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1. Methods 

1.1 Förster resonance energy transfer theory 

Förster theory is formulated in the weak coupling limit according to the golden rule 

expression,1 
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where 𝑉 is the electronic coupling between D/A molecules, and 𝐽 the spectral overlap factor 

obtained from the area-normalized donor emission and acceptor absorption spectra. Förster 

theory approximates the coupling assuming a point dipole approximation (PDA) and a simple 

screening factor 𝑠, 
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where  𝜇) and 𝜇* are the D/A transition dipole moments, 𝜅 the dipole orientation factor, 𝑅 the 

D/A center-to-center distance, and 𝑛 the refractive index of the medium. 

Alternatively, Förster rate can be formulated from purely spectroscopic data, 
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where 𝑘) = 1 𝜏)⁄  indicates the decay rate of the excited D in the absence of A based on its 

lifetime 𝜏), and 𝑅1 the critical quenching radius or Förster radius (in nm), which corresponds 

to the distance with 50% efficiency, 
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where 𝑁* is the Avogadro constant (in mol-1), 𝜙) the fluorescence quantum yield, and I the 

spectral overlap (in M−1 cm−1 nm4). Starting from this definition, the transfer efficiency can be 

expressed as 
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From the above expressions Eq. (S1)-(S3), one can derive the spectral overlap factor 𝐽 from 

the experimental 𝑅1 value, tabulated for specific dye pairs assuming an isotropic orientation 

factor 𝜅% = 2/3: 
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Then, it is possible to compute the instantaneous transfer rate using different approximations 

for the coupling 𝑉 computed at time 𝑡 of an MD trajectory using the following expression, 

which combines Eq. (S1) and (S7): 
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If we adopt the PDA approximation, a simpler expression follows: 
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To account for orientational dynamics of the dyes, we then adopt the following expression for 

the transfer efficiency, which allows to incorporate static and dynamic disorder by separating 

slow and fast fluctuations in instantaneous transfer rates:2 

𝐸89:1 = 〈 +
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Where 〈… 〉>?;8 is an average over fluctuations that are fast compared to the D excited state 

lifetime, whereas 〈… 〉>?;8 subsequently averages over static disorder. This procedure was 

shown to provide efficiencies in excellent agreement with direct Monte Carlo simulations of 

the efficiencies along MD trajectories.2 In addition, fluorescence lifetime distributions and 

decays were derived from the transfer rates using the following expression.  
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1.2 TrESP-MMPol model 

The electronic coupling for singlet-singlet energy transfer involving bright states is dominated 

by coulombic and environment-mediated contributions: 

𝑉 = 𝑉E1F< + 𝑉:,G        (S13) 

These contributions can be obtained using linear response time-dependent density functional 

theory (TD-DFT) in a polarizable quantum/molecular mechanical (QM/MMPol) framework, 

where the environment is described by atomic charges and isotropic polarizabilities:1,3 

𝑉E1F< = ∫𝑑𝒓∫𝑑𝒓H𝜌)$∗(𝒓H)
+
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where short-range contributions are neglected and the transition densities 𝜌*/)$  for the D and A 

molecules describe the diagonal part of the one-particle density matrix constructed from the 

ground and excited-state wave functions.  

One can then define an effective dielectric constant for the environment as 

𝑠 = +
N377
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        (S16) 

Using this expression, the total coupling can be expressed as 𝑉 = 𝑠𝑉E1F<, providing a direct 

link to the coulombic term and the screening factor in Förster coupling expression Eq. (S2), 

𝑉 ≈ 𝑠𝑉()* = 1 𝜀1P8⁄ · 𝑉()*. Thus, the PDA approximation simplifies the description of the 

transition densities using transition dipole moments. The limits of this model at close 

separations comparable of the dimensions of the dyes are well-known.4,5 A more practical 

simplification, however, relies on approximating the transition densities as a distributed 

transition monopole distribution,6–8 i.e. a set of atomic transition charges like those widely used 

in classical force fields. Here, we adopt a TrESP-MMPol model,9 in which charges are fitted 

to reproduce the electrostatic potential generated by QM-derived transition densities,10 which 

leads to the following expressions:  
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where 𝑞),V$  and 𝑞*,W$  indicate transition charges on the D/A atoms i and j, respectively. These 

expressions allow us to compute FRET couplings with full account of the atomistic 

heterogeneous environment of the dyes for the extensive sets of frames explored in MD 

simulations. 

1.3 MD simulations 

Initial systems were prepared starting from the human holo structure of CaM solved at 1.7 Å 

resolution (PDB ID 1CLL).11 We considered CaM with mutations T34C and T110C labelled 

at these positions with donor/acceptor dyes  Alexa Fluor 488 C5 maleimide (AF488) and Texas 

Red C2 maleimide (TRC2). In particular, we prepared two systems, holo CaM-AF488-TRC2 

and CaM-TRC2-AF488 systems, with donor/acceptor dyes placed on 34/110 or 110/34 

positions, in order to reproduce the experimental mixture. Missing residues and the C- and N-

terminal ends were added manually, and all amino acids were considered in their standard 

protonation state as predicted by PROPKA3 calculations.12 Simulations were based on the 

Amber ff14SB protein force field,13 the TIP3P water model,14 the Joung-Cheatham parameters 

for monovalent ions15 and the Li-Merz parameters for Ca2+.16 AF488 and TRC2 dyes were 

described using the Amber GAFF2 force field, with RESP charges derived at the HF/6-31G(d) 

level of theory on geometries obtained using CAM-B3LYP/6-31G(d) including Grimme D3 

dispersion correction.17 All systems were solvated in a 0.1 M KCl aqueous solution octahedral 

box, minimized and then thermalized from 0 K to 300 K during 250 ps NVT simulations 

followed by 250 ps equilibration in the NPT ensemble. Then, NVT production runs were 

extended for 5 µs. This procedure was performed for a total of 3 ́  5 µs replicas for each system 

CaM-AF488-TRC2 and CaM-TRC2-AF488. All simulations were performed using the 

Amber20 software18 using periodic boundary conditions, the SHAKE algorithm to restrain 

bonds involving hydrogen, the particle-mesh Ewald approach to account for long-range 

electrostatics, a nonbonded cutoff equal to 10 Å, and the Hydrogen Mass Repartitioning 

scheme, 19 which allowed an integration time step of 4 fs. RMSD and Rg analysis were 

performed on trajectories with frames saved every 20 ps.  



SI-6 
 

1.4 Electronic coupling calculations 

In electronic coupling calculations, the MMPol environment was described using the Amber 

pol12 AL polarizable force field,20,21 whereas the dyes were described either using TD-DFT 

(QM/MMPol) or adopting a distributed model of atom-centered transition charges 

(TrESP/MMPol). We explored the performance of different DFT functionals to describe the 

couplings between the relevant p-p* excited states of the dyes, including M06, B3LYP, CAM-

B3LYP, PBE, PBE0, M06-2X. We selected CAM-B3LYP, which led to a simpler 

identification of the state of interest among different structures, although our results indicated 

that electronic couplings are rather robust regarding the choice of QM method and basis set, in 

line with previous studies.1,22 After test calculations, we also defined the boundaries between 

MMPol and the QM regions in the bond between the linker and the phenyl ring bound to the 

choromophoric system of the dyes using the link atom scheme.23 Atomic charges for water 

were taken from previous work,24 whereas polarization-consistent ESP charges for AF488 and 

TRC2 dyes were derived using the Polchat tool at the B3LYP/6-31G(d) level of theory.25 For 

K+ and Ca2+ cations not defined in the pol12 AL polarizable force field,20,21 atomic 

polarizabilities were computed at the CCSD(T)/6-311++G(d,p) level of theory. On the other 

hand, TrESP charges corresponding to the transition between the ground and excited state of 

the dyes were derived from TD-CAM-B3LYP/6-31G(d) calculations in IEFPCM water solvent 

on the optimized geometries described in the previous section. The electrostatic potential (ESP) 

from the transition densities was computed using Gaussian at points selected according to the 

Merz-Singh-Kollman scheme using 10 van der Waals layers and a density of 10 points per unit 

area, and were fitted to a set of atomic charges using the TraDA tool.26 QM/MMPol 

calculations were performed using a locally modified development version of the Gaussian 

package,27 while TrESP-MMPol calculations were run using the Trespcoup software.28  

The TrESP/MMPol model was initially benchmarked with full QM/MMPol calculations.3 

Because screening effects markedly depend on the choice of MMPol cutoff radius, which 

defines the spatial extent of the polarizable MM region,29 we first explored this dependence for 

9 structures extracted from the trajectory of CaM-AF488-TRC2 spanning a range of interdye 

distances between 15-70 Å). In these calculations, explicit polarization was limited to residues 

within the MMPol cutoff radius from the QM region, whereas remaining residues up to a 35 Å 

were described through the additive Amber force field. As shown in Figures S1, acceptable 



SI-7 
 

errors were obtained using a value ~15-20 Å for the MMPol cutoff radius, thus we fixed this 

value to 20 Å. 

We then benchmarked TrESP/MMPol couplings with QM/MMPol TD-CAM-B3LYP/6-

31G(d) couplings for an extended set of 100 structures extracted from the MD trajectories. 

TrESP/MMPol couplings were computed adopting a MMPol cutoff radius equal to 10, 15 or 

20 Å. The results, shown in Figure S2, indicate that a value of 15 Å provides accurate results 

while keeping computational cost low, so this value was adopted for all further TrESP/MMPol 

calculations performed every 20 ps on the 3 ´ 5 µs MD trajectories obtained for each system: 

CaM-AF488-TRC2 and CaM-TRC2-AF488. 

FRET rates defined in Eq. S8 and S9 were obtained using a refractive index 𝑛% = 2,30 a critical 

Förster radius 𝑅\ = 54 Å31 and a fluorescence lifetime for AF488 𝜏) = 4 ns.32 Transition dipole 

moments for the AF488 donor and TRC2 acceptor equal to 𝜇) = 7.56	𝐷 and 𝜇* = 10.19	𝐷 

were extracted from the TD-DFT calculations used to parametrized the TrESP charges. The 

center-to-center distance between dyes 𝑅(𝑡) and the 𝜅(𝑡) orientation factors were computed 

from the structures sampled along the MD trajectories. Finally, to dissect the impact of Förster 

approximations, we defined four coupling models (PDA, PDA-MMPol, TrESP, TrESP-

MMPol) using the general expression 𝑉 = 𝑠 · 𝑉E1F<, which combine a Coulomb term computed 

using the TrESP or the PDA approximation with a screening factor given by Förster 1/𝑛% value 

or derived using TrESP/MMpol calculations using Eq. S16-S18. 
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Table S1. Structural and FRET properties averaged over MD trajectories for holo CaM-

AF488-TRC2 and CaM-TRC2-AF488 systems.a 

  〈𝑅〉 〈𝜅'〉 〈𝑠〉b 〈𝑉789' 〉  〈𝑉'〉b 〈𝑘4:;<〉b 〈𝜏8〉b 〈𝐸4:;<〉b 

TRC2-AF488  41.0 0.56 0.71 3145 1487 368 0.78 0.80 

AF488- TRC2  41.6 0.67 0.69 270 514 127 0.92 0.76 

Total  41.3 0.62 0.70 1708 1001 247 0.85 0.78 

aDistances 𝑅 in Å, squared electronic couplings 𝑉𝑃𝐷𝐴2  and 𝑉' in cm-2, rates 𝑘89:1 in ns-1 and 

excited state lifetimes 𝜏) in ns. bProperties derived from TrESP-MMPol electronic coupling 

calculations. 

 
 

 

Figure S1. Mean absolute percentage error (MAPE) in screening factors computed using 

QM/MMPol for 9 selected structures of CaM-AF488-TRC2 using different values of MMPol 

cutoff radius. 
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Figure S2. Comparison between QM/MMPol screening factors, obtained using a fixed 20 Å  

MMPol cutoff radius, with TrESP/MMPol values obtained for different values of the cutoff.  

TrESP MMPol cutoff radius = 10 Å  

TrESP MMPol cutoff radius = 15 Å  

TrESP MMPol cutoff radius = 20 Å  

A

B

C
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Figure S3. Density distribution  of screening factors as a function of D/A separation derived 

from TrESP/MMPol electronic couplings computed for holo CaM-AF488-TRC2 and CaM-

TRC2-AF488 systems along MD trajectories. Overall results are fitted to the empirical formula 

𝑠 = 30.0𝑒@\./+" + 0.70 and compared to analogous expressions fitted to subsets of the data 

based on 𝜅 dipole orientation factor: A Group 1 (0.0 ≤ 𝜅 ≤ 0.6); B Group 2: 0.6 ≤ 𝜅 ≤ 1.2 

and C Group 3: 1.2 ≤ 𝜅 ≤ 2.0. D Comparison of the exponential empirical function with the 

analogous expression with an additional 𝑅@7 term to account for the minimum at separations 

~15 Å. 
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Figure S4. Contribution of the AF488 and TRC2 dyes to the total solvent-accessible surface 

area (SASA) of the holo CaM-AF488-TRC2 and CaM-TRC2-AF488 systems computed along 

MD trajectories. Surface area computed using the LCPO algorithm of Weiser et al.33 
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Figure S5. Ratio between PDA and TrESP coulombic coupling contributions (average values 

over distance bins indicated by black dashed curve).  
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Figure S6. Distribution of donor-acceptor distances directly measured along MD trajectories 

or estimated using Eq. 3 from TrESP-MMPol FRET efficiencies.  
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Figure S7. Electronic couplings and screening factors computed along MD trajectories for holo 

CaM-AF488-TRC2 and CaM-TRC2-AF488 systems. 
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Figure S8. Fluorescence decay from MD/TrESP-MMPol data calculated for the two CaM 

systems compared to experiment.31 
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