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Long-range tertiary interactions between RNA tetraloops and their receptors stabilize the folding of ribosomal 
RNA and support the maturation of the ribosome. Here, we use FRET-assisted structure prediction to develop a 
structural model of the GAAA tetraloop receptor (TLR) interaction and its dynamics. We build the docked TLR de 
novo, label the RNA in silico and compute FRET histograms based on MD simulations. The predicted mean FRET 
efficiency is remarkably consistent with single-molecule experiments of the docked tetraloop. This hybrid ap-
proach of experiment and simulation will promote the elucidation of dynamic RNA tertiary contacts and accel-
erate the discovery of novel RNA and RNA-protein interactions as potential future drug targets.  

1. Introduction 

Increasingly, biomolecular structures are obtained from 
hybrid structural modeling [1]. In these integrative ap-
proaches, experimental restraints are collected to refine 
predicted models [2]. One such method is fluorescence 
resonance energy transfer (FRET), first described by The-
odor Förster in the late 1940s [3]. As a molecular ruler, 
FRET is used as a distance constrain to filter a computa-
tionally generated structural ensemble. Performing the 
experiments on a single-molecule level circumvents en-
semble averaging and dissects heterogeneities in struc-
ture and dynamics [4–6].  

According to Förster, the energy transfer from an excited 
donor fluorophore to an acceptor is strongly distance 
dependent [3]. 

 𝐸 𝑟
 

  (1) 

The Förster radius R0 describes the distance where 50% 
of the energy is transferred from the donor to the accep-
tor molecule. Thus, given a FRET pair with known R0 and 
a distribution of inter-dye distances, generated for ex-
ample by a molecular simulation, a mean transfer effi-
ciency ⟨E⟩ can be calculated and compared to experi-
ments [7].  

Sulfonated carbocyanines sCy3 and sCy5 are often used 
for FRET experiments of RNA [8]. The fluorophores con-
sist of two heterocyclic moieties connected by a polyme-
thine chain. The dyes are attached to the biomolecule by 
flexible linkers to allow free dye movement. Coupling to 
the nucleobases is commonly achieved by reacting an 
amine group with a succinimidyl ester derivative of the 
fluorophore [9]. 

In order to reproduce the rotational diffusion of the dyes 
in silico, molecular dynamics (MD) simulations can be 
performed. Here, the dyes are attached to a structural 
model and the dye movement and potential interactions 
with the biomolecule are monitored [10–13].  However, 
MD simulations are computationally expensive. An alter-
native is to compute the sterically accessible volume (AV) 

of the dye [14, 15]. This geometrical approach approxi-
mates the free diffusion and rotation of the fluorophore 
when attached to a biomolecule. The dye is described by 
a spheroid with a linker of a given length and width. Sub-
sequently, the possible steric locations of the dyes are 
calculated [15]. This model is extended by considering 
interactions of the dyes with the biomolecule. A contact 
volume (CV) is determined and included in the AV calcu-
lations [13]. The AV and accessible contact volume (ACV)  
models determine the dye distribution in a few seconds 
on regular desktop computers [14]. 

These FRET-assisted approaches can be used to guide 
structure predictions of proteins and RNA [7]. In the 
presence of monovalent ions, like Na+ or K+, RNA folds 
by forming Watson-Crick (WC) base pairs (A-U, C-G) [16, 
17]. Tertiary structure motifs like the GAAA tetraloop-re-
ceptor are promoted by divalent metal ions [5, 18–21]. 
These contacts are stabilized by non-WC interactions 
among those the A-minor motif, which is highly abun-
dant in the large ribosomal subunit [22]. Tertiary ele-
ments connect RNA helices and are thus responsible for 
compacting the RNA fold. Several of these motifs were 
characterized by means of NMR and smFRET [20, 23].  

Herein, we present a semi-automated approach to pre-
dict FRET values on the basis of de novo modeled RNA 
structures. For this purpose, we reconstructed the GAAA 
tetraloop receptor motif de novo based on the sequence 
from Downey et al. [20]. We predict the transfer effi-
ciency of the FRET pair sCy3/5 by means of MD simula-
tion and ACV calculations. We evaluate our approach us-
ing the published experimental smFRET histograms [24–
26]. 

2. Methods 

The secondary structure was predicted with RNAfold 
[27] (Fig. 1a) and an initial 3D de novo model was created 
by RNAComposer [28, 29] (Fig. 1b). Fluorophore ACV and 
mean transfer efficiencies ⟨E⟩ (Fig. 1d) were determined 
using FRETraj [13] in PyMOL [30]. The carbocyanine 
fluorophores for the ACV calculation were parametrized  



 
according to [13, 15] and measurements in PyMOL (Tab. 
1). For ACV calculation, the CV width was set to 3.0 Å and 
a CV occupancy of 0.25 was assumed. This corresponds 
to a moderate dye hinderance with a residual fluores-
cence anisotropy of 0.1 [13, 14]. 

All-atom MD simulation of the labeled RNA construct 
were performed using GROMACS 2020.4 [31]. For this 
purpose, the de novo models were labeled with fluoro-
phores sCy3 and sCy5 using PyMOL and Fluorlabel [13] 
(Fig. 1c). The latest RNA-adjusted AMBER force field [32] 
with bsc0 [33] and χOL3 [34, 35] correction was used. 
Molecules were solvated in a dodecahedral box filled 
with explicit TIP3P water. K+ and Cl- ions were randomly 
added to neutralize the net charge of the labeled RNA 
molecule. For the system representing the docked state, 
Mg2+ ions were added to a concentration of approxi-
mately 10 mM. In the equilibration phase (canonical and 
isothermal-isobaric ensembles, 3 ns each), the tempera-
ture was set to 298K with the velocity rescale thermostat 
and the pressure was set to 1 bar with the Parrinello-
Rahman barostat. For production runs, bonds were con-
strained using the LINCS algorithm [36] and an integra-
tion time of 2 fs was used. Unbonded interactions were 

processed with the Verlet scheme and a cut-off length of 
1 nm. Long range electrostatics were processed with the 
particle mesh Ewald algorithm [37]. FRET burst distribu-
tions and transfer efficiencies were determined from 
MD trajectories with an in silico FRET algorithm called 
Fluorburst [13].  

3. Results  

The starting point for the modeling is the tetraloop re-
ceptor sequence taken from [20]. We additionally intro-
duced a loop with the sequence AUUCGU to make the 
construct single-stranded (Fig. 1a). Further, we labeled 
the RNA with sCy3 and sCy5 (Fig. 1c). The latter was 
added at U42, which corresponds to the 5’-end label po-
sition of the original sequence. sCy3 was attached to the 
5'-terminal G1. The secondary structure prediction 
shows that the GAAA tetraloop and the tetraloop recep-
tor are formed (Fig. 1a). The subsequent RNAComposer 
3D structure prediction (Fig. 1b) indicates a perfect over-
lap of the receptor domain (C18-G60) with a previously 
solved NMR structure (PDB-ID: 2i7z, overall RMSD = 2.12 
Å) [23]. However, the tertiary contact between the GAAA 
tetraloop and the receptor is not formed and thus this 

initial model represents one of many conformations of 
the undocked state. To model the bound state, we 
mapped the GAAA loop onto the NMR structure and re-
modeled the poly-A-linker (Fig. 2a). AV and ACV calcula-
tions were performed for the docked and the undocked 
state (Fig. 2b, bottom, Tab. 1). Predicted averaged trans-
fer efficiencies ⟨E⟩ are listed in Table 2.  

An MD simulation of the docked state shows stable bind-
ing during the full runtime (1μs) with an overall RMSD of 
about 3.4 Å. Thus, no conformational dynamics are pre-
sent on the timescale of the simulation. Conversely, in 
the undocked state rapid diffusion of the tetraloop away 
from the receptor domain is observed resulting in an 

Table 1: Overview of dye parameters for AV and ACV calcula-
tions derived from [13, 15, 30].  

Dye R1 (Å) R2 (Å) R3 (Å) wlink (Å) Llink (Å) 

sCy3 8.0 3.0 1.5 4.5 20.3 

sCy5 10.0 3.0 1.5 4.5 23.0 

Table 2: Overview of calculated mean transfer efficiencies ⟨E⟩ 
for AV, ACV and MD trajectories with R0 = 53 Å and smFRET re-
sults from [24–26]. * initial structure from RNAComposer.  

Construct ⟨E⟩ (MD) ⟨E⟩ (AV) 
⟨E⟩ 

(ACV) 
⟨E⟩ 

(smFRET) 
docked 0.70 ± 0.08 0.67 0.72 0.68-0.70 

undocked 0.03 ± 0.03  0.57 * 0.61 * 0.24-0.29 

Figure 1 Pipeline for de novo model prediction and ACV calculation. (A) From the RNA sequence, a secondary structure is
predicted which is then used to compose a three-dimensional de novo model (depicted in B). (C) Dyes are added with the tool 
Fluorlabel for a subsequent MD simulation. (D) Alternatively, accessible volumes are computed by FRETraj.  Source code is avail-
able at github.com/RNA-FRETools. 



RMSD of 9.1 Å for the entire structure and 11.3 Å for the 
tetraloop alone.  Interestingly, the dye position of sCy3 
distributes over a larger area than for sCy5 (Fig. 2b, top). 
The movement of the fluorophore sCy5 appears to be 
restricted as it interacts with U39 and A37 of the inserted 
loop. The mean transfer efficiency based on the MD tra-
jectory of dye position and dipole orientations is ⟨E⟩ = 
0.70 ± 0.08 for the docked state (Fig. 2c, Tab. 2) and 0.03 
± 0.03 for the undocked state (Tab. 2).  

4. Discussion 

The FRET values predicted for the docked state corre-
sponds well to literature values of 0.68-0.70 [24–26]. The 
ACV slightly shifts the mean transfer efficiency to a 
higher value, thus bringing the dyes a bit closer together. 
Introduction of the additional loop exposes some inter-
action sites for the internal Cy5 dye. The remarkable 
agreement of simulation and experiment though sug-
gests that the stacking tendency is similar to the blunt 
end present in the experiment. The mean transfer effi-
ciency of the undocked state ⟨E⟩ = 0.03 ± 0.02 on the 
other hand does not align with literature values of 0.24-
0.29 [24–26]. Neither MD nor AV and ACV calculations 
could yet reproduce the experimental results. The MD 
simulation of the undocked state sample conformations 
where the tetraloop diffuses freely without ever interact-
ing with the receptor domain. The 0.2 state in the single 
molecule experiments likely arises from residual, unspe-
cific interactions, which are not yet captured by the MD 
simulation. 

5. Outlook 

Here, we assumed a relative contact volume occupancy 
of 0.25. Taking the experimentally determined dynamic 
fluorescence anisotropy into account will enable us to 
accurately weight the ACV to refine the FRET predictions. 
To better describe the undocked state, multiple MD sim-
ulations of different start structures are necessary. Thus, 

the movement of the RNA needs to be sampled more 
thoroughly to cover the continuum of undocked state 
conformations.  
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