’ ends, 

steric constraints at the junction, difference in major- and minor-groove attached labels 

and proximity to suspected interaction sites. It could also predict dye behavior in 

relation to the helix end accessibilities (Fig. 3.4). 
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 Major RNA-dye interactions revealed by MD simulations: -stacking, groove and 

backbone interactions (Fig. 3.5). 

(b) Employment of fluorophores as local and global environment probes 

 Fluorophores act as local sensors. From the insights gathered on dye-biomolecular 

interactions, we were equipped to sense the unknown environment of a dye-labeled 

nucleic acid and potentially assess the dye proximity to the helix ends/junction or 

gauge quencher concentration (Fig. 3.6). 

 Appropriately chosen fluorophores can also sense the global environment of the RNA, 

like the global structure and shape (from FCS, Fig. 3.6), and recognize inter-helical 

motions (from anisotropy and FCS studies, Fig. 3.2) and RNA bending 

(Supplementary Fig. 3.14 and 3.24). 

(c) Analyzed the implications for FRET studies 

Understanding dye behavior at different positions provide knowledge that can be applied 

to improve the accuracy of FRET results by the careful selection of labeling sites, 

modification of experiment design, interpretation of results and choice of dye models. We 

therefore examined our results in the context of FRET studies and  

 brought attention to problematic labeling sites like the nucleic acid helix ends, 

junctions or labeling sites in the vicinity of PET quenchers like guanine, Trp and Tyr.  

 Guidelines are provided to recognize potential dye-environmental interactions that 

could be detrimental for FRET studies  

 Proposals to minimize these effects include avoiding sites with strong dye-RNA 

interactions, corrections for Förster radius, detection efficiency and acceptor 

fluorescence quantum yield. 

Chapter 4: Fluorescent dyes probe the local environment of protein, T4 Lysozyme: 
Exploring with experiments and simulations 

(a) Discerning the behavior of Alexa488 and Alexa647 in distinct T4L environments. 

 AV simulations, together with Brownian dynamics simulations, were shown to be 

successful in explaining the experimentally observed photophysical properties of T4L-
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coupled dye labels. The sources of quenching in Alexa488 labels and steric restriction 

in Alexa647 labels were revealed. 

 Alexa488 labels at distinct environments are quenched by dynamic and static PET to 

different degrees depending on the sequence (presence of PET quenchers, Trp, Tyr, 

His and Met) and the -stacking potential. Compared to RNA-coupled Alexa488 dyes, 

the T4L-coupled dyes exhibit static PET to a much lesser degree and the quenching 

mechanism is predominantly dynamic. 

 Dye-quenching by PET quenchers were boosted in presence of positively charged 

amino acids which trap the negatively charged dyes (by electrostatic forces) near to 

the quenchers. 

 There are mainly 2 sources of steric restrictions: (1) Constraints due to dye trapping 

at positively charged amino acids like Lys or Arg and (2) due to squeezing within the 

cleft volume between subdomains during hinge bending. 

 Dye-protein interactions were studied on an atomistic scale and shown to exhibit - 

stacking, multiple H-bonding and cation- interactions. 

(b) As local and global environment probes 

 Local sensor: From fluorescence properties of the dyes labeled at a particular position, 

the proximity to quenchers, positively charged amino acids, cleft region can be 

inferred. 

 The fluorophores can be used as environmental probes to detect biomolecular 

processes like substrate binding and protein denaturation. 

(3) Developing dye models for accurate FRET label description: 

 The different dye distribution models (NPS, AV, ACV and weighted AV) used to 

describe fluorescence labels for FRET distance calculations were reviewed. 

 FRET-averaged donor-acceptor (DA) distances, RDAE, from experiments and model 

simulations compared. 

 Hybrid AV model: When there is significant -stacking, it was demonstrated that 

inclusion of prior experimental inputs like anisotropy can improve the dye model 

description. A hybrid AV model was developed which showed improvement in dye 

description by better correlating experimental and calculated RDAE values. 
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Chapter 7. Additional methods 

This chapter contains details on the corrections applied during the analysis of 

spectroscopic techniques in chapter 3, and detailed protocols of the biochemical methods 

employed in the course of the work for chapter 4 of this thesis. 

7.1  Corrections applied during spectroscopic analysis (employed in chapter 3) 

a)  Corrections applied during fluorescence quantum yield measurements:  

Relative steady state fluorescence quantum yield was measured by comparing to a 

standard reference dye using one of the following approaches: Conventional method 

based on integrated fluorescence 336 or liFCS method based on brightness measurement 

from low intensity FCS 237. 

The measured spectra in both cases were corrected during analysis as described below: 

(1) Absorption spectrum – Corrections for baseline & Scattered light.  

For baseline correction (constant or linear offset):  

To determine a constant offset, select a base point at a wavelength above the S1 

absorption range of the dye. The correction with a linear offset requires a second 

interpolation point. This 𝜆(𝑚𝑖𝑛) is set in a range of minimum absorbance before the main 

band. A generally non-zero absorption there can be taken into account with a dye-specific 

value relative to the maximum  

𝑓 = 𝐴𝜆(𝑜𝑓𝑓𝑠𝑒𝑡) 𝐴𝜆(𝑚𝑎𝑥)⁄  (7.4) 

  

𝐴𝑐𝑜𝑟 = 𝐴𝑒𝑥𝑝 − 𝑏𝜆 − 𝑐 (7.5) 

 

For scatter correction: 

A third interpolation point is necessary 𝜆(𝑈𝑉) with a dye specific absorbance value 

relative to the maximum. 

𝑓𝑢 = 𝐴𝜆(𝑈𝑉) 𝐴𝜆(𝑚𝑎𝑥)⁄  (7.6) 

 

𝐴𝑐𝑜𝑟 = 𝐴𝑒𝑥𝑝 − 𝑎(1 𝜆
4⁄ ) − 𝑏𝜆 − 𝑐 (7.7) 
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(2) Excitation at 𝜆(𝑒𝑥) - Inner Filter Effect (attenuation of excitation light). 

Model adapted from 369,370 

 

𝐹(𝑐𝑜𝑟𝑟) =
𝐹(𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡) ∗ 2.303 ∗ 𝐸(𝜆) ∗ Δ𝐼𝑥

10𝐸(𝜆)∗𝐼𝑥 ∗ 10𝐸(𝜆)∗
Δ𝐼𝑥
2 − 10−𝐸(𝜆)∗

Δ𝐼𝑥
2

 

 

(7.8) 

 

where 𝐸(𝜆)  is the absorbance at 𝜆(𝑒𝑥) ; 𝐼𝑥 is the relative beam position (cuvette centre is 

fixed at 0.5); Δ𝐼𝑥 is the relative beam width, ( 0 < Δ𝐼𝑥 ≤ 1 default 0.5). 

 

(3) Wavelength calibration: Absorption vs. excitation 

An erroneous wavelength calibration of the spectrometer can be taken into account once 

The shift is experimentally determined. The absorbance value relevant for excitation is 

then extracted from the absorption spectrum by interpolation. 

 

(4) Fluorescence spectrum - solvent background 

The solvent fluorescence spectrum (background) is subtracted from the fluorescence 

spectrum of the sample. 

 

(5) Fluorescence spectrum - dark current 

Dark current varying over the measurement day (especially with uncooled detectors) is 

only partially compensated for, in the subtraction of the solvent spectrum. A dark current 

correction must be performed where a fluorescence-free point in the fluorescence 

spectrum is used to scale the correction spectrum of the spectrometer. This is then 

subtracted from the measured values. 

 

(6) Fluorescence spectrum - Inner Filter Effect (reabsorption of fluorescence) 

Reabsorption based on the respective absorption spectrum can be considered to correct 

the fluorescence spectrum based on the relative beam position in cuvette. 

 

(7) Fluorescence spectrum - extrapolation (not for reference dye) 
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For incompletely recorded fluorescence spectra (due to the excitation being performed at 

long wavelengths), the integral signal can be scaled with a constant factor. 

 

b)  Corrections applied for polarizer settings in eTCSPC measurements 

It was noticed that the emission polarizer was not perfectly calibrated for some of the 

measurements. A shift of 1 degree was determined. For the data measured during this 

period, the polarizer settings were retroactively “corrected” by reanalyzing the data 

accounting for the 1 degree shift of emission polarizer. For this, rotational correlation 

functions were derived for any arbitrary angle of polarizer. The following section is the 

work from Dr. Oleg Opanasyuk from the Seidel lab. 

Deriving fluorescence intensities for isotopically diffusing molecules and arbitrary 
orientation of emission polarizer: 

The intensity of fluorescence for a given polarizer setup (𝑎, 𝑒) is proportional to the 

correlation function: 

𝐼𝑎,𝑒(𝑡) ∝ 𝑔𝑎,𝑒(𝑡) = 〈𝑝𝑎(0)𝑝𝑒(𝑡)〉Ω𝑎(0),Ω𝑒𝑎(𝑡) , (7.9) 

where probabilities 𝑝𝑎(0), 𝑝𝑒(𝑡) are the probability of the absorption of photon at the time 

0 and the probability of the absorption at the time t corresponding. These probabilities in 

turn are proportional to squared scalar products of unit incident (𝜶) and detection (𝜺) 

polarizer vectors with corresponding the unit absorption transition moment (TM) at time 0 

(𝝁𝑎(0)) and the emission transition moment at time t (𝝁𝑒(𝑡)).  

𝑝𝑎(0) = 𝑝𝑎,0 |𝜶
∗ ⋅ 𝝁𝑎(0)|

2

𝑝𝑒(𝑡) = 𝑝𝑒,0 |𝜺
∗  ⋅  𝝁𝑒(𝑡)|

2  (7.10) 

In eq. 7.9 the averaging is done over positions of absorption TMs at the time 0 (Ω𝑎(0)) 

and mutual orientations of the absorption TM at the time 0 and the emission TMs at the 

time t (Ω𝑒𝑎(𝑡)). 
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Let’s define the laboratory coordinate frame as shown: 

 

In this frame the incident and detection polarizer vectors are given by: 

𝛼∥ = (
0
0
1
) ; 𝜀𝜑 = (

sin𝜑
0

cos𝜑
) (7.11) 

Let us also assume that orientations of molecules are distributed isotopically at time 0 

and that they diffuse isotopically. It can be shown that for such setup the orientational part 

of the correlation function (with factor 𝑝𝑎,0𝑝𝑒,0 omitted) take form: 

𝑔∥,𝜑(𝑡) =
1

9
+
1

9
(3 cos2 𝜑 − 1) 𝑟(𝑡) , (7.12) 

with factor 𝑟(𝑡) given by: 

𝑟(𝑡) =
3

5
∑𝑀𝑎 𝑖

(2)𝑀𝑒 𝑗
(2)∗⟨𝐷𝑗𝑖

(2)(Ω𝑒𝑎(𝑡))⟩
Ω𝑒𝑎(𝑡)𝑖𝑗

, (7.13) 

where 𝑀𝑎 𝑖
(2), 𝑀𝑒 𝑗

(2) are second order components of spherical tensors of the absorption 

and emission transition moments in the coordinate frames aligned with eigen vectors of 

molecular diffusion tensor; 𝐷𝑗𝑖
(2)(Ω𝑒𝑎(𝑡)) are elements of Wigner D-matrix of the angle 

(Ω𝑒𝑎(𝑡)) between absorption and emission vectors. 

The substitution of standard emission polarizer angles gives next expressions for 

fluorescence intensities: 

𝜑 = 0°: 𝐼∥,∥(𝑡) = 𝐼0(1 + 2 𝑟(𝑡)) ;

𝜑 = 90°: 𝐼∥,⊥(𝑡) = 𝐼0(1 −  𝑟(𝑡))   ;

𝜑 = 𝑚𝑎𝑔𝑖𝑐 𝑎𝑛𝑔𝑙𝑒: 𝐼∥,𝑀(𝑡) = 𝐼0

 (7.14) 

z 

y 
x 
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𝛼∥ 
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The time dependent factor 𝑟(𝑡) is equal to the fluorescence anisotropy, which becomes 

clear from substitution of intensities from the eq.7.14 to the standard definition of 

anisotropy: 

𝐼∥,∥(𝑡) − 𝐼∥,⊥(𝑡)

𝐼∥,∥(𝑡) + 2 𝐼∥,⊥(𝑡)
=
𝑔∥,∥(𝑡) − 𝑔∥,⊥(𝑡)

𝑔∥,∥(𝑡) + 2 𝑔∥,⊥(𝑡)
= 𝑟(𝑡) (7.15) 

Thus, the eq.7.13 is the expression of a fluorescence anisotropy in terms of orientations 

of transition moments relative to molecular coordinate frames and some time dependent 

factors  〈𝐷𝑗𝑖
(2)(Ω𝑒𝑎(𝑡))〉Ω𝑒𝑎(𝑡)which can be easily calculated as functions of the diffusion 

tensor of molecules. 

Errors introduced by the emission polarizer errors to the total fluorescence 
intensity 

Using eq.7.12 and 7.14, we can calculate the relative errors to the total intensity measured 

by the magic angle and combination methods. 

 𝛿𝐼0(∆𝜑) =
𝐼0(∆𝜑)

𝐼0
− 1

𝑚𝑎𝑔𝑖𝑐 𝑎𝑛𝑔𝑙𝑒: 𝛿𝐼0
𝑀(∆𝜑) = (3 cos2(𝜑𝑀 + ∆𝜑) − 1) 𝑟;   𝜑𝑀 ≈ 54.7°

𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛: 𝛿𝐼0
𝐶(∆𝜑) = sin2 ∆𝜑  𝑟

 (7.16) 
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Figure S7. Comparison of relative errors in fluorescence intensity introduced by the emission 
polarizer by different measurement methods. 
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So, the magic angle method is much more prone to errors caused by inaccuracy of the 

emission polarizer. However, it should be noted that the combination method is prone to 

errors caused by erroneous g-factor and IRF measurements. 

 

7.2  Biochemical methods (employed in chapter 4) 

The biochemical protocols detailed below335 were followed to achieve dye-labeled T4L 

samples for fluorescence studies in Chapter 4. The T4 lysozyme mutants were cloned 

into the pET11a vector (Novagen®, Merck KGaA, Darmstadt, Germany). For the 

expression of proteins with the unnatural amino acid pAcPhe, the pEvolv-AcPhe plasmid 

was used. 

a)  Site-directed mutagenesis 

In order to insert a specific mutation in a protein, the respective codon in the gene of 

interest is modified using site-directed mutagenesis. This is accomplished with one 

temperature-gradient PCR and one complementary pair of primer carrying the modified 

base triplet. For each mutation, five reaction mixtures for scanning five different annealing 

temperatures were prepared, with each mixture containing 5 μl 10x Pfu buffer +MgSO4, 

1μl dNTP mix (10 mM each), 10 ng DNA template, 0.5 μl forward primer, 0.5 μl reverse 

primer, filled upto 49 μl with ddH2O and 1 μl of polymerase added at last step. The five 

different annealing temperatures used are (tm-x) °C, where tm is the primer melting 

temperature and x = 5-10. In the PCR program, the temperature gradient (Tgrad) across 

the PCR sample heating block is chosen such that the slots where the 5 different samples 

are kept, receive the chosen annealing temperature. Then the PCR program is: 95 °C (3 

min)  95 °C (30 s)  Tgrad (30 s)  72 °C (12 min)  Repeat previous 3 steps 25 times 

. 72 °C (15 min)  Store at 4 °C. In order to digest any remaining template DNA that 

was not mutated in the PCR, 0.5 μL of DpnI enzyme was added at 37 °C and kept for 1 

hr. Subsequently, 10 μL of each reaction mixture was mixed with 5x DNA loading dye(10 

mM Tris-HCl, pH 7.5, 0.2 % (w/v) orange G, 1 mM EDTA, 50 % glycerol), loaded onto a 

1 % agarose gel and a gel electrophoresis carried out. 2 μL of each positive reaction 

mixture was transformed into E.coli DH5α cells.  
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b)  Agarose gel electrophoresis 

In order to check for the successful amplification of plasmids during PCR, we run an 

agarose gel electrophoresis. A 1% agarose gel, prepared from broad range Agarose and 

1xTAE buffer (40 mM Tris-HCl pH 8.2, 20 mM sodium acetate, 1 mM EDTA), was casted 

in a mold and 2 μL of Midori Green distributed in the gel and let to harden for 30 min. The 

gel was kept in the electrophoresis chamber and flooded with 1x TAE-buffer. The samples 

containing 2 μL 5x DNA loading dye were pipetted into the pockets of the gel along with 

5 μL of the GeneRuler 1kb ladder as a size marker. The electrophoresis was carried out 

at a constant voltage of 100 V for 30 min. The gels were then viewed under UV-light. 

c)  Preparation of chemically competent cells 

Under sterile conditions,5 μL of the required bacterial strain (DH5, BL21 etc.) was added 

to 5 mL of LB-medium and incubated at 37 °C overnight while shaking. Then 100 mL of 

LB were inoculated with 1/100 of its volume with the overnight culture and 1/50 of its 

volume with a mix of 500 mM MgCl2, 500 mM MgSO4. The cells were grown at 37°C while 

shaking until an OD600 of 0.5- 0.6 was reached, and then harvested in 2 ml aliquots by 

centrifugation at 8000*g for 3 min. The cell pellet obtained was resuspended in 1 mL of 

TMF-buffer (100 mM CaCl2, 50 mM RbCl2, 40 mM MnCl2) and incubated for 30 min on 

ice. The cells were again harvested at 8000*g for 3 min, resuspended in 250 μL of TMFG- 

buffer (TMF-buffer, 20 % (v/v) glycerol) and stored at -80 °C until use.  

d)  Preparation of plasmid DNA 

As the first step for preparation of plasmid DNA, a culture of E. coli DH5α cells in LB 

medium containing the respective antibiotic was incubated overnight at 37 °C while 

shaking. Then, the sonification of the bacterial culture is carried out to obtain the lysate. 

This is then further purified with the QIAprep Hispeed Midi Kit. The concentration was 

determined using UV spectrometry at 260 nm and dispatched for sequencing to GATC 

Biotech (Konstanz, Germany).  

e)  Plasmid transformation 

The plasmid DNA was transformed to the competent bacterial strain, BL21, via heat shock 

transformation. The cells were thawed on ice for 30 min and the plasmid was added. For 

co-transformation, 30 ng of pEvolv (which carries a Chloramphenicol resistance), and 15 
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ng of the Amber-mutant carrying pET11a (which carries an Ampicillin resistance) 

plasmids, were added simultaneously. This was incubated on ice for 15 min and a heat 

shock applied by placing the cells were for 45 sec at 42 °C. This was followed by an 

incubation of 2 min on ice. The cells were spun down for 1 min at an acceleration of 13000 

*g, redissolved in 250 μl of LB-medium and grown while shaking for 30 min at 37 °C prior 

to plating on LB-agar plates containing both Chloramphenicol and Ampicillin antibiotics. 

f)  Protein production  

From the plates containing freshly transformed cells, a colony was picked and incubated 

overnight at 37 °C in 100 ml of LB medium containing the respective antibiotics while 

shaking at 150 rpm. This is the preculture. Then a large volume (1 or 2 L) of LB media is 

taken and inoculated with 1/50 of its volume of preculture and the respective antibiotics 

(main culture). The cells were grown while shaking at 37 °C until an OD600 of ~ 0.6 was 

reached. Then, the temperature is lowered to 30 °C and the protein production induced 

by the addition of 1M IPTG to bring the final concentration in the culture to 1mM IPTG. 

Prior to induction and every two hours after induction, a 1 ml sample was taken and stored 

to monitor the protein production. 6 hours after induction, the cells were harvested by 

centrifugation for 15 min at 10000*g and the pellets stored at -20°C until purification. To 

check, whether the protein had been produced, the collected samples were applied onto 

SDS PAGE. For a better comparison, samples were normalized to have the same OD600 

by resuspension in buffer. 

For the production of proteins containing the unnatural amino acid pAcPhe, 0.4 g/L of this 

chemical was added additionally to the main culture during the inoculation stage and the 

cells grown as before. At the stage of IPTG induction, 4 g/L of arabinose was also added 

due to the pEvolv-AcPhe plasmid.  

g)  SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

In order to evaluate the purity and yield during the protein production, SDS-PAGE was 

carried out. The gels were composed of the upper stacking gel (5 % acrylamide) and the 

lower resolving gel (15 % acrylamide). 12 μL of the resuspended protein solutions, 

together with 3 μL of SDS loading buffer were applied on the gel. Samples taken from the 

growth culture were heated for 5 min at 95 °C prior to application to the gel to release the 
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protein from the bacterial cells. After heating, centrifugation is carried out to separate the 

proteins from other insoluble bacterial cell fragments. The electrophoresis was carried out 

at a constant voltage of 200 V until the dye front reached the end of the gel. After 

electrophoresis, the gel was washed thrice with water to remove SDS and then stained 

with SimplyBlue™ SafeStain dye (Invitrogen) while gently shaking for 1 hr and viewed 

under ambient light. 

h)  Protein purification 

Lysis: The harvested and stored cells after induction were thawn on ice in CatIEX buffer 

A (25 mM HEPES pH 7.5, 0.1 mM EDTA, 5 mM DTT). Subsequently, cell lysis was 

performed on ice via sonification for three cycles of 30 s ON – 60 s OFF with an 

ultrasonicator at 40 % power. Centrifugation for 45 min at 30’000 * g at 4 °C separates 

insoluble cell fragments.  

Ion exchange chromatography (IEX): In an ion exchange chromatography (IEX) the 

proteins are separated on the basis of their charge, using a solution of varying ionic 

strength. In a cationic IEX (used here), the column material is negatively charged and the 

protein is in a buffer with a low salt concentration and a pH value below its pI and is 

therefore positively charged. The protein to be purified was loaded on a HiTrap SP 

Sepharose FF 5/50 column (GE Healthcare), which was preequilibrated with CatIEX 

buffer A. For the whole process, the flow rate was maintained constant at 1.5 mL/min. 

After the protein was loaded, the column was washed with buffer A upto 5 times the 

column volume (CV) to remove the unbound protein. The different steps (washing, elution 

etc.) can be followed in real time by detection with UV/visible light absorbance and 

conductivity measurements. For the protein elution, an increasing salt gradient from 0 % 

to 100 % CatIEX buffer B (25 mM HEPES pH 7.5, 0.1 mM EDTA, 1 M NaCl, 5 mM DTT) 

was applied upto 10 CV. The gradient was achieved through mixing of CatIEX buffers A 

and B. Fractions of 2 ml were collected during elution and analyzed on an SDS gel.  

i)  Protein concentration and buffer exchange 

The pooled protein fractions from IEX were first filtered through an Amicon concentrator 

(Millipore) with a molecular weight cutoff (MWCO) of 50 kDa to remove impurities of high 

molecular weight and then concentrated using a 10 kDa filter. A swinging bucket 
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centrifuge was used and the samples periodically stirred to remove any concentration 

gradient. For T4L mutants containing cysteine residue, 5mM DTT was added to reduce 

the cysteines and incubated for 1 hour before the filtration step.  

The concentrated protein was then diluted 100 fold with the desired buffer and 

concentrated again and the procedure repeated three times. The concentration of the 

unlabeled protein was determined photometrically using the Beer Lambert law at a 

wavelength of 260 nm and 280 nm.  

j)  Site-specific labeling 

T4L variants were labeled using orthogonal chemistry. For the sites containing a cysteine 

residue, Michael addition between the thiol-group of the cysteine and maleimide group of 

the dye derivative was carried out. For the sites with the unnatural amino acid pAcPhe, a 

ketoxime is formed with the hydroxyl amine dye derivative. 

Michael addition: A fivefold molar excess of dye-maleimide was added to the selected 

variant and the reaction mixture was incubated in the dark for 2 h at room temperature in 

PBS. Subsequently, the excess of dye was removed. For single fluorophore labeling, the 

buffer was exchanged to PBS and the degree of labeling (DOL) determined. 

Orthogonal labeling with pAcPhe: After the removal of excess dye, the buffer is 

exchanged to Keto-labeling buffer (50 mM Sodium acetate, 150 mM NaCl, adjusted with 

acetic acid to pH 4) using a desalting column (Nap5 or Nap10, GE Healthcare). 

Immediately after elution, a fivefold molar excess of the dye-hydroxylamine was added to 

the protein solution. The reaction mixture is incubated for 72 h in the dark at 37 °C, and 

then centrifuged for 30 min at 13’000 * g to remove any precipitated protein. The clear 

supernatant was collected and stored. The pelleted part was dissolved slowly in 100 – 

300 μL of PBS containing 8 M urea. For efficient refolding of T4L while decreasing the 

urea concentration, the clear supernatant solution (containing no urea) was added in 

several small fractions to the dissolved pellet, each addition was followed by severe 

mixing. To remove the non-reacted dye, the buffer was exchanged to PBS using a 

desalting column (Nap10 or PD10, GE Healthcare). The labeled protein was concentrated 

using concentrators with a MWCO of 10 kDa. To ensure further removal of free dye, the 
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concentrated protein was diluted 15 fold with PBS and concentrated again. This process 

was repeated twice, and then the concentration and degree of labeling determined. 

k)  Determination of labeled protein concentration and the degree of labeling 
(DOL) 

The concentration of labeled protein 𝑐𝑃 and its degree of labeling were determined via 

absorption spectrometry using the following equations:  

𝑐𝑃 = (𝐴𝑏𝑠280 − (𝐴𝑏𝑠496 ∙ 𝑐𝑓𝐷,280)) ∙
𝑑𝐹

𝜀𝑃 ∙ 𝑑
 (7.1) 

  

𝐷𝑂𝐿𝐴488 =
𝑐𝐴488
𝑐𝑃

 (7.2) 

𝐷𝑂𝐿𝐴647 =
𝑐𝐴647
𝑐𝑃

  

where 𝐴𝑏𝑠280 and 𝐴𝑏𝑠496 are the absorptions measured at 280 nm and 496 nm 

respectively, 𝑐𝑓 is the correction factor with the subscripts denoting the dye (D= donor, 

Alexa488 and A=acceptor, Alexa647) and the absorption wavelength. The dilution factor 

is given by 𝑑𝐹, 𝜀𝑃 is the extinction coefficient of the protein, and 𝑑 is the pathlength.  

For double-labeled samples, the absorption of the acceptor dye in the donor absorption 

region must also be accounted for. In this case, the concentration is given by: 

𝑐𝑃 = (𝐴𝑏𝑠280 − [((𝐴𝑏𝑠496 − 𝐴𝑏𝑠650 ∙ 𝑐𝑓𝐴,496) ∙ 𝑐𝑓𝐷,280) + 𝐴𝑏𝑠650 ∙ 𝑐𝑓𝐴,280]) ∙
𝑑𝐹

𝜀𝑃 ∙ 𝑑
 (7.3) 

and the labeling degree (DOL) calculated using the eq. (7.2) above. 
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Frequently used abbreviations 
 Meaning  Meaning 

3WJ Three-way junction MFD multi parameter fluorescence 
detection 

4WJ Four-way junction MWCO molecular weight cutoff  
ACV Accessible contact volume NA nucleic acid 

AIFE Association-induced fluorescence 
enhancement NAIFE Nucleic acid-induced fluorescence 

enhancement 
ALEX Alternating laser excitation NHE Normal hydrogen electrode 
APBS Adaptive Poisson-Boltzmann Solver NHS N-hydroxy succinimide 
APD avalanche photodiode NMR Nuclear magnetic resonance 
AV Accessible volume NPS Nano Positioning System 
BD Brownian dynamics PCR polymerase chain reaction 
DA donor-acceptor PDB Protein database 
DEPET distance-encoding PET PET Photoinduced electron transfer 

DNA Deoxyribonucleic acid pFCS polarization-resolved fluorescence 
correlation spectroscopy 

DNA-
PAINT 

DNA-Point Accumulation in 
Nanoscale Toppography 

PIE-
FRET 

Pulsed interleaved excitation-
FRET 

DOL Degree of labeling PIFE Protein-induced fluorescence 
enhancement 

ds double strand QY quantum yield 

DTT Dithiothreitol (a redox reagent) RIFE RNA-induced fluorescence 
enhancement 

DWT Diffusion with traps RNA Ribonucleic acid 
EDTA Ethylenediaminetetraacetic acid  SCE Saturated calomel electrode 

EPR Electron paramagnetic resonance  SDS-
PAGE 

sodium dodecyl sulfate 
polyacrylamide gel electrophoresis 

ESP electrostatic surface potential SIFI Stacking-
induced fluorescence increase 

eTCSPC ensemble TCSPC ss single strand 

FAM Fluorescein amidite SSB 
protein Single-strand DNA-binding protein 

FCS Fluorescence correlation 
spectroscopy STORM Stochastic Optical Reconstruction 

Microscopy 

fFCS filtered FCS T4L T4 lysozyme (Lysozyme of 
bacteriophage, T4) 

FISH Fluorescence in situ hybridization TCSPC Time-correlated single photon 
counting 

FRET Förster resonance energy transfer TM transition moment 

IC Internal conversion TMR, 
TAMRA Tetramethyl Rhodamine 

IEX Ion exchange chromatography UAA unnatural amino acid  

IPTG Isopropyl β- d-1-
thiogalactopyranoside  UV Ultraviolet 

IRF instrument response function UV-Vis Ultraviolet-Visible 
ISC Inter system crossing VR Vibrational relaxation 
LB Lysogyny broth/Luria-Bertani  WIC Wobbling-in-cone 
MD Molecular dynamics WT Wild type 
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