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ABSTRACT 

Thioamide containing amino acids have been shown to quench a wide range of fluorophores 

through distinct mechanisms. Here, we quantitatively analyze the mechanism through which the 

thioamide functional group quenches the fluorescence of p-cyanophenylalanine (Cnf), tyrosine 

(Tyr) and tryptophan (Trp). By comparing PyRosetta simulations to published experiments 

performed on polyproline ruler peptides, we corroborate previous findings that both Cnf and Tyr 

quenching occurs via Förster resonance energy transfer (FRET), while Trp quenching occurs 

through an alternate mechanism such as Dexter transfer. Additionally, optimization of the peptide 
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sampling scheme and comparison of thioamides attached to the peptide backbone and sidechain 

revealed that the significant conformational restriction associated with the thioamide moiety 

results in a high sensitivity of the apparent FRET efficiency to underlying conformational 

differences. Moreover, by computing FRET efficiencies from structural models using a variety of 

approaches, we find that quantitative accuracy in the role of Coulomb coupling is required to 

explain contributions to the observed quenching efficiency from individual structures on a detailed 

level. Lastly, we demonstrate that these additional considerations improve our ability to predict 

thioamide quenching efficiencies observed during binding of thioamide labeled peptides to 

fluorophore labeled variants of calmodulin. 

INTRODUCTION 

Fluorescence spectroscopy has been used as an effective tool in biophysics for a variety of 

purposes.1 In particular, energy transfer from donor to acceptor probes has been used to study 

macromolecular structure-function relationships, as the extent of transfer through mechanisms 

such as Förster resonance energy transfer (FRET) can be used to calculate the distance between 

the probes under varying experimental conditions.2-4 These techniques have helped to elucidate the 

dynamics of biological macromolecules5-6 and their binding interactions,7-8 as well as the molecular 

mechanisms of protein folding and misfolding.9-10  

Common mathematical formulations of the FRET phenomenon assume that the two dyes, a 

“donor” and “acceptor”, interact as spatially separated dipoles whose electronic coupling gives 

rise to non-radiative decay of the initially excited donor dye.1 Although FRET is most sensitive to 

the inter-probe distance, other factors including the local dielectric, the donor fluorophore quantum 

yield and the orientational sampling of each probe can complicate the assignment of discrete 

distance values from observed FRET efficiencies.11-13 Despite the fact that many of these values 
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can be determined empirically, precisely measuring the dipole orientation factor (k2) has been a 

long-standing problem.14 Although chromophore orientations can be partially deduced from 

fluorescence polarization anisotropy,15-16 and k2  values have been estimated for a limited number 

of protein systems,17-18 explicit determination remains difficult. Theoretically, k2 can be 

approximated as equal to 2/3 when the isotropic condition (chromophore orientations are 

distributed uniformly) and the dynamic averaging condition (the timescale of rotational diffusion 

of chromophores is much shorter than the lifetime of donor fluorophore) are both met.1, 14, 18 This 

model of FRET, termed the Point Dipole Approximation (PDA), accurately describes widely 

studied systems which utilize flexible probes separated by relatively large distances. However, the 

assumption can be problematic for small, conformationally restricted fluorophores and those that 

have relatively short lifetimes.19 

One major limitation of the PDA is that it does not accurately account for the Coulomb coupling 

experienced by one chromophore due to the transition density of another, which is significant at 

short distances.12 Recently, work by Sobakinskaya and coworkers demonstrated that indeed using 

the transition charge from electrostatic potential (TrESP) method, which allows for calculation of 

the Coulomb coupling by accounting for excitonic couplings, improves the prediction of FRET 

efficiencies, in particular at shorter distances (< 40 Å).12  

Beyond probe-specific considerations, accurate protein modeling is crucial to ensure FRET data 

are correctly interpreted.13, 20 Systems once thought to be rigid can have structural properties that 

need to be thoughtfully considered in order to generate accurate and representative models. For 

instance, re-evaluation of FRET studies performed using “molecular rulers”, such as the 

polyproline peptide model system, has demonstrated unsuspected complexity in the sampling of 

cis amide bonds in prolines and other conformational biases.12, 21-23  
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In this work, we focus on understanding the degree to which anisotropic sampling and excitonic 

coupling contribute to the FRET efficiencies observed between small fluorophores and a thioamide 

quencher. A thioamide is an amide oxygen-to-sulfur substitution in the backbone or sidechain of 

an amino acid. Importantly, the thioamide has been shown to quench the fluorescence of small, 

UV fluorophores including p-cyanophenylalanine (Cnf), tyrosine (Tyr) and tryptophan (Trp).4, 24-

25 Previous empirical studies of these fluorophore-quencher systems suggested that both Cnf and 

Tyr interact with the thioamide through FRET, while Trp interacts through some alternative 

mechanism (either Dexter transfer at short range or long-range electron transfer involving transient 

radicals, which we have shown to be operational for red-shifted fluorophores26). Modeling protein 

and peptide conformation through short molecular dynamics (MD) trajectories provided moderate 

agreement with experiment, but some deviations from predicted FRET values could not be 

rationalized. We hypothesized that a rigorous understanding of probe dynamics and the role of 

Coulomb coupling is necessary to computationally simulate thioamide-containing systems.4, 25 

Using Monte Carlo based simulations in PyRosetta, we successfully demonstrate that for 

peptide/protein systems with known low-energy structure(s) optimizing the conformational 

sampling and accounting for Coulomb coupling yield a major improvement in the accuracy of 

computationally predicted FRET efficiencies in Cnf and Tyr probe studies.27 Additionally, we 

observe that accounting for these additional complexities is unable to explain the behavior 

observed for Trp-thioamide interactions, which are primarily non-FRET interactions. Lastly, we 

demonstrate that detailed accounting of Coulomb coupling via the TrESP method improves our 

ability to predict observed FRET efficiencies in calmodulin/peptide (CaM/pOCNC) binding 

studies.4 Overall, these findings support two important conclusions. First, relatively short-range 

FRET interactions between small chromophores are not effectively modeled using classical 
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approximations. Second, including realistic conformational modeling with explicit treatment of 

Coulomb coupling can provide much more accurate models of FRET in these systems. 

 
METHODS 

All simulations were performed in PyRosetta and detailed descriptions of computational code 

and analyses are provided in the Supporting Information (SI).27  Here, we outline the design 

considerations in our simulations to guide the subsequent reporting of results and discussion. 

Residue Specific Parameters Files. Rosetta residue parameter files were constructed for 

generating thionated versions of all 20 canonical amino acids based on optimized geometries and 

charges from N-acetyl-L-alanine methylthioamide. Gaussian09 geometry optimization 

calculations were performed at the Hartree-Fock (HF) level using the 6-31g (d) basis set, as 

previously described.28-29 The parent amino acid parameter file was adjusted by setting the oxygen 

atom to a virtual atom (which is not considered when energies are computed) and introducing the 

new sulfur atom at C-S bond length determined from the N-acetylalanine methylthioamide 

Gaussian09 output. All backbone atom charges were adjusted to those computed using the 

CHELPG method in Gaussian09.30 To specifically adjust the charge of the backbone nitrogen for 

the residue subsequent (i+1) to the thioamide, a patch file containing the new charge values was 

applied. All other aspects of the thioamide-containing amino acid parameter files remain 

unchanged from those of the parent amino acid libraries, including the backbone-dependent 

rotamer libraries. Additionally, the same geometric and chemical properties were used to generate 

the sidechain thioamide, thioacetyl lysine (Lys(AcS)) patch file from the acetyl lysine patch file in 

Rosetta. Lastly, the p-cyano substitution of phenylalanine for simulating (Cnf) was already 

available as a patch file in Rosetta.  
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PolyProline Simulations. All polyproline simulations used the polyproline type-II helix (PPII) 

as a starting structure, where the number of prolines varied from 2 to 10 for LeuS (where the 

superscript S denotes the thioamide), and 2 to 6 for Lys(AcS).24-25, 31 To match prior experiments, 

the backbone thioamide containing polyproline structures contained Cnf/Tyr/Trp at the N-terminus 

and the thioleucine (LeuS) at the C-terminus, while sidechain thioamide containing polyproline 

structures contained Lys(AcS) at the N-terminus and Cnf/Trp at the C-terminus. 24-25, 31  

Previously, Backrub simulations have been shown to produce structure ensembles that mimic 

solution-phase dynamics by sampling local motions via rotations around axes defined by two 

backbone atoms.32-33 Using a modified Backrub-based sampling method implemented in 

PyRosetta, 1000 unique backbone and sidechain conformations were generated via torsional 

sampling. This simulation scheme comprises the base simulation referred to in text as PPII. To 

this, we applied probabilistic sampling to randomize input rotamers of sidechains (+ Chi 

Sampling), to sample cisPro conformations (+ Internal cisPro), to specifically adjust sampling for 

terminal prolines (+ Terminal cisPro), and favor sampling of geometries consistent with 

backbone-sidechain CH-π interactions (+ CH-π Interaction). These methods were used to generate 

100 unique structures for each starting backbone conformation, which were then subjected to 

gradient-based minimization. The minimization produced an ensemble consisting of 100,000 final 

structures. Additional details are provided in the SI.  

CaM/pOCNC Simulations. Simulations of the CaM/pOCNC system were performed in 

PyRosetta using the canonical Backrub simulation format under the REF2015 scorefunction.33-34 

Previously reported solution-phase NMR structures (PDB 1SY9) were relaxed and used as input 

structures, where mutations were introduced using the MutateResidue mover.35 The sampling 

improvements made for the polyproline system (+ Internal cisPro, + Terminal cisPro, + CH-π 
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Interaction) were not applied to the CaM/pOCNC complex for the lack of experimental data 

showing the isomerization probability specifically of proline residues.  The 20 deposited structures 

were packed and minimized, following mutation, and used to generate 100 structures via 

implementation of the Backrub protocol for each input structure.33 The final ensembles contained 

2000 structure for each variant.  

Calculating EFRET. FRET efficiency (EFRET) is dependent on the inverse 6th power of the donor-

acceptor distance, as illustrated in the Förster Equation (Equation 1)1 

 

Quenching = E+,-. =
1

1 + 1 𝑅𝑅3
4
5 (1) 

Here, R is the distance between the donor and acceptor chromophores, and R0 is the Förster 

distance, the distance at which 50% of the energy is transferred. R0 is specific to the pair of dye 

molecules and is given by 

𝑅35 =
(9000)ln10
128𝜋>

∙
𝜅A𝛷
𝑛D𝑁F

∙ 𝐽HIF (2) 

 

where k2 is the orientation factor, Φ is the quantum yield of the donor in the absence of the 

acceptor, n is the refractive index of the solution, NA is Avogadro’s number, and JPDA is the overlap 

integral of the normalized donor emission and acceptor absorption spectra.11  

The orientation factor k2 depends on the relative orientations of the donor emission transition 

dipole vector J𝐷LL⃗ N, the acceptor absorption transition dipole vector J𝐴N, and the vector connecting 

the centers of the two chromophores J𝑅L⃗ N. 1, 18 Defining 𝜃I as the angle between 𝐷LL⃗  and 𝑅L⃗ , 𝜃F as the 

angle between 𝐴 and 𝑅L⃗ , and 𝜙IF  as the dihedral angle formed by 𝐷LL⃗ , 𝐴 and 𝑅L⃗ , k2 can then be 
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explicitly calculated using Equation 3, with a minimum theoretical value of 0 and a maximum of 

4. As previously discussed, setting k2 = 2/3 yields the isotropic sampling approximation. 

 

κA = (𝑠𝑖𝑛𝜃I𝑠𝑖𝑛𝜃F𝑐𝑜𝑠𝜙IF − 2cosθ[𝑐𝑜𝑠𝜃F)A (3) 

 

To improve the numerical accuracy of the computed Coulomb coupling, we make use of the 

TrESP method employed by Sobakinskaya and coworkers.12 In this approach, ab initio transition 

densities, computed using Gaussian09, were fit to partial atomic charges for each heavy atom in 

each chromophore (represented as qi and qj in the donor (D) and acceptor (A), respectively) using 

Multiwfn.28, 36 The coupling was computed as the sum of all pairs of charge interactions between 

the donor and acceptor using Equation 4.12  

 

𝐽]^_`H = 𝑓b
𝑞dI𝑞eF

f𝑅dI − 𝑅eFfd,e

					 (4) 

 

In the equation above, Ri and Rj represent the coordinates of charges qi and qj in the donor and 

acceptor, respectively. Lastly, the factor f accounts for local field effects and screening in an 

implicit manner and was set to unity for all calculations herein.12 Subsequently, JTrESP is combined 

in Equation 5 with the calibration constant, C, to compute the rate constant of excitation energy 

coupling, k.12 The calibration constant takes into account the overlap integral of the chromophore 

pair via Equation 6.12  

 

𝑘 = 	 |𝐽]^_`H|A𝐶 (5) 
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𝐶 =
3
2
𝑅35

𝜏I
𝑛D

(𝜇I)A(𝜇F)A
(6) 

 

In Equation 6, n is again the refractive index while μD and μA are the donor and acceptor dipoles 

computed from the transition charge and positions used in Equation 4. Lastly, the rate constant and 

donor lifetime, τD, then yield the EFRET via Equation 7.1, 12 

 

𝐸rs_] =
1

1 +	 1𝜏I𝑘
					 (7) 

 

RESULTS AND DISCUSSION 

Impact of PolyProline Sampling. Prior efforts focused on using MD simulations to develop a 

better understanding of the interaction between small fluorophores and thioamides.24-25 Although 

the distances extracted from these simulations were in reasonable agreement with the 

spectroscopic data, these simulations systematically underpredicted EFRET and suggested that the 

average κ2 in these polyproline peptides was ~1.1, rather than the anticipated 2/3.24 We suspected 

that the MD simulations performed did not provide sufficient conformational sampling for 

effective EFRET prediction and decided to perform simulations in PyRosetta, where a Monte Carlo 

approach would provide broad conformational sampling in a much more computationally efficient 

manner.  

First, we used the dynamic isotropic approximation k2 = 2/3 (PDA, isotropic) and analyzed how 

varying sampling methods affects predicted EFRET for the Cnf/LeuS pair (Fig. 1a). With the PPII 

helix as a starting structure, limited torsion sampling on the backbone was performed via Backrub-

based sampling, along with sidechain rotamer sampling.32-33 EFRET values computed from structural 



 

 10 

ensembles obtained using this sampling method showed poor correlations with experimental data 

(PPII in Fig. 1a–c), showing an RMSD of 0.16 under the PDA method in the isotropic limit. We 

suspected these issues stemmed from two problems, previously recognized in the literature. First, 

sidechain χ angle sampling in Rosetta, mainly through the PackRotamersMover, is optimized for 

positioning rotamers within well packed crystal structures.33, 37 Sampling approaches have been 

extended using the SidechainMover to generate conformer pools which are more representative of 

solution-phase sampling; however, we found here that the SidechainMover was prone to yield 

conformations trapped in local energy wells. Therefore, we increased the rate at which a random 

rotamer is selected during sampling and established that all χ angles were randomized at the start 

of the simulation (+ Chi Sampling in Fig. 1a–c). Next, we incorporated proline cis amide (cisPro) 

conformations, which have been observed in NMR experiments and the sampling of which has 

been shown to improve both FRET and photoinduced electron transfer predictions from 

simulations.22-23 We assessed the impact of introducing a uniform 2% probability of sampling 

cisPro conformations across all proline residues within the peptides (+ Internal cisPro in Fig. 1a–

c) except for terminal prolines which were set at 10% cisPro probability based on NMR 

experiments (+ Terminal cisPro  in Fig. 1a–c).22, 38 Overall, we observed that the successive 

addition of each of these sampling corrections did not afford any apparent improvement in the 

accuracy of our simulations, resulting in a reduction of only 0.05 in the EFRET RMSD computed 

using the isotropic, PDA method.  

Although corrections to cisPro conformational sampling have been widely reported to improve 

polyproline simulation accuracy, most of these experiments were performed using large dyes with 

flexible linkers. Therefore, we suspected that the proximity of the chromophores in our system to 

the backbone may introduce additional sampling concerns, as the chromophore orientations 
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become largely dependent on the allowed peptide backbone conformation. Indeed, separate studies 

by Zondlo and Basu demonstrated that placement of aromatic residues at the N- and C-termini of 

polyproline helices can result in significant increases in the population of cisPro conformations 

near the termini as a result of the formation of CH-π interactions between the proline beta-carbon 

and the aryl ring of the terminal residue (although these effects are admittedly modest for electron 

poor rings as in Cnf).39-41 Therefore, this provides both an additional bias to the backbone 

conformations, in the form of increased cisPro propensities for prolines near the C-terminus, and 

perturbations in the χ angle sampling via conformational restriction of the chromophore to 

interactions with the backbone. To incorporate these changes, we designed a probabilistic 

sampling scheme based on previously reported cisPro propensities of terminal prolines and the 

fraction of structures which form CH-π interactions (+ CH-π Interaction in Fig. 1a–c).40 By 

supplementing these values with observed χ angle population statistics from NMR experiments, 

we were able to probabilistically sample the correct torsion angles and propensities within our 

Monte-Carlo simulations.38, 40 Gratifyingly, we observed that the incorporation of CH-π interaction 

sampling significantly improves the correlation between our simulations and the observed FRET 

data (Fig 1b–d), reducing the RMSD for isotropic, PDA EFRET calculations to 0.07. This result 

shows that incorporating subtle conformational effects from experimental observations can be 

important to accurate sampling of structural ensembles and hence accurate modeling of 

chromophore interactions.  

Impact of Coulomb Coupling. While assaying the impact of different sampling schemes on the 

accuracy of our polyproline simulations, the impact of the EFRET model was also explored. Three 

different methods were used to compute EFRET from simulated structural ensembles. First, 

interprobe distances were used as inputs in the Förster equation under the isotropic limit of the 
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PDA (Eq. 1–2). Subsequently, dipole orientations were considered along with interprobe distances 

from each structure to compute an explicit version of PDA FRET (Eq. 1–3). Lastly, we used the 

TrESP method to account for the geometric complexities of Coulombic coupling at short range, 

computing pairwise interactions for every atom in each chromophore (Eq. 4–7).  

We found a uniform impact of sampling on each EFRET computation method (Fig. 1a–c). For all 

methods of computing EFRET, incorporation of CH-π probabilistic sampling resulted in a significant 

boost in agreement between the predicted and experimental data. Curiously, under the most 

accurate sampling condition, we do not observe a large difference in the predictive accuracy 

between EFRET values computed using the isotropic PDA approach and the most detailed TrESP 

method (Fig. 1d). The EFRET RMSD values for the isotropic PDA and TrESP methods were 0.07 

and 0.09, respectively, while the explicit PDA approach (Fig. 1b) is least correlative with the 

experimental data with an RMSD of 0.25. One explanation is that the isotropic PDA calculation 

averages out structural features that lead to inaccurate EFRET measurements. The explicit PDA 

approach can have reasonable predictive power when the thioamide is positioned on a long, 

flexible sidechain, whose available conformational space is sampled by χ angle randomization. On 

the other hand, since the backbone thioamide can only explore limited rotational space, a more 

detailed computation is required to accurately capture the electronic interaction of the two 

chromophores, as we see for the TrESP model used here. 

Impact of Conformational Restriction. In addition to the Cnf/LeuS probe pair, where the 

thioamide is located within the peptide backbone, simulations were performed for a Cnf-Pron-

Lys(AcS) polyproline series, where the thioamide was positioned at the end of the acetyl-lysine 

sidechain. We hypothesized that the conformational flexibility of the lysine sidechain would 

provide a useful comparison for understanding the potential impact of a relatively rigid orientation 
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for the backbone thioamide compared to traditional chromophores. Given that the donor and 

acceptor positions are swapped in the Cnf/Lys(AcS) experiments, compared to the previously 

described Cnf/LeuS experiments, the CH-π interaction propensities and geometries were updated 

within the sampling scheme to reflect those observed in experiments containing N-terminal 

aromatic amino acids.42-43 As in the Cnf/LeuS simulation, the role of different methods for 

computing EFRET and the impact of each sampling method was assessed for the Cnf/Lys(AcS) pair. 

Again, the isotropic PDA and TrESP compute methods perform similarly, producing RMSD of 

0.07 compared to the experimental EFRET values (Figure 2). Although the explicit PDA model 

provided a worse agreement with the experimental data (RMSD = 0.13), as was the case for the 

Cnf/LeuS dataset, the difference in accuracy across all three compute methods was relatively minor 

(Figure 2d). Moreover, the differences resulting from sampling were also quite muted in the 

Cnf/Lys(AcS) dataset (Figure 2a–c). We suspect that this is likely due to the length of the Lys(AcS) 

sidechain, which when fully extended is ~ 9 Å from alpha-carbon to terminal methyl, compared to 

an alpha-carbon – alpha carbon distance of ~ 4 Å for prolines within the PPII helix. The long inter-

probe distance combined with the significant flexibility of side chains likely masks the 

contributions of cisPro and CH-π sampling. 

To understand the molecular features that lead to the large discrepancy between the values 

computed using the isotropic and explicit PDA approaches for Cnf/LeuS, additional analyses were 

performed on the k2 distributions from the most accurate structural ensembles (+ CH-π Interaction 

simulations) of the Cnf/LeuS and Cnf/AcLysS series (Figure 3). Looking at the mean k2 values 

observed across all polyproline lengths (Fig. 3a), the average difference in k2 between the explicit 

PDA-based calculation and the implicit value (2/3) was ~ 0.2 for the Cnf/LeuS series. The 

Cnf/Lys(AcS) series has an explicit k2 value of ~ 0.66 for all polyproline lengths and showed 
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minimal deviation between the explicit and implicit PDA EFRET values. In contrast, the Cnf/LeuS 

data have a noticeable difference in explicit and implicit PDA EFRET values, attributable to the 

conformational restriction of the backbone thioamide dipole.  

To further study the orientational difference between the backbone and sidechain thioamide 

datasets, a single polyproline length was selected for further analysis by decomposing k2 into its 

constitutive terms. The four-proline peptide was selected, as it showed the largest difference in k2 

between the corresponding backbone and sidechain thioamide peptides (Fig. 3a). One can see 

clearly in Figure 3b that there is a significant difference between the isotropic and explicit k2 

distributions for the LeuS-Pro4-Cnf peptide which is not as pronounced in the Cnf-Pro4-Lys(AcS) 

peptide.18 The increase in k2 values less than 0.5 and depletion of k2 values greater than 1 results 

in the observed average k2 value of ~ 0.4 for the Cnf-LeuS peptide. 

Decomposition of the k2 distribution in terms of the component θD (Fig. 3c), φDA (Fig. 3d) and 

θA (Fig. 3e) distributions demonstrated that the conformational restriction of the backbone 

thioamide largely contributed to a change in the φDA distribution.  For both the LeuS-Pro4-Cnf and 

Cnf-Pro4-Lys(AcS) peptides we observed that the θD (Fig. 3c) distribution can be fit to a gaussian 

distribution, which is expected for the isotropic limit. We suspect that the small differences 

between the backbone and sidechain distributions likely arise from differences in the CH-π 

interactions experienced at the N and C-termini.18 Furthermore, we observed that the θA 

distributions (Fig. 3e) are quite similar between the Cnf/LeuS and Cnf/AcLysS series. Initially, we 

found it curious that even for the sidechain thioamide peptide, the θA distribution is not broad and 

gaussian in nature like the θD distribution. Analysis of the Cnf-Pro4-Lys(AcS) structures showed 

that a variety of sidechain Lys(AcS) conformations were indeed sampled, but that since θD and θA 

are primarily dependent on the structure of the chromophore, their distributions are not 
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significantly affected by increased conformational flexibility (see SI, Fig. S1 and associated 

discussion).18  Moreover, we observed a clear difference in the φDA distributions (Fig 3d). The 

sidechain thioamide upholds the expected uniform distribution for isotropic sampling, while the 

backbone thioamide polyproline peptide has several preferred dihedral angles.18 Thus, obtaining a 

k2 value near the isotropic ideal for Cnf-Pro4-Lys(AcS) is primarily the result of changes in the φDA 

distribution.44 If we track the most populated θA bin following histogram analysis of each 

polyproline peptide (Fig. 3f) we observe a damped three residue periodicity, matching the three-

fold symmetry of the PPII helix. This periodicity is observed for both the backbone and sidechain 

thioamide, further supporting the previous conclusion that the θA distribution is primarily 

dependent on the chromophore structure. However, this effect does not necessarily influence k2. 

Although the θA bin values follow a similar pattern for both the Cnf/LeuS and Cnf/AcLysS series, 

the Cnf/AcLysS series k2 values are essentially invariant. Taken together, these data show that 

proper representation of conformational restriction plays a major role in the ability to predict FRET 

for backbone thioamides, but a minor role for sidechain thioamides. However, explicit modeling 

of restricted conformations must be accompanied by the inclusion of coulombic coupling to 

accurately capture the influence of the sampled states. 

Effects of conformational sampling and Coulomb coupling on Tyr FRET modeling. To 

extend our findings from the Cnf-thioamide probe pair systems, we performed the same 

simulations with the Tyr/LeuS pair (Fig. 4). We again observe that the sampling method accounting 

for CH-π interactions between the terminal aromatic chromophore and the proline backbone 

greatly enhances correlation with experimental EFRET values (Fig. 4a–c). Additionally, we again 

observe that the isotropic PDA approach and the TrESP approach correlate comparably with 

experimental data (Fig. 4d), showing that this system is similarly impacted by thioamide rotational 
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restriction and that more complex treatment of Coulombic interactions is necessary once explicit 

calculation of k2 is included. 

Absence of FRET in Trp/thioamide pairs. Unlike the Cnf/thioamide and Tyr/thioamide FRET 

pairs, Trp/thioamide fluorescence data are not well-correlated with predictions from the overlap 

of donor fluorescence emission and acceptor absorbance spectra.24-25 Therefore, we wanted to 

confirm that the discrepancy did not arise from a failure to account for Coulomb coupling in 

previous simulations of the Trp/LeuS and Trp/Lys(AcS) series. We see that use of the TrESP model 

does result in higher computed FRET efficiencies than the PDA-based calculations, but that these 

values still dramatically underpredict the experimental quenching values (Fig. 5a–b). We again 

observed that placement of the thioamide on the lysine sidechain diminishes the differences 

between combinations of sampling and FRET calculation methods, and corroborates the finding 

from the Trp/LeuS peptides that FRET-based computes do not effectively describe the observed 

experimental fluorescence quenching (Fig. S2). Therefore, these calculations support our earlier 

assertions that Trp quenching by thioamides occurs through a Dexter mechanism.25  Indeed, 

modeling quenching based on Dexter energy transfer provides reasonable fits across all sampling 

methods (Fig 5c–d). While this does not rule out the possibility of an electron transfer process, the 

formal similarity of simple electron transfer equations and the Dexter model prevents us from 

distinguishing between these two models with our existing data (see SI for additional discussion) 

and therefore we have used the Dexter fit for subsequent analysis. 

FRET Predictions in a Protein System. Experimentally determined EFRET values from 

thioamide-induced quenching in full-sized proteins have been similarly difficult to predict from 

earlier MD-based structural modeling.4 Based on our findings above, we hypothesized that 

introduction of the improved calculation of Coulombic coupling using the TrESP model would 
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provide better correlations between the experimental and computational EFRET values. Previous 

experimental studies have utilized fluorescently labeled CaM binding to a thioamide containing 

pOCNC peptide as a model system for studying thioamide induced fluorescence quenching in the 

context of a protein (Fig. 6a).4, 25 Previous attempts to model Cnf and Tyr FRET based on the 20 

lowest energy structures of the CaM/pOCNC complex derived from NMR experiments found 

moderate levels of agreement for Cnf experiments, but much poorer agreement for Tyr 

experiments.4, 25 To determine whether insufficient conformational sampling was responsible for 

these inconsistencies, the complexes were simulated using a PyRosetta-based method which 

utilized Backrub motions to generate a conformational ensemble representative of solution phase 

sampling.32 Unlike the polyproline simulations, we were not able to explicitly assess the impact of 

sampling on prediction accuracy, as the requisite experimental data was not identified for the 

CaM/pOCNC complex. From these ensembles, we computed EFRET values using the isotropic and 

explicit PDA approaches as well as the TrESP method (Fig. 6b). The quantum yield corresponding 

to each Cnf, Tyr and Trp labeling position were taken from the initial published values, except in 

the case of Cnf13 where the free chromophore value (0.11) produced significantly improved 

correlations over the previously published value (0.003) between simulated and experimental 

EFRET values.25, 45 Overall, predictions from the TrESP approach for Cnf and Tyr provided more 

accurate values, with an RMSD of 0.14 compared to 0.21 and 0.25 for the isotropic and explicit 

PDA methods, respectively. However, for 2 of the 9 Cnf and Tyr pairs, the TrESP method 

performed slightly worse than the PDA-based calculations. Lastly, we examined Trp quenching 

using the Dexter model equation, with parameters fit to the + CH-π Interaction polyproline 

simulations. We observed that fluorescence quenching of CaM Trp mutants is well predicted by 

this parameterized Dexter model and that again little to no FRET is predicted.  



 

 18 

While the exact reason underlying the observation that the TrESP method does not universally 

outperform the PDA-based calculation is unclear, several potential explanations can be provided. 

The EFRET values calculated using PDA, explicit or or TrESP method are reliant on the accurate 

sampling of sidechain orientations, as κ2 is defined by the relative orientation of transition dipoles. 

Therefore, incomplete sampling of local conformations around the labelling site in the lowest-

energy NMR structures of CaM/pOCNC can impair the accuracy of TrESP method, while PDA, 

isotropic method is free of such limitations. This dependence may be generalized to other protein 

systems, although that is not explicitly validated here. It is also possible that complexities in the 

photophysical properties of the thioamide are limiting the accuracy of the explicit calculation of 

κ2. For example, the thioamide absorbance profile can be sensitive to its local environment, 

including solvent accessibility and electronic interactions with neighboring residues that could be 

influenced by events like pOCNC binding to CaM.46-47 Nonetheless, overall we observe that 

implementing the TrESP method improves FRET prediction in our model protein system. 

Overall, the results from the CaM/pOCNC system further support the hypothesis that 

complete conformational sampling and accounting for Coulomb coupling allows one to more 

accurately predict Cnf or Tyr FRET to thioamides.  

 

CONCLUSIONS 

To date, most experimental and computational studies focusing on FRET have utilized visible 

wavelength fluorophores with long working ranges (R0 of 30-50 Å) attached to proteins via 

relatively flexible linkers.  For such chromophores, the isotropic PDA model is often sufficient. 

Thioamide FRET pairs, on the other hand, have short R0 values of 12-15 Å and backbone probes 

are certainly conformationally restricted so that the PDA model is not valid and additional factors 
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much be considered. In our efforts to accurately predict EFRET for Cnf quenching by backbone 

(Cnf/LeuS) and sidechain thioamides (Cnf/Lys(AcS)), we found that the conformational restriction 

of the backbone thioamide significantly affects the EFRET values simulated via PyRosetta. 

Conformational restriction results in non-isotropic sampling of the dihedral angle between the 

donor and acceptor transition dipoles. The restricted motion also conveys an enhanced sensitivity 

of the backbone thioamide to the populations of cisPro motifs resulting from CH-π interactions 

between aromatic sidechains and proline residues.22, 40  

Additionally, we have observed that for both the Cnf/LeuS and Tyr/LeuS polyproline series the 

TrESP approach, which provides a more realistic description of transition dipole interactions at 

short interchromophore distances, provides accurate ensemble EFRET predictions from single-

structure computes. Similarly, representing Coulomb coupling with the TrESP approach 

significantly improved the correlation between predicted and experimentally observed FRET 

efficiencies for Cnf- and Tyr/thioamide interactions observed in CaM. 

We have also utilized the improved accuracy of the Cnf and Tyr simulations to study the 

mechanism by which thioamides quench Trp fluorescence and how generalizable the role of 

Coulomb coupling is to more complex protein systems. None of the tested methods for computing 

a FRET-based interaction was able to reproduce experimentally observed Trp quenching in 

polyproline or CaM systems. However, a simple Dexter transfer model provided a good fit to the 

polyproline data, and once parameterized, could accurately predict the fluorescence quenching 

observed in the CaM-pOCNC simulations.  

Overall, this work demonstrates that improved modeling of FRET interactions can be achieved 

by accounting for (1) unique conformational constraints in a given system and (2) short-range 

FRET interactions by incorporation of TrESP modelling. While these considerations become less 
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important when the dynamic isotropic approximation is valid, they are important for small, 

inflexible thioamide-based dyes and are likely to be comparably important for other minimalist 

fluorophores with relatively short working ranges such as Trp or methoxycoumarinyl alanine 

paired with acridonylalanine.48-50  The implementation described here is not very computationally 

demanding and could be applied to these FRET pairs as well.  
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FIGURES 

 

Figure 1. Predicted EFRET values from simulations of the LeuS-Pron-Cnf system compared to 
experimental values.24 Efficacy of each sampling approach (+ Chi Sampling, + Internal cisPro, + 
Terminal cisPro, + CH-π Interaction) was assessed for all three methods of computing EFRET, (a) 
PDA, isotopic; (b) PDA, explicit; and (c) TrESP,  to determine the most accurate sampling method. 
(d) The accuracy of all three approaches for computing EFRET is compared using the + CH-π 
Interaction conformational ensemble.  
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Figure 2. Predicted EFRET values from simulations of the Cnf-Pron-Lys(AcS) system compared to 
experimental values.31 Efficacy of each sampling approach (+ Chi Sampling, + Internal cisPro, + 
Terminal cisPro, + CH-π Interaction) was assessed for all three methods of computing EFRET, (a) 
PDA, isotopic; (b) PDA, explicit; and (c) TrESP,  to determine the most accurate sampling method. 
(d) The accuracy of all three approaches for computing EFRET is compared using the + CH-π 
Interaction conformational ensemble.  
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Figure 3. Comparing the impact of rotational restriction of the thioamide between backbone and 
sidechain incorporation. Various parameters were computed from each value (θD, θA, φDA) used to 
compute k2 from the LeuS-Pro4-Cnf (Backbone) and Cnf-Pro4-Lys(AcS) (Sidechain) + CH-π 
Interaction simulations. (a) The mean k2 value was computed across all Cnf/thioamide polypro-
line peptides. Histograms of the (b) k2, (c) θD, (d) φDA and (e) θA were computed for LeuS-Pro4-Cnf 
and Cnf-Pro4-Lys(AcS) to observe the impact of the donor and acceptor sampling on the resultant 
k2 distribution. Dashed lines mark (a) k2 = 2/3 and represent expected isotropic distributions of (b) 
k2 and (d) φDA, while dashed lines in (c) θD and (e) θA plots are Gaussian fits to the respective data. 
(f) Extraction of the most populated θA value for each Cnf/thioamide peptide revealed a damped 
periodic function derived from the 3-fold symmetry of the PPII helix. All angles are reported in 
radians. 
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Figure 4. Predicted EFRET values from simulations of the LeuS-Pron-Tyr system compared to 
experimental values.25 Efficacy of each sampling approach (+ Chi Sampling, + Internal cisPro, + 
Terminal cisPro, + CH-π Interaction) was assessed for all three methods of computing EFRET, (a) 
PDA, isotopic; (b) PDA, explicit; and (c) TrESP,  to determine the most accurate sampling method. 
(d) The accuracy of all three approaches for computing EFRET is compared using the + CH-π 
Interaction conformational ensemble.  
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Figure 5. Predicted quenching efficiency values from simulations of the LeuS-Pron-Trp system 
compared to experimental values.25 The impact of sampling on the predicted quenching (EFRET) 
values for the (a) PDA, isotopic and (b) TrESP EFRET calculation methods was compared along 
corresponding quenching predictions using (c) a fitted Dexter model. (d) The accuracy of the three 
approaches for computing EFRET (PDA, isotopic; PDA, explicit; TrESP) as well as a Dexter 
quenching model is compared for the + CH-π Interaction conformational ensemble.25 
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Figure 6. Distance dependent quenching of CaM fluorescence by a bound thioamide containing 
pOCNC peptide. (a) Representation showing the pOCNC peptide (purple) bound to CaM (dark 
blue) along with the donor fluorophore (cyan) and thioamide (pink) labeling positions.35 (b) 
Comparison to experimental quenching for all three approaches for computing EFRET (PDA, 
Isotropic; PDA, Explicit; and TrESP) for Cnf and Tyr CaM mutants, along with Dexter predictions 
for CaM Trp mutants.24-25 
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