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Abstract 

The double-stranded-RNA binding domain (dsRBD) is a broadly distributed domain among 

RNA-maturing enzymes. Although this domain recognizes dsRNA’s structures via a conserved 

canonical structure adopting an --topology, several dsRBDs can accommodate discrete 

structural extensions expanding further their functional repertoire. How these structural elements 

engage cooperative communications with the canonical structure and how they contribute to the 

dsRBD’s overall folding are poorly understood. Here, we addressed these issues using the dsRBD of 

human dihydrouridine synthase-2 (hDus2) (hDus2-dsRBD) as a model. This dsRBD harbors N- and 

C-terminal extensions, the former being directly involved in the recognition of tRNA substrate of 

hDus2. These extensions engage residues that form a long-range hydrophobic network (LHN) outside 

the RNA-binding interface. We show by coarse-grain Brownian dynamics that the Nt-extension and its 

residues F359 and Y364 rigidify the major folding nucleus of the canonical structure via an indirect 

effect. HDus2-dsRBD unfolds following a two-state cooperative model while both F359A and Y364A 

mutants, designed to destabilize this LHN, unfold irreversibly. Structural and computational analyses 

show that these mutants are unstable due to an increase in the dynamics of the two extensions favoring 

solvent exposure of α2-helix and weakening the main folding nucleus rigidity. This LHN appears 

essential for maintaining a thermodynamic stability of the overall system and eventually a functional 

conformation for tRNA recognition. Altogether, our findings suggest that functional adaptability of 

extended dsRBDs is promoted by a cooperative hydrophobic coupling between the extensions acting 

as effectors and the folding nucleus of the canonical structure.  
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Introduction 

 The double-stranded RNA-binding domain (dsRBD) is a ubiquitous protein domain already 

present in the last universal common ancestor (1, 2). This extremely versatile domain serves as a 

RNA, protein or RNA/protein binding module for many proteins involved in various cellular processes 

such as mRNA editing, genetic expression and regulation, mRNA localization and translation, 

ribosome assembly, stress response, cellular defense systems against foreign RNA and maturation of 

RNAs(3-5). The dsRBD folds into a conserved  motif wherein two helices pack against 

an anti-parallel beta sheet forming a characteristic Y-shaped 3D-structure perfectly adapted to 

recognize the A-helix structure of dsRNAs(2, 4, 6). In a generally conserved mode of action, helix 1, 

1-2 loop, and helix 2 mediate interactions with the phosphodiester backbone of successive minor, 

major, and minor groove of the dsRNA helix (7, 8). Beyond this canonical topology, many dsRBDs 

harbor external structural extensions appended to the canonical fold, thus expanding the structural 

diversity of this domain (8, 9). Even though the role of these extensions remains largely enigmatic, 

some recent studies demonstrate that these additional elements could be major structural features by 

which dsRBD acquire new functions for the RNA or/and protein recognition(s) (10-15). For instance, 

in the dsRBD of yeast RNAse III Rnt1p, the conformational sampling of helix 3, an extension 

located at the C-terminus of the canonical structure and not involved in direct interaction with the 

RNA substrate, is important for selecting the functional conformation of canonical helix 1 that acts 

as a determinant of RNA stem-loop recognition by Rnt1p (16). We recently showed that human 

tRNA-dihydrouridine synthase 2 (hDus2), an enzyme responsible for synthesis of dihydrouridine (D) 

in tRNA’s D-loop, possesses a dsRBD (hDus2-dsRBD) (17). Like all dihydrouridine synthases, hDus2 

carries an N-terminal TIM Barrel catalytic domain (TBD) in which the redox coenzyme FMN lies in 

the center of the barrel and a C-terminal helical domain (HD) (Figure 1A), the latter being considered 

as the main tRNA binding domain of Dus enzymes (18-21). However, in stark contrast, we showed 

that, despite the presence of a HD domain, hDus2 instead use a novel extended dsRBD version flanked 

by a peculiar N-terminal extension (NTE) and C-terminal extension (CTE) (Figure 1A & 1B) to 

provide the major binding sites for tRNA substrate (17, 22). In addition, we have recently shown, 
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through extensive structural characterization of the hDus2-dsRBD / tRNA complex, that the hDus2-

dsRBD NTE is directly involved in the tRNA binding function (15). This is a remarkable finding since 

dsRBDs generally recognize basic RNA structures (A-helix and stem-loop) whereas tRNAs adopt a 

more complex L-shaped architecture involving tertiary interactions. Moreover, it is the first example 

of an extension involved in direct interaction with the RNA substrate. While hDus2-dsRBD retains a 

conventional dsRNA recognition capability, the NTE provides additional residues, Q367, R361 and 

R362 involved in the recognition of the peculiar tertiary structure of the tRNA(15). Curiously, when 

examining tRNA binding at the single residue level by NMR spectroscopy, we observe that in addition 

to the expected canonical interactions, the formation of a dsRBD/tRNA complex produces major 

resonance shifts in some residues of the NTE not involved in tRNA binding(15). Even more surprising 

was the fact that several residues of the CTE are also affected, even though they are located far from 

the RNA binding interface. These effects suggest a strong dynamical correlation between the 

canonical structure of the dsRBD and its extensions. More generally, these findings imply that 

cooperative communications between these extensions and the canonical structure exist and they may 

be important for connecting efficiently the function to the overall protein folding. How these structural 

elements engage cooperative communications with the canonical structure and how they contribute to 

the dsRBD’s overall folding are fundamental issues since conformational dynamic and flexibility of 

proteins are well known to drive biological functions (23-25). By combining computational, 

biophysical and structural analysis we address the molecular mechanism by which the extensions 

engage cooperative communications with the canonical structure to adapt the folding and the 

functional conformation of hDus2-dsRBD to tRNA recognition and provide evidences that this 

cooperativity is governed by hydrophobic interactions. 

 

Materials and Methods 

Protein and tRNA purification 

Wild type dsRBD of human dihydrouridine synthase 2 was cloned in a pET11d vector between 

BamHI and NcoI and expressed in BL21(DE3) (Novagen) in LB medium as previously described(17). 
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Point mutations were carried out with Q5® Site-directed mutagenesis kit (New England BioLabs) 

following the recommended procedure and done on dsRDB-pET11d vector. The resulting mutants 

were purified with the same procedure as used for the wild type protein except for ΔNTE mutant that 

was induced at O.D.600 0.6 and left overnight at 16°C. For NMR experiments, cells containing the 

plasmid encoding dsRDB were grown in M9 minimal medium supplemented with 1 g/L of 15NH4Cl 

for 15N-labeling or 1 g/L 15NH4Cl and 2 g/L 13C-glucose for 13C/15N-labeling. The labelled proteins 

were purified following the protocol used for unlabeled dsRDB. Homo sapiens tRNALys
3 was 

expressed in E. coli (JM101TR strain) from a recombinant plasmid and purified as previously 

described(26). 

 

tRNA binding assays 

Electrophoretic mobility shift assays were carried for wild-type dsRBD and its different mutants using 

a 6 % native (19:1) PAGE at 4 °C with 100 V. Increased concentrations of proteins were added to a fix 

concentration of Homo sapiens tRNALys
3 (1µM) and incubated at room temperature for 20 minutes in 

50 mM Tris-HCl pH 8, 10 % glycerol, 5 mM DTT and 150 mM ammonium acetate prior to migration. 

RNA was visualized by toluidine coloration and quantified using ImageJ 

(https://imagej.nih.gov/ij/index.html). 

Crystallization, data collection, structure determination and refinement 

F359A dsRBD mutant crystallized in 2 M ammonium sulfate, 50 mM sodium cacodylate pH 6 and 15 

mM magnesium acetate. Crystals were obtained after 3 days and were cryoprotected using 15 % 

glycerol before flash freezing. The structure was phased by molecular replacement using PDB 4wft as 

initial model in phaser and refined with Phenix(27). All diffraction data collections were carried out on 

single crystals at the micro focused PROXIMA-2 beamline at the SOLEIL synchrotron (Saint-Aubin, 

France) at 100 K using an ADSC Quantum 315r detector for the protein-RNA structure and an Eiger 

X-9M for both mutants with a wavelength of 0.9801 Å. Data were indexed, processed, merged and 

scaled using XDS or autoPROC(28). 

NMR experiments 
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NMR spectra measurements and backbone resonance assignment of wild type hDus2-dsRBD (residues 

337-450) were previously reported (15). For F359A and Y364A dsRBD mutants, the NMR spectra 

were recorded at 298 K on a Bruker Avance III HD 700 MHz in a buffer containing 25 mM sodium 

phosphate pH 6.5, 20 mM sodium chloride, 1 mM dithiothreitol (DTT) and 10 % (v/v) D2O. The data 

were processed using TOPSPIN 3.5 (Bruker) and analyzed with Sparky 

(www.cgl.ucsf.edu/home/sparky/). Backbone resonance assignments for F359A and Y364A dsRBD 

mutants were performed with 2D (1H,15N)-HSQC, 3D HNCA, 3D CBCA(CO)NH, 3D HNCO and 3D 

NOESY-(1H,15N)-HSQC.  

SAXS data collection, analysis and model generation 

SAXS experiments were performed at the SWING beamline at the SOLEIL synchrotron (Saint-Aubin, 

France) using an online high-performance liquid chromatography (HPLC). All scattering intensities 

were collected on the elution peaks after injection on a BioSEC-3 column (Agilent) equilibrated in 25 

mM Tris-HCl pH 8, 100 mM NaCl, 1 mM MgCl2 and 5 % glycerol to reduce radiation damage. Data 

were processed using FOXTROT (https://www.synchrotron-soleil.fr/fr/lignes-de-lumiere/swing). The 

radius of gyration (Rg) was calculated by the Guinier approximation.  

Circular dichroism 

Circular dichroism spectra were recorded on a Chirascan™-plus CD Spectrometer (Applied 

Photophysics). The far ultraviolet spectra (200–260 nm) were measured at 20°C in quartz cells of 0.4 

cm optical path length. The final concentration of dsRBD proteins was 5 µM in 25 mM sodium 

phosphate pH 8. Spectra were acquired at a resolution of 1 nm, with time per points set at 0.7 second 

and a bandwidth of 1 nm. All spectra were corrected from the contribution of the buffer and are an 

average of seven accumulations. 

Fluorescence 

All fluorescence emission spectra were recorded in a 4/10 mm quartz cuvette at 20°C in a Cary eclipse 

fluorescence spectrophotometer (Varian). The fluorescence of wild type and mutants hDus2-dsRBD 

were recorded at ex = 295 nm between 305-500 nm using a slit width of excitation and emission at 5/5 
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mm, respectively. The fluorescence was measured at various protein concentrations (5, 10, 20, 40 and 

80 µM in 50 mM sodium phosphate pH 8 (with or without 1 M TMAO). In urea-induced denaturation 

equilibrium, all the proteins were at 5 µM. Before recording the spectra, protein and urea were 

incubated for 1 hour at 20°C to reach equilibrium. The thermodynamic parameters characterizing the 

stability of wild type hDus2-dsRDB were determined by fitting maximum fluorescence intensity 

wavelength (max) to a two-states model (N  D) equation based on the linear relationship between 

Gibbs energy and concentration of denaturant: ΔG = ΔG°−m[urea], where ΔG° is the free energy for 

converting the native to the unfolded state at zero urea and m an empirical constant corresponding to 

the slope of  plot of ΔG against [urea]. Cm is the urea concentration required to denature half of the 

dsRBD molecules. Urea-denaturation curves were fitted to the following two-state equation: (urea) = 

(N + D*exp(-(ΔG°−m[urea])/RT)) / (1+exp(-(ΔG°−m[urea])/RT), where N and D are the 

maximum fluorescence intensity wavelength of the native and denatured states, respectively. 

Stopped-flow kinetics 

The fast kinetic of urea-induced dsRBD denaturation were performed on a TGK Scientific SF-61DX2 

stopped-flow fluorescence spectrophotometer equipped with a temperature-controlled circulating 

water bath. Protein (5 μM) was rapidly mixed with an equal volume of urea. All reactions were 

performed at 20°C in 50 mM sodium phosphate pH 8.0. The kinetics were followed by recording 

protein fluorescence after exciting at 295 nm. Up to five transients were collected and averaged for 

each condition. Background signal was determined against buffer to allow data scaling. The observed 

rate (ku) was determined by fitting the averaged transient to a single exponential equation F(t) = F0 

+A(1-exp(-ku*t)). ku
H2O and mu

# were determined from fitting the data ln ku versus urea by the 

following equation: ln ku = ln ku
H2O + mu

#[urea]. All the fittings were performed using SigmaPlot 12 

software.  

Mild trypsinolysis and MALDI-MS analysis 
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Mild trypsinolysis was carried at room temperature in 50 mM Tris-HCl pH 8 and 150 mM NaCl in a 

final volume of 20 µL. 15 µg of proteins (dsRBD or F359A or Y364A mutants) was added and 

incubated with 1/200 ratio of trypsin. The proteolysis reaction was quenched by adding 2 mM of 

PMSF and heated in loading buffer for 1 min at 90 °C. When in the presence of 3 molar equivalent 

tRNA, the mixture was incubated for 20 minutes at room temperature prior to addition of 1/100 ratio 

of trypsin. Samples were loaded on a 18 % SDS-polyacrylamid gel and analyzed by coomassie blue 

staining. The excised bands were enzymatically digested by adding trypsin or Glu-C (Promega) and 

incubated overnight at room temperature. Peptides were extracted in 60 % acetonitrile and 0.1 % v/v 

formic acid and mixed with α-cyano-4-hydroxycinnamic acid (10 mg/ml, 50% CH3CN; Sigma-

Aldrich); for better identification of N termini, chemical labeling with succinimidyloxycarbonylmethyl 

tri-(2,4,6-trimethoxyphenyl) phosphonium (TMPP-Ac-OSu; Sigma Aldrich) was performed. Crystals 

were analyzed by MALDI-TOF-TOF 5800 (ABSciex). Peak lists were processed and analyzed with 

ProteinPilot software (ABSciex) using the MASCOT algorithm. The search parameters were as 

follows: hDus2-dsRBD sequence; digest reagent Glu-C or trypsin; fixed modification, 

carbamidomethylation of cysteines; possible modification, oxidation of methionines. 

Coarse-grain simulations 

Coarse-Grain Brownian Dynamics simulations were performed using the ProPHet program(29-31) 

(http://bioserv.rpbs.univ-paris-diderot.fr/services/ProPHet/) on the crystallographic structure of 

hDus2-dsRBD (pdb code 4WFT)(17), with and without its N-terminal extension, and seven additional 

dsRBD domains (from pdb files 1DI2(7), 3ADG(32), 2MDR(13), 1T4O(10), 2CPN, 2LJH(33) and 

2NUG(34)). The simulations use a reduced protein model, where each amino acid is represented by 

one pseudo-atom located at the Cα position, and either one or two (for larger residues) pseudo-atoms 

replacing the side chain (with the exception of Gly)(35). Interactions between the pseudo-atoms are 

treated according to the standard elastic network model (36). The elastic network model is a 

simplification of the heterogeneity of internal protein forces, as all pseudo-atoms lying closer than 9 Å 

are joined with quadratic springs having a force constant of 0.6 kcal mol–1 Å–2. Springs are assumed to 

be relaxed in the starting conformation of the protein. The simulations use an implicit solvent 

http://bioserv.rpbs.univ-paris-diderot.fr/services/ProPHet/
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representation via the diffusion and random displacement terms in the equation of motion(37), and 

hydrodynamic interactions are included through the diffusion tensor(38). The Brownian dynamics 

simulations have been performed with 200,000 steps at an interval of 10 fs and at a temperature of 300 

K. Effective force constants for displacing each particle i are then calculated as  

, 

where the brackets indicate the average taken over the whole simulation, kB is the Boltzmann constant, 

and di is the average distance of particle i from the other particles j in the protein, excluding the 

pseudoatoms that belong to the same residue m as particle i. The distances between the Cα pseudoatom 

of residue m and the Cα pseudoatoms of the adjacent residues m + 1 and m – 1 are not included in the 

average. The force constant associated with each residue m is taken to be the average of the force 

constants calculated according to equation 1 for each of the pseudoatoms i forming the residue. Within 

this framework, the mechanical properties of a protein are described at the residue level by its “rigidity 

profile”, that is, by the ordered sequence of the force constants (in kcal mol-1 Å–2) calculated for each 

residue. 

Finally, for each protein, we define rigid residues as the residues presenting a force constant ki 

which satisfies the following criterion : 

〈k〉P being the residues force constant mean value for the whole protein (or a single domain in case 

of multi-domain proteins) and σ(k)P its variance.  

Sequence alignments 

All sequences for the dsRBD domains were aligned using the online COBALT (39) tool 

(http://www.st-va.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?CMD=Web) with the defaults parameters. 

Rigid residues that were identified using the definition given in the previous section are highlighted in 

bold and color along the protein sequences in Figure S1. 

http://www.st-va.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?CMD=Web
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All-atom Classical Molecular Dynamics simulations 

For the wild type and F359A mutant of hDus2-dsRBD, we performed all-atom, classical Molecular 

Dynamics (MD) simulations. We used Gromacs, version 5.0.4, with the OPLS-AA forcefield (40) 

with periodic boundary conditions. The first step of the simulation procedure is an in vacuo 

minimization of the structure with the steepest descent algorithm during 1000 steps without any 

constraints. We added a triclinic water box of 2 nm around the protein, filled with TIP3P molecule 

type (41) and the system was neutralized with the addition of ions randomly placed in the box while 

maintaining the NaCl concentration at 150 mM. The whole system contains around 1 500 atoms, 15 

000 water molecules and 90 ions (with approximatively 42 Na+ and 47 Cl-). A second minimization 

step was performed with the same set of parameters than before during 5000 steps to prevent possible 

water clashes with the protein. Molecular dynamics were carried out using an integration time step of 

2 fs. Initial heating and pre-equilibration were carried out by assigning random velocities from the 

Maxwell-Boltzmann distribution followed by 100 ps of dynamics under NVT conditions, then 100 ps 

under NPT conditions. During this process and for all subsequent dynamics the temperature was fixed 

at 300 K using the velocity rescale method (42). All bonds were constrained with the LINCS 

algorithm (43) and electrostatic interactions were computed using the Particle Mesh Ewald method(44). 

For the pressure coupling during the NPT equilibration, we used the Parinello-Rahman method(45) at 

the value of 1 atm. Production phases were finally done using the same set of parameters and 

algorithms during 200 ns. Trajectories were saved every 10 ps. 

 

Results  

Identification of a hydrophobic network potentially involved in cooperative communications 

between the canonical structure and its extensions 

To determine the molecular origin behind these cooperative communications, we carefully examined 

potential interactions between the NTE and the canonical fold. NTE passes above the 

middle of helix 2 and forms in trans a 3-10 helix turn, containing the R361-R362 residues, followed 

by a loop structured into a stiff U-turn containing Q367, and then finishes near the CTE (Figure 1A). 
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Figure 1 Structural organization of hDus2-dsRBD. (A) On top is shown the domain modularity of 

hDus2, which is likely conserved among animal Dus2. In wheat is the Tim Barrel domain (TBD), 

which carries the FMN cofactor required for the reduction of U20 into D20 in the tRNA, the helical 

domain (HD) is in purple and serves as the major tRNA binding module in other dihydrouridine 

synthase paralogues. The canonical fold of the dsRBD is in turquoise while the NTE and CTE are in 
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pink. In the middle is represented the structural model of hDus2-dsRBD/tRNA complex as published 

previously (15). Refer to (15) for more details on how this model was built. The tRNA is represented 

in gray. Bottom, zoom on the NTE and CTE regions. (B) Amino-acid sequence alignment of dsRBDs 

from animal Dus2 enzymes. In yellow are shown conserved residues across class A dsRBDs involved 

in RNA contacts. In red are residues involved in folding. In blue are residues implicated in RNA 

recognition solely conserved in Dus2 type dsRBDs. In magenta are shown the two conserved residues 

identified in this study as important for proper folding and stability of these dsRBDs. 1 strand and 1 

3-10 helix belong to the NTE whereas  and  are the secondary structures of the 

canonical structure of hDus2-dsRBD. The boundaries of the CTE and NTE are contained within the 

brown boxes. The red arrows inside the NTE box indicate the position of F359 and Y364. 

 

This peculiar geometrical structure creates an insulating hydrophobic pocket delimitated by the NTE 

itself, the external face of helix 2 and the CTE. Inside this pocket, hydrophobic interactions aligned 

over a 15 Å straight vector formed by L421-F359-Y364-R440 appear to cooperate to tighten both ends 

of helix 2 (Figure 1A). In that respect, our previous NMR study picked up indirect implication of 

F359 and Y364 in tRNA binding (15). Analysis of sequence alignment reveals that these residues are 

conserved among the dsRBD of animal’s Dus2 (Figure 1B). Therefore, these hydrophobic residues 

could be important to properly orient the NTE relative to the canonical dsRBD domain, in order to 

present R361-R362-Q367 in a competent configuration for specific tRNA binding.  

 

Influence of the NTE, F359 and Y364 on the mechanical landscape of hDus2-dsRBD 

To test this hypothesis, we used a computational approach relying on coarse-grain Brownian dynamics 

to characterize the mechanical landscape of hDus2-dsRBD. This type of approach has been 

successfully applied to determine the rigidity profiles of various proteins and to specifically identify 

rigid residues constituting their folding nucleus (46, 47). From the rigidity profiles calculated on seven 

dsRBDs from different organisms (Figure S1), and following the protocol detailed in reference (46), 

we define the folding nucleus in the dsRDB fold as the subset of conserved positions along the protein 

sequences that present rigidity peaks in most of the rigidity profiles of the structures under study. This 

approach leads to the identification of a well-defined folding nucleus, which comprises six residues. In 

hDus2-dsRBD, this folding nucleus corresponds to S401 and V403 in the β2 strand, and E423, A426, 

A427 and C430 in helix 2 (Figure 2A).   



13 

 

 

Figure 2 Role of the NTE on the mechanical landscape of hDus2-dsRBD. (A), (B) and (C) 

Rigidity profiles obtained from coarse-grain Brownian dynamics simulations for wild type dsRBD 

(violet), NTE variant form (red), F359A (green) and Y364A (green) mutants, respectively. The force 

constants are in kcal mol-1 Å-2. Residues are placed following the secondary structure of human 

dsRBD as represented schematically on top of the graph. (D) Cartoon representation of hDus2-dsRBD 

crystal structure showing the residues forming the folding nucleus as determined from (A).   

 

The position of these residues on the 3D-structure of hDus2-dsRBD is shown in Figure 2D. The 

mechanical properties of these residues are qualitatively similar for all dsRDBs as expected for 

proteins sharing the same fold (48) (Figure S1). However, in hDus2-dsRBD, the force constant 

corresponding to the A426 and A427 rigidity peak, reaching roughly 400 kcal mol-1 Å–2 , is much 

higher than in others dsRBDs (for example it reaches 160 kcal mol-1 Å–2 in dsRBD from X. laevis 

RBPA protein). 

 

Remarkably, when reproducing the calculations with a shorter version of hDus2-dsRBD lacking the 

NTE (NTE), we observe that the resulting rigidity profile is globally unaffected, except for the peak 

corresponding to A426-A427, where the associated constant drops down significantly to ~ 200 kcal 

mol-1 Å–2 as compared to the full length counterpart (Figure 2A). Similarly, replacement of F359 or 
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Y364 by an alanine decreases the rigidity associated to A426-A427 to ~ 309 and 320 kcal mol-1 Å–2, 

respectively (Figure 2B & 2C). A426-A427 are located on the internal face of helix 2 and are not in 

direct contact with residues from the NTE (Figure 2D). Hence our computational characterization of 

hDus2-dsRBD indicates that the alanine pair A426-A427 is an important element the NTE and its 

residues F359 and Y364. 



NTE, F359A and Y364A destabilize the secondary and tertiary structures of hDus2-dsRBD 

To further assess the impact of the NTE on hDus2-dsRBD, we generated a NTE deletion, and two 

single point F359A and Y364A mutants and characterized first their ability to bind tRNA and then 

their structural properties. As shown by gel shift assay, the wild type dsRBD forms a stable complex 

with human tRNALys
3 (observed KD ~ 4 µM), while the NTE mutant does not bind tRNA (Figure 3). 

In contrast, the two single variants retain tRNA binding with a reduced affinity (2.6 and 1.2-fold for 

F359A and Y346A, respectively) (Figure 3). Characterization of the secondary structures by circular 

dichroism revealed a significant reduction of alpha helix content (~ 40 %), converted to random coil, 

in the NTE variant compared to the wild type dsRBD (Figure 4A).  

 

 

Figure 3 Electrophoretic mobility shift assay experiments measuring affinities of wild type 

hDus2-dsRBD and its mutants for tRNA. Gel shift for the wild-type and mutants dsRDB are shown 

in the top and bottom, respectively. The bands corresponding to free and dsRDB bound tRNA are 

black boxed. In all cases, 1 µM of tRNALys3 was used while the range of protein concentration is 
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indicated in each case. The histogram shows apparent Kd in µM of wild type, NTE, F359A or 

Y364A dsRDB for tRNALys3.  

 

 

Figure 4 Biophysical characterization of the folding and stability of wild type hDus2-dsRBD and 

its NTE mutants. (A), far-UV circular dichroism spectrum of wild type dsRBD (violet), NTE (red), 

F359A (green) and Y364A (blue) mutants. (B) protein fluorescence emission spectrum at an excitation 

of 295 nm, which is specific to tryptophan residues, of wild type dsRBD (violet), NTE (red), F359A 

(green) and Y364A (blue) mutants. (C) urea-induced equilibrium denaturation curves followed by 

protein fluorescence  for wild type dsRBD (violet), NTE (red), F359A (green) and Y364A (blue) 

mutants. (D) Denaturation dependence of the natural logarithm of the observed rate constants for 

unfolding of wild type (violet), NTE (red), F359A (green) and Y364A (blue) hDus2-dsRBD on the 

concentration of urea.  

 

The tertiary structure was also probed by recording intrinsic tryptophan fluorescence of the proteins. 

hDus2-dsRBD contains two tryptophan residues, W377 located at the C-terminus of helix 1 facing 

the CTE and W415 located in the loop between sheet 3 and helix 2 (Figure 2D). The maximum 

fluorescence (max) in the wild type dsRBD of 342 nm indicates that both tryptophans are in a 

hydrophobic environment. Conversely, deleting the NTE enhances the fluorescence by ~ 40 % and 

induces a huge 10-nm red shift of max indicating that the tryptophan residues are in a more polar 
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environment (Figure 4B). Interestingly, circular dichroism and tryptophan fluorescence studies 

revealed that both F359A and Y364 mutants carry secondary and tertiary structures that are 

intermediates between those of the wild type and NTE dsRBDs (Figure 4A & 4B). It should be 

mentioned that a complete exposure of tryptophan residues to the solvent, obtained after full 

denaturation of the wild type or the dsRBD mutants in 6 M urea, leads to a max ~ 357 nm. Hence the 

deletion of NTE or mutation of F359 or Y364 dramatically disrupts both the tertiary and secondary 

structures of hDus2-dsRBD leading to a partially unfolded protein. 

 

NTE, F359 and Y364 are important for the thermodynamic stability of hDus2-dsRBD 

We then investigated the overall stability of wild type dsRBD and its NTE mutants by urea-induced 

denaturation experiments. Urea-induced denaturation equilibrium experiments indicate that the dsRBD 

of hDus2 unfolds cooperatively following a reversible two-state model with a G0 ~ 3.3 +/- 0.2 

kcal.mol-1 and an m-value ~ 1.5 +/- 0.1 kcal.mol-1.M-1 (Figure 4C & Table S1). However, in the case 

of NTE, F359A and Y364A variants, the protein unfolds irreversibly suggesting that the folding 

cooperativity characterizing hDus2-dsRBD is lost likely due to a missing driving force (Figure 4C). 

This makes the determination of the thermodynamic constants useless for these mutants. Alternatively, 

the destabilizing effect induced by the deletion and single mutations can be quantitatively assessed 

from the stopped-flow unfolding kinetics performed at various urea concentrations allowing 

determination of the unfolding rate constant in water (ku
H2O) extrapolated from the free-energy linear 

dependence with urea concentration. For the wild type dsRBD, this approach leads to a low ku
H2O ~ 

3.10-3 s-1 value associated with a gradient m#
u ~ 0.6 kcal.mol-1.M-1 (proportional to the change in 

surface area exposed to the solvent between the native and the transition state (TS)) (Figure 4D & 

Table S1). For NTE mutant, the behavior is more complex as revealed by two transitions suggesting 

a change in the rate limiting step at urea concentrations above 1.5 M probably due to an additional TS. 

The first transition is characterized by a ku
H2O 40 times faster than that of the wild type dsRBD with a 

similar m#
u while the second transition is 433 times faster than the wild type and seems to involve a 

more compact TS2 as indicated by the lower m#
u value. As judged from their ku

H2O, the single mutants 
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are more stable than NTE mutant but less stable than the wild type dsRBD by a factor of ~ 18 and 8 

for F359A and Y364A, respectively (Figure 4D & Table S1). In contrast, their m#
u values do not 

significantly change compared to the wild-type protein suggesting that the destabilization of the 

dsRBD structure occurs at the ground state level.   Altogether, in agreement with the coarse-grain 

simulations, the NTE is essential to the thermodynamic stability of hDus2-dsRBD and its deletion or 

mutation of F359 or Y364 leads to a kinetically unstable protein. 

 

The hydrophobic residues, F359 and Y364, of NTE promote dsRBD protein matrix compactness 

The conformational stability of intrinsically unstable proteins are extremely sensitive to environmental 

conditions such as osmolytes, crowding agents or protein concentrations, which stabilize directly the 

native state by the physical principle of exclusion volume(49-51). We tested whether the matrix 

packing of F359A and Y364A mutants depends on the protein concentration or the presence of 

osmolytes in the media by following their effect on the fluorescencemax.  

 

Figure 5 Effect of the protein concentration and osmolyte on the tertiary structure of the wild 

type dsRBD and its NTE mutants. (A) Effect of final protein concentration on the tryptophan’s 

fluorescence of wild type folded (pink) and fully unfolded by 6 M urea (black) dsRDB, F359A (green) 

and Y364A (blue) mutants. (B) Effect of 1 M TMAO on tryptophan’s fluorescence of wild type 

dsRDB, F359A and Y364A dsRDB mutants.  

 

As anticipated, we observed thatmax of both mutants decrease with the final protein concentration or 

in the presence of 1 M TMAO, which is a natural osmolyte (Figure 5A & 5B). In contrast, neither the 

protein concentration nor TMAO have a significant effect on the wild type dsRBD. Furthermore, 

TMAO strongly stabilizes the mutants even after 1 hour incubation (Figure 5B). Altogether, these 
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results suggest that mutation of F359 and Y364 lead to a loosely packed dsRBD. These residues of the 

NTE ensure a thermodynamic stability for the overall dsRBD by stabilizing the matrix compactness of 

the canonical structure. 

 

F359 and Y364 promote cooperative communications between the NTE, CTE and the canonical 

domain for a functional dsRBD conformation 

Although unstable proteins make determination of their structure by X-ray crystallography a 

challenge, we anticipated that the high protein density required to crystallize these unstable dsRBDs 

could stabilize a conformational state that is otherwise elusive. It was therefore essential to obtain such 

a structure to understand how this hydrophobic network functions on the molecular level and, 

eventually, why its absence provokes folding issues within the canonical structure. This strategy 

proved to be successful with the F359A variant, as we crystallized and solved its structure with a 2.2 Å 

resolution (Figure 6 & Table S2).  

 

Figure 6 Structural evidence for a cooperative hydrophobic network in maintaining functional 

conformation. (A) Structures of wild type (top) and F359A dsRBD (bottom) represented in a surface 

mode. The arrow indicates the position of the large solvent accessible cavity resulting from F359A 

mutation. (B) Structural alignment between wild type and F359A dsRBDs showing the perturbation 

induced by the mutation in the NTE and CTE regions. The structure of the wild type is in cyan while 

that of F359A dsRBD (deep olive). The change in distance between the specified atom of a given 

residue in the wild type and in the F359A mutant are as follow:  R361(C-C ~ 9.6 Å;  R362(C-C 

~ 15.5 Å); Y364(C-C ~ 9 Å; R440(C-C) ~ 8 Å.  
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Remarkably, this structure reveals that the helix 1 and the -sheet remain unchanged while 

significant conformational alterations are observed in the NTE, CTE and around helix 2 (Figure 

S2A). The hydrophobic pocket generated by the latter is disrupted leading to the formation of a large 

solvent accessible hole (diameter ~ 10 Å) exposing directly the external face of helix 2 right behind 

A426-A427 (Figure 6A). The 3-10 helix and the stiff U-turn structures are lost resulting in a drastic 

reorientation of R361-R362-Q367, which contrary to the native conformation, point in opposite 

directions (Figure 6B). The Y364 phenol ring no longer occupies the center of the cavity and instead 

points toward the solvent displaying two different conformations. Residue R440, serving as the last 

link in the hydrophobic network, moves drastically away from the NTE. A slight conformational 

change of the first helix 2 turn disturbs the conformation of some lateral chains, placed just upstream 

on the canonical structure (Figure S2B). The cooperative nature of this hydrophobic network was 

further validated by all atoms molecular dynamic simulations. These show that conformational 

instability and large fluctuation of both NTE and CTE are observed in the absence of F359 (Figure 

S3). 

 The relevance of such conformational rearrangements was further investigated in solution 

under protein concentrations that ensure compactness of the mutant’s protein matrix. Mild-proteolysis 

using trypsin coupled to LC-MS analysis identify cleavages of F359A and Y364A mutants but not of 

the wild type protein, at a site just after R362 indicating a flexible NTE and show that this site is 

protected from cleavage by tRNA binding (Figure S4). The mutants display a comparable radius of 

gyration determined by SAXS, which is slightly larger than that of the wild type protein by ~ 2 Å 

(Figure S5E). Their normalized Kratky plot is consistent with a more dynamic nature and less 

globular/compact protein matrix (Figure S5A). In addition, the theoretical SAXS curve obtained from 

F359A crystal structure fits well the experimental X-ray diffusion curve of both mutants (Figure S5B-

D). The structural changes were further corroborated at single-residue level by NMR. The (1H,15N) 

correlation spectra of the two mutants present resonances broadening effects indicating that both 

mutations introduce one or more dynamic processes that are not observed in the wild type protein 

(Figure S6). Moreover, chemical shifts changes confirmed that the NTE, the N-terminal tip of helix 2 
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as well as the CTE are the dsRBD regions most affected by the mutations (Figure S7). Therefore, 

F359A mutant crystal structure is a relevant form in solution and Y364A protein may share a closely 

related structure.  

Discussion 

 In contrast to the vast majority of the dihydrouridine synthases(18-22), we have recently 

shown that hDus2 (and more generally animal Dus2), which catalyzes D20 synthesis in tRNA, uses 

for substrate recognition an extended dsRBD carrying both NTE and CTE(17). Specifically, the NTE 

plays a key role in the adaptation of this domain to tRNA recognition by providing three important 

residues to interact with the T-arm of the tRNA, namely R361, R362 and Q367(15). Here we pushed 

further the investigation on this NTE by unequivocally establishing its critical role to the folding and 

thermodynamic stability of the overall dsRBD.  

 

Figure 7 Molecular mechanisms for the adaptation of a dsRBD to tRNA binding function. The 

scheme shows how NTE and CTE of hDus2 dsRBD act as allosteric effectors, specifically via 

implementation of a hydrophobic and cooperative long range network, to couple novel function (via 

R361 and R362 brought by NTE and involved in tRNA recognition) and thermodynamic stabilization 

of the evolved system by the increase of the folding nucleus (A426-A427) rigidity of an otherwise 

intrinsically unstable canonical dsRBD fold. This lead us to propose that (i) intrinsic flexibility of a 

canonical fold could promote its evolvability and (ii) cooperative communication is a determinant 

factor in ensuring a thermodynamic viability to the evolved system.    
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This is made possible by the implementation of a hydrophobic network involving residues L421 from 

the N-terminal tip of helix 2, F359 and Y364 from the NTE and R440 (aliphatic side chain) from the 

CTE (Figure 7). This network lies in front of helix 2 thus extending further the hydrophobic core of 

the domain, and in the immediate vicinity of R361, R362 and Q367, which specialize the dsRBD for 

tRNA recognition. We showed that F359 and Y364 residues enable a communicative and cooperative 

link between the NTE, CTE and hydrophobic core of the canonical fold via A426 and A427, two 

residues located in the inner face of helix 2 (Figure 7). Indeed, deletion of NTE or mutation of F359 

or Y364 converts dsRBD into an extremely flexible and inherently unstable protein that unfolds 

irreversibly. Our structural and computational data provide a satisfactory explanation of the 

mechanism of action of these extensions. The NTE and CTE create a hydrophobic chamber that 

envelops the external face of helix 2. This hydrophobic network (i) strengthens the hydrophobic core 

of the canonical fold by protecting the latter from competitive and destabilizing interactions with the 

solvent, and (ii) structures the helix 3-10 carrying R361-R362 and the U-turn containing Q367, 

residues involved in the recognition of tRNA (Figure 7). This ensures a stable thermodynamic folding 

of hDus2-dsRBD while selecting the functional conformation adapted for tRNA recognition. 

Presumably, the implementation of a hydrophobic network allowing a cooperative communication 

between the canonical fold and its extension(s) could be one of the critical features by which the 

dsRBD adapts to new functions. Besides hDus2, other extended dsRBDs tend to support this 

proposition such as the case of Saccharomyces cerevisiae RNase III enzyme Rnt1p or 

Schizosaccharomyces pombe Dicer Dcr1. In Rnt1p, the presence of an extended hydrophobic core 

between the canonical α1–β1 loop and the extension (helix 3) stabilizes the canonical structure and 

acts as a dynamic hinge that allows a concerted change in the positions of helix α1 between the free 

and RNA bound states, a key feature of substrate recognition by the Rnt1p dsRBD(16). Similarly, in 

Dcr1 dsRBD a hydrophobic network observed between a C-terminal extension embedding a zinc-

binding site and the canonical structure stabilizes the overall structure and the control of Dcr1 

subcellular localization(12). 
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 Importantly, it seems that different stabilization strategies of the peculiar canonical structure of 

the dsRBD were selected during the evolution. For most of the dsRBDs studied so far, the 

hydrophobic core of the canonical fold appears self-sufficient to promote a stable structure. Indeed, 

dsRBDs conserve several hydrophobic residues in helix 1, 2 and strands 1 and 2 that stabilize the 

canonical structure (8). Even though reported only with the ribonuclease DCL1 from Arabidopsis 

thaliana, the second possibility is a dsRBD existing under an intrinsically disordered state for which 

the RNA itself plays the role of structuring agent by a conventional ligand binding induced-folding 

mechanism (52-54). Specifically, helix 2 of DCL1 dsRBD is proposed to serve as a nucleation site 

for the folding event triggered by the RNA substrate. The third and last mechanism is the one 

concerning hDus2 dsRBD and more broadly extended dsRBDs. These dsRBD may also exhibit an 

intrinsically unstable canonical fold, but in those specific cases, the extensions themselves act as 

folding effectors or a hydrophobic clamp by strengthening the nucleation site(s) of the canonical fold 

in trans. In essence, the present work concurs to support the concept that trans and long-range 

hydrophobic interactions are dominant factors in the cooperativity of protein folding and constitute the 

major driving force in polypeptide collapse leading to stable and functional native states (55-58).  
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