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ABSTRACT 26 

The human Respiratory Syncytial Virus (hRSV) M2-1 protein functions as a processivity and 27 

antitermination factor of the viral polymerase complex. Here it is presented the first evidence that 28 

hRSV M2-1 core domain (cdM2-1) alone has an unfolding activity for long RNAs, as well as a 29 

biophysical and dynamic characterization of the cdM2-1/RNA complex. The main contact region 30 

of cdM2-1 with RNA was the 1– 2– 5– 6 helix bundle, which suffered local conformational 31 

changes and promoted the RNA unfolding activity. This activity may be triggered by base-32 

pairing recognition. RNA molecules wrap around the whole cdM2-1, protruding their terminals 33 

over the domain. The 2– 3 and 3– 4 loops of cdM2-1 were marked by an increase in 34 

picosecond internal motions upon RNA binding even though they are not directly involved in the 35 

interaction. The results revealed that the cdM2-1/RNA complex originates from a fine-tuned 36 

binding, contributing to unraveling interaction aspects necessary to M2-1 activity. 37 

 38 

IMPORTANCE 39 

The main outcome is the molecular description of a fine-tuned binding of the cdM2-1/RNA 40 

complex and the evidence that the domain alone has an unfolding activity for long RNAs. This 41 

binding mode is essential in the understanding of the function in the full-length protein. 42 

Orthopneumovirus, as the human Respiratory Syncytial Virus (hRSV), stands out for the unique 43 

role of M2-1 as a transcriptional antitermination factor able to increase the RNA polymerase 44 

processivity.  45 
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INTRODUCTION 51 

Human Respiratory Syncytial Virus (hRSV) is the major causative agent of lower tract 52 

respiratory diseases such as pneumonia and bronchiolitis in children worldwide. This virus is 53 

also responsible for respiratory morbidity in the elderly and people with compromised immunity 54 

and cardiorespiratory disease. The main hRSV-related risk group is children with congenital 55 

immunodeficiency, bronchopulmonary dysplasia, heart disease, hypertension, prematurity, and 56 

low birth weight (1–3). 57 

Of the 11 proteins encoded by hRSV, two are expressed by the M2 gene, so called M2-1 58 

and M2-2 (1). The proteins of the M2 gene are involved in the assembly of the active form of the 59 

ribonucleoprotein (RNP) complex, with the M2-1 acting in transcription as a processivity and 60 

antitermination factor, and M2-2 working as a molecular “switch” between transcription and 61 

RNA replication (4). 62 

M2-1 prevents the RNA-dependent RNA polymerase (RdRp) complex from dissociating 63 

prematurely at intragenic sites and also allows it to read through gene and termination signals, 64 

thus increasing the transcription efficiency of genes near the 5' end (5, 6). Blondot and 65 

collaborators (2012) hypothesized three possible explanations for acting as a factor that prevents 66 

the premature termination of the transcription, thus important for mRNA transcription: i) The 67 

M2-1 protein could bind to the nascent mRNA transcript to favor the transcription elongation, 68 

either preventing it to re-hybridize to the template or from forming secondary structures, which 69 

would destabilize the transcription complex. ii) The polymerase processivity enhancing effect of 70 

M2-1 could be due to an increase in the affinity of the polymerase for the genomic RNA 71 

template in a sequence non-specific manner. iii) The M2-1 could recognize gene end sequences 72 

either on the nascent mRNA or on the RNA template, preventing the release of the polymerase 73 

complex from its template and favoring transcription re-initiation at the downstream gene start 74 

sequences (7). 75 
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The crystal structure of the hRSV M2-1 protein determined by Tanner and collaborators 76 

(2014) shows a tetrameric arrangement with the monomers presenting three structurally distinct 77 

regions: the zinc finger domain which is composed of N-terminal residues bind to a zinc atom 78 

and aids in the transcription process; the oligomerization helix that is responsible for tetramer 79 

formation; and the core domain that acts directly on the interaction with phosphoprotein P and 80 

RNA (8). The core domain of M2-1 (cdM2-1) is folded into six -helices, which are structurally 81 

arranged in a 1– 2– 5– 6 helix bundle and 3– 4 hairpin (7, 8). Blondot et al. (2012) 82 

determined by NMR studies that 2, 5, and 6-helix of the cdM2-1 play a key role in the 83 

binding to nucleic acids, and also demonstrate the preference of the core domain for purine-rich 84 

RNAs, especially adenine (7). 85 

The crystal structure of the human Metapneumovirus (hMPV) M2-1 protein, which is 86 

homologous to hRSV M2-1, presented a distinct conformation for one of the tetramer core 87 

domains, which was termed as open conformation (9). In this conformation, one of the tetramer 88 

core domains is located far from the rest of the protein due to a rotation in the flexible linker 89 

(residues with electronic density absent in the crystal structures) between the oligomerization and 90 

core domain. From molecular dynamics (MD) simulations and small-angle X-ray scattering 91 

(SAXS) experiments, it was characterized a dynamic open-closed conformation equilibrium for 92 

hMPV M2-1, and that the closed conformation is structurally similar to the hRSV M2-1 protein. 93 

It was also reported that M2-1 closed conformation is prevalent in the presence of RNA, which is 94 

stabilized by the simultaneous binding of the nucleic acid molecule to the zinc finger region and 95 

to the core domain of the protein (9). 96 

 Recently, Molina and coauthors (2018) observed that RNA of 20 nucleotides (20mer RNA) 97 

binds with positive cooperativity to two core domains in the hRSV M2-1 tetramer, allowing 98 

RNAs to bridge two adjacent RNA binding sites. No cooperativity was reported for the binding 99 

of the core domain to 20mer RNA and of M2-1 tetramer to 10mer RNA (10). They showed by 100 

circular dichroism (CD) that 20mer RNAs are unfolded upon the formation of its complex with 101 



5 

 

M2-1 tetramer but, in the presence of only core domain, significant structural changes are not 102 

detectable. CD approach indicated that the secondary structures content of M2-1 shows no major 103 

changes upon the formation of the complex (10). This finding corroborates with the first of the 104 

above-mentioned hypotheses proposed by Blondot and colleagues (2012) for the mechanisms by 105 

which M2-1 prevents the polymerase from terminating transcription (7). Molina and 106 

collaborators (2018) also reported by fluorescence experiments that the association process of 107 

nucleic acids with M2-1 tetramer is composed of two steps: the first being a fast phase related to 108 

conformational changes of the RNA molecules, and the second being a slow phase related to 109 

subtle rearrangements of the M2-1/RNA complex that occur through an induced-fit mechanism. 110 

Based on induced-fit mechanism, subtle conformational rearrangements in the complex take 111 

place in the protein moiety. Therefore, in the case of M2-1, as CD experiments indicate that no 112 

major secondary structure changes occur upon binding, probably loop or hinge motions may 113 

reposition the RNA binding domains (core domains), similarly as shown for the hMPV M2-1 114 

protein, where transition from open to closed conformation is observed for cdM2-1 upon RNA 115 

association (9, 10). 116 

Taken together, the aforementioned studies characterize the M2-1 tetramer as a flexible 117 

platform for RNA recognition, being the core domain the major binding site responsible for the 118 

first molecular contact with the nucleic acid molecules. Despite the well-described biological 119 

activity (11, 12) and structures of M2-1 (8, 9), and recent clarifications on the possible 120 

biochemical mechanism accounting for its antitermination activity (10), molecular details about 121 

biophysical-chemical and dynamic features of the interaction between the core domain of M2-1 122 

and RNA still need to be introduced. In this report, an integrated approach with experimental and 123 

computational techniques was employed to obtain information at the molecular level on the 124 

binding of hRSV cdM2-1 to long RNAs (~80 bases). The fluorescence spectroscopy experiments 125 

at different conditions of temperatures, ionic strengths, and pH revealed a key role of the 126 

electrostatic interactions in the formation of the complex and that the van der Waals interactions 127 
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and hydrogen bonds in the bimolecular stabilization, while differential scanning calorimetry 128 

(DSC) measurements indicated a slight increase in thermal stability of cdM2-1 upon RNA 129 

binding. Nuclear magnetic resonance (NMR) highlighted structural features of the cdM2-1 and 130 

its complex with RNA. The chemical shift perturbation (CSP) analysis identified the 1– 2– 5–131 

6 helix bundle in the core domain as the main interaction region with RNA and, along with 132 

thermal susceptibility measurements of the amide hydrogen (
1
HN) chemical shifts, pointed out 133 

that this bundle helix may undergo local structural changes that extend to the 3– 4 hairpin. The 134 

solvent paramagnetic relaxation enhancement (sPRE) measurements showed that cdM2-1 is 135 

permanently protected from solvent exposure when complexed with the nucleic acid, while 136 

intensity changes in imino proton resonances suggest a protein-induced unfolding of partial 137 

formations of RNA base-pairing. 
15

N relaxation data revealed that cdM2-1 dynamics undergo 138 

significant changes after interaction with RNA, presenting a decrease in the overall tumbling 139 

motion and locally an increase in the flexibility of the 2– 3 and 3– 4 loops of the protein. The 140 

structural models of the cdM2-1/RNA complex generated from docking calculations and 141 

evaluated by molecular dynamics (MD) simulations corroborated with experimental results and 142 

highlighted Lys150 and Arg151 as pivotal residues for the stabilization of the complex. The 143 

results presented herein contribute to understand the molecular behavior of the core domain of 144 

hRSV M2-1 in solution and upon binding to its biological partner, the RNA.  145 

 146 

RESULTS 147 

cdM2-1/RNA interaction investigated by fluorescence spectroscopy 148 

The binding of the hRSV cdM2-1 to RNA was investigated using fluorescence quenching 149 

experiments at different temperatures (15, 25, and 35 °C), salt concentrations (0, 150, and 350 150 

mM of NaCl), and pHs (5, 6.5, and 8). Fig. 1A shows that the fluorescence intensity of cdM2-1 is 151 

quenched with increments of RNA concentrations, suggesting that the microenvironment of the 152 
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fluorophores of the domain is affected by the presence of the nucleic acid. The changes in the 153 

fluorescence quenching signal    0 0 SF F F F   as a function of RNA concentrations were 154 

analyzed using Eq. (1) at the temperature of 15, 25, and 35 °C (Fig. 1B). The binding isotherm 155 

curves provided the values of the dissociation constant ( dK ) and stoichiometry coefficient ( SCn ) 156 

for the cdM2-1/RNA complex, which are shown in Table 1. The values of dK  determined for the 157 

cdM2-1/RNA interaction are in the nano to micromolar range and the binding affinity revealed to 158 

decrease with increasing temperature from 15 to 35 °C. The average value of SCn  (~2.25) at the 159 

investigated temperatures indicates that at least two cdM2-1 binds to one RNA molecule. 160 

Figure 1 161 

The van’t Hoff plot [Eq. (2)] (ln dK  & 1/T, Fig. 1B) was linear over the investigated 162 

temperature range. The enthalpy change ( H ) was –45 ± 10 kJ·mol
-1

 (Table 1), denoting an 163 

enthalpically favorable exothermic binding reaction. The negative values of changes in Gibbs 164 

free energy ( G ) and entropy ( S ) indicate that the interaction is spontaneous and entropically 165 

unfavorable. The enthalpic term provides the major contribution to G , suggesting that the 166 

binding process is enthalpically driven. 0H   and 0S   indicate that van der Waals 167 

interactions and hydrogen bonds are important non-covalent interactions responsible for the 168 

stabilization of the cdM2-1/RNA complex (13). 169 

Fig. 1C and 1D show the effect of ionic strength  and pH  at 25 °C. With an increase in the 170 

salt concentration, the fluorescence quenching percentage rates [( 0 1F F  )%] decreased in each 171 

titration step of RNA with cdM2-1 (Fig. 1B), indicating that the rising in ionic strength caused a 172 

reduction in the quenching efficiency with a tendency to increase the RNA binding constant 173 

(1.13 ± 0.11 and 1.70 ± 0.19 μM for SCn = 2.25 at 0 and 350 mM NaCl, respectively). The 174 

decrease in quenching efficiency is probably related to an electrostatic shielding of the protein 175 

and/or nucleic acid. The decrease in pH from 8 to 5 induced an increase in ( 0 1F F  )% that 176 
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suggests an increase in the quenching efficiency of the cdM2-1 by RNA, which may be 177 

explained by the strengthening of the electrostatic interactions involved in the formation of the 178 

cdM2-1/RNA complex. Protonation of His147 and His168 at pH 5 may play a key role. Despite 179 

the increase in ( 0 1F F  )% , there was a decrease in the cdM2-1/RNA affinity (Kd = 0.90 ± 0.14 180 

and 4.04 ± 0.41 μM for SCn = 2.25 at pH 8 and 5, respectively) due to reduction in pH, which 181 

reinforces the role of electrostatic interactions in the formation of the complex while hydrogen 182 

bonds and van der Waals interactions play a key role in the binding stabilization. Circular 183 

dichroism (CD) experiments showed that there are no significant changes in the secondary 184 

structure elicited by the changes in pHs (data not shown). The variations in the fluorescence 185 

quenching percentage rates at different conditions of pH did not arise from secondary structure 186 

changes. 187 

Table 1 188 

 189 

Thermal stability of cdM2-1 and cdM2-1/RNA complex determined via DSC 190 

The thermal denaturation analysis by differential scanning calorimetry (DSC) showed that cdM2-191 

1 has an endothermic transition with a melting temperature ( mT ) of 68.7 ± 0.4 °C and a 192 

calorimetry enthalpy change ( calH ) of 174 ± 18 kJ.mol
-1

 (Fig. 2). Interestingly, Teixeira and 193 

collaborators (2017) showed a mT  value of ~55 °C for the full-length hRSV M2-1, which is at 194 

least 13 °C lower compared to that of its core domain (14). The van’t Hoff enthalpy change 195 

( vHH ) calculated from the integration of the cdM2-1 thermogram revealed a value of 341 ± 30 196 

kJ.mol
-1

 that is different from calH . This result indicated that the temperature-induced 197 

unfolding of cdM2-1 did not follow a two-state model. The thermal denaturation of the protein is 198 

irreversible, showing no transition in the cooling process. mT  and calH  values for the thermal 199 

unfolding of the cdM2-1/RNA complex were 69.4 ± 0.1 °C and 136 ± 10 kJ.mol
-1

 for a 200 
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protein/RNA molar ratio of 1:0.5, and 69.8 ± 0.1 °C and 103 ± 8 kJ.mol
-1

 for a molar ratio of 1:1, 201 

respectively (Fig. 2), indicating that the binding of cdM2-1 to RNA promoted a slight change in 202 

thermal stability of the protein. 203 

Figure 2 204 

 205 

Mapping cdM2-1 interaction with RNA 206 

The analysis of chemical shift perturbation (CSP) by NMR spectroscopy was also used to 207 

characterize the cdM2-1/RNA binding (Fig. 3A). The CSP experiments presented a fast chemical 208 

exchange process between free and bound forms on the NMR chemical shift timescale (insert in 209 

Fig. 3A). The amino acid residues associated with resonances that showed chemical shift 210 

perturbation  (
1
H,

15
N) higher than the average value plus standard deviation were (Fig. 3B 211 

and 3C): N-terminal (Leu74), α2-helix (Lys92, Gln93 side chain, Val97), α5-helix (His147, 212 

Lys150, Arg151), α5–α6 loop (Leu152), and α6-helix (Asp155, Val156). These residues of the 213 

dM2-1 promoted the binding to RNA either by direct interaction or by conformational 214 

rearrangements remote from the interaction interface. The resonances of residues Gly62, Ala63, 215 

Lys92, Gln93, Leu152, and Ala154 were broadened or even disappeared under the binding to the 216 

nucleic acid. The chemical shift changes of the amide group of [U-
15

N] cdM2-1 under the 217 

binding to RNA revealed that the resonances of regions in the 1– 2– 5– 6 helix bundle 218 

presented the most significant  (
1
H,

15
N) values, as seen by Blondot et al. (2012) (7). These 219 

regions denote a positive electrostatic potential (Fig. 3D) that is favorable for the interaction with 220 

a negative charge of the phosphate groups from the nucleic acid. In particular, Lys92, Lys150, 221 

and Arg151, which showed large chemical shift changes (Fig. 3B), are residues conserved among 222 

hRSV and hMPV M2-1. Recently, Gao et al. (2020) characterized these charged residues as 223 

essential for RNA interaction from the crystal structure of hRSV M2-1 complexed with 7mer 224 

RNA (15). It is worth mentioning that Lys150 and Arg151 were identified from mutagenesis 225 

assays as key residues for transcription enhancement in vivo by hRSV M2-1 (7).  226 
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Figure 3 227 

 228 

Solvent PRE for free and RNA-bound dgM2-1 229 

Solvent exposure measures of each cdM2-1 backbone amide group and its complex with RNA 230 

were obtained from solvent paramagnetic relaxation enhancement (sPRE) experiments (Fig. 4). 231 

The more negative is the sPRE effect (INH·[Gd]
–1

, Fig. 4A), the more exposed is the residue to 232 

the solvent. For the domain in the absence of RNA, it is possible to observe that the greatest 233 

sPRE effects occur in N and C-terminals of cdM2-1 and mainly in the N-terminal residues of 1-234 

helix, characterizing these regions as significantly exposed to the solvent. Significant sPRE 235 

effects are also observed in virtually all C-terminal residues of the protein loop regions, 236 

highlighting the 1– 2 loop (Fig. 4A). In general, the helical secondary structure regions have 237 

the lowest sPRE effects, indicating that the amide groups of the residues in these regions are 238 

protected from solvent exposure. An exception to this is 4-helix which exhibited an i + 4 pattern 239 

of solvent-exposed residues (Ser122, Arg126, Thr130, Ile133, and Ser137) corresponding to a 240 

nearly -helix turn (Fig. 4B). This data revealed the presence of a solvent-accessible cleft 241 

between 1– 2– 5– 6 helix bundle and 3– 4 hairpin (Fig. 4B). 242 

For the cdM2-1/RNA complex, it can be seen a significant reduction of the sPRE effect 243 

throughout all the residues of the domain, except the N and C-terminals (Fig. 4A). This result 244 

indicates that the helical secondary structure regions, along with their loops, are permanently 245 

protected from solvent exposure when cdM2-1 is complexed with long RNAs, while the 246 

terminals of the domain remain exposed to the solvent as observed for free cdM2-1. Thus, N and 247 

C-terminus of the core domain of hRSV M2-1 might be considered as an intrinsically negative 248 

internal control for the performed experiments. 249 

Figure 4 250 

 251 
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Thermal susceptibility measurements of the amide hydrogen chemical shifts 252 

The thermal susceptibility of the amide hydrogen (
1
HN) chemical shifts ( HNd dT ) of 253 

cdM2-1 was measured in the absence and presence of RNA. HNd dT  is correlated to the 254 

strength of the hydrogen bonds formed by 
1
HN, being values smaller than –5.0 ppb·K

-1
 255 

interpreted as weak hydrogen bonds (more expandable) usually found in unstructured and loop 256 

regions, and values higher than –5.0 ppb·K
-1

 as strong hydrogen bonds that are typical of 257 

secondary structure elements (Fig. 5A, see Materials and Methods for details about the 258 

interpretation of HNd dT  values). In general, cdM2-1 residues in secondary structure elements 259 

presented HNd dT  values higher than –5.0 ppb·K
-1

, excepting Ile146 in 5-helix (green sticks 260 

in Fig. 5C). Ile146 showed an unusual HNd dT  value (< –5.0 ppb·K
-1

, Fig. 5A) for a residue in 261 

secondary structure, which stands out as a possible point of break in the hydrogen bond network 262 

of 5-helix. On the other hand, most values of HNd dT  lower than –5.0 ppb·K
-1

 were reported 263 

for residues in the N and C-terminus and loops between helices of the core domain. However, 264 

Glu59, Ala63, Asp67, Thr69, Glu70, Glu71, and Ala73 in the N-terminal of the cdM2-1 showed 265 

HNd dT  > –5.0 ppb·K
-1

, indicating that the amide group of these residues might form less 266 

expandable hydrogen bonds, typically as it is observed for 
1
HNs in secondary structures (16). 267 

These residues are not structured in the N-terminal of cdM2-1 (7) and, interestingly, they are in 268 

-helix secondary structures in the full-length hRSV M2-1. This data revealed a helical 269 

propensity of this region for the cdM2-1. 270 

 The binding of the cdM2-1 to long RNAs promoted significant changes of HNd dT  values 271 

for residues all over the domain (Fig. 5A). Values of HNd dT  significantly different from 272 

zero were taken into consideration (Fig. 5B). Most of these residues map the protein/RNA 273 

interaction interface delimited by regions in the N-terminal, 1, 2, 5, and 6 (Fig. 5C), which 274 

corroborates with the results of the CSP experiments (Fig. 3B). Leu74, Gly75, Val97, Ser100, 275 
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Asp109, Asp116, Asn141 side-chain, Ile146, Arg151, Asp155, Val156, Lys158, Lys159, and 276 

Ile161 showed an increase in 
HNd dT  ( 0HNd dT  ) which indicates that hydrogen bonds 277 

formed by 
1
HN of these residues became more expandable, possibly weaker; while hydrogen 278 

bonds established by 
1
HN of Lys92, Gln93 side-chain, Ser94, Ala95, Thr104, Val131, Thr145, 279 

His147, Leu157, and Thr160 turned into less expandable, possibly stronger hydrogen bonds 280 

( 0HNd dT  ). In particular, the decrease for Gln93 side chain could be explained by a direct 281 

hydrogen bond with RNA since it is exposed to the solvent in free cdM2-1 (Fig. 4A) (7); while 282 

the increase for Asn141 side chain could be due to a weakening of its hydrogen bond formed 283 

with Ser137 in 4– 5 loop (7), which possibly comes from a conformational rearrangement of 284 

the 3– 4 hairpin. In the cdM2-1/RNA binding interface, there are two clusters of residues with 285 

their 
1
HN forming hydrogen bonds that became less and more expandable, being the first cluster 286 

composed of residues Lys92, Gln93 side-chain, Ser94, and Ala95 in the N-terminal of 2-helix 287 

and the second one, formed by Asp155, Val156, Lys158, Lys159, and Ile161 in the N-terminal of 288 

6-helix. Altogether, these results indicate that 1– 2– 5– 6 helix bundle suffers local structural 289 

changes upon RNA binding and 3– 4 hairpin shows punctual conformational rearrangements 290 

remote from the binding region. 291 

Figure 5 292 

 293 

Evidence of cdM2-1-induced structural changes in RNA 294 

The one-dimensional (1D) 
1
H NMR spectra of protein/nucleic acid complexes reveal that most of 295 

the resonance signals from the nucleic acid and protein are overlapped, as it can be observed 296 

from amine/amide proton region (6–10 ppm) in Fig. 6. The only spectral region that is not 297 

disturbed by the protein resonances is the imino proton region from 11 to 15 ppm (17). The 298 

resonances of imino protons are directly involved in base-pairing, which is remarkable evidence 299 

of the secondary structure organization of the nucleic acid. Fig. 6 shows the imino proton signals 300 
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of the protein-free and bound forms of the RNA, as well as the spectrum of the free cdM2-1 as a 301 

negative control since proteins have no observable resonances at this spectral region. The 1D 
1
H 302 

spectrum of the protein-free RNA presented resonance signals of imino protons at 11–15 ppm 303 

range (blue line, Fig. 6), which indicates a structural arrangement level due to partial formations 304 

of RNA base-pairing. On the other hand, the 
1
H spectrum of the cdM2-1-bound RNA showed a 305 

significant decrease in the intensities of the imino proton signals (red line, Fig. 6), which 306 

suggests a protein-induced unfolding of the RNA in its secondary structure elements. No 307 

significant line broadening was observed in the amine/amide region (6–10 ppm, in Fig. 6) of the 308 

1D 
1
H spectra, which shows that the decrease in the intensities of the imino proton signals is not 309 

due to the larger size of the cdM2-1/RNA complex. 310 

Figure 6 311 

 312 

Backbone dynamics of the hRSV cdM2-1 and its complex with RNA 313 

The 
15

N relaxation data of the protein backbone by NMR on pico to nanosecond timescales 314 

revealed the molecular dynamics of the protein in the absence and presence of RNA. The results 315 

of the spin nuclear relaxation (
15

N R1, R2, and hetNOE) experiments with the cdM2-1 and cdM2-316 

1/RNA complex are shown in Table S1. In the presence of RNA, there was a significant change 317 

in the values of 
15

N R1, R2, and hetNOE, highlighting the increase in the average value of 
15

N R2 318 

from 11.32 ± 1.10 to 22.24 ± 2.07 s
-1

 upon RNA binding (Table S2), which confirmed the 319 

formation of the cdM2-1/RNA complex. The N and C-terminals presented low hetNOE values in 320 

the absence and presence of RNA, meaning that they are flexible in the free and bound state.  321 

The reduced spectral density mapping, calculated from the relaxation parameters, provides 322 

insights into internal motions of a protein with no a priori assumptions about its diffusion model. 323 

The spectral density functions (0.87 )HJ  , ( )NJ  , and (0)J  are sensitive to overall and 324 

intramolecular motions on pico to nanosecond timescales. (0.87 )HJ   and ( )NJ   report fast 325 
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motions at picoseconds while (0)J  probes motions at nanoseconds, with possible contributions 326 

from the chemical or conformational exchange term. The values of (0.87 )HJ  , ( )NJ  , and 327 

(0)J  for the free and RNA-bound cdM2-1 were calculated from Eqs. (3) – (5) and are presented 328 

in Fig. 7A, 7B, and 7C. As with the relaxation parameters, the spectral density values of the 329 

cdM2-1 showed outstanding changes in the presence of RNA, except for the N and C-terminals. 330 

The highest and lowest values of (0.87 )HJ   and (0)J , respectively, for residues in the N and C-331 

terminals indicate that these regions are undergoing fast internal motion on a picosecond 332 

timescale and are highly flexible even after the binding to long RNAs. The plots of (0.87 )HJ   333 

& (0)J  (Fig. 7E and 7F) indicated that these two spectral densities were significantly correlated 334 

with a correlation coefficient of –0.934 and –0.931 for the cdM2-1 in the absence and presence 335 

of RNA, respectively. On the other hand, ( )NJ   & (0)J  plots (Fig. 7G and 7H) showed smaller 336 

correlation coefficients with values of 0.642 and –0.227 for the RNA-free and bound forms, 337 

respectively. It is noteworthy that ( )NJ   & (0)J  plot presented a negative correlation for the 338 

bimolecular complex, and positive for the free cdM2-1. The average values of (0.87 )HJ  , 339 

( )NJ  , and (0)J  excluding the terminal residues for the free core domain were 5.2 ± 1.0 ps, 258 340 

± 10 ps, and 3.0 ± 0.3 ns, respectively; whereas the corresponding values for the RNA-bound 341 

cdM2-1 were 4.1 ± 1.6 ps, 198 ± 10 ps, and 6.1 ± 0.5 ns, respectively (Table S2). 342 

Figure 7 343 

R2/R1 ratios are proportional to the protein rotational correlation time ( C ) and the values 344 

above the average may be involved in conformational exchange. The R2/R1 ratios calculated for 345 

the residues of cdM2-1 in the absence and presence of the nucleic acid demonstrated the complex 346 

formation, as the average R2/R1 value, excluding the N and C-terminal residues,  increased from 347 

8.0 ± 0.8 to 20.4 ± 2.2 ns upon addition of RNA (Fig. 7D). For the free cdM2-1, the R2/R1 values 348 

for Ile84, Ile87, and Asn88 in α1-helix and α1–α2 loop are above the average, suggesting that 349 
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these residues are in conformational exchange (Fig. 7D). After the formation of the cM2-1/RNA 350 

complex, the residues Ile87 and Asn88 in α1–α2 loop still presented R2/R1 values higher than the 351 

average while others such as Asp155, Val156, Asn163, and Thr164 in 6-helix had an increase 352 

in ratio values above the average, possibly due to chemical exchange (binding equilibrium). 353 

Interestingly, Asn138 in α4-helix with R2/R1 and (0)J  values above the average upon RNA 354 

binding reinforces the idea of 3– 4 hairpin conformational rearrangements remote from the 355 

interaction interface. 356 

The extended Lipari-Szabo model-free formalism was used to analyze the relaxation 357 

parameters to obtain a hydrodynamic description of the protein informing the global diffusion 358 

anisotropy and the local motions of the cd-M2-1 (Table S3). A rotational correlation time ( C ) 359 

for the protein tumbling of 8.53 ± 0.07 ns at 25 °C, compatible with the monomeric protein, was 360 

calculated using a fully anisotropic model for molecular rotational diffusion (see details in 361 

Material and Methods). For comparison with experimental data, the estimation of the C  value 362 

was calculated using HYDRONMR program (18) using the 20 NMR structures of the cdM2-1 363 

(PDB access code 2L9J) (7), excluding amino acid residues from the flexible terminals, and the 364 

calculated C  was of 8.1 ± 0.3 ns at 25 °C. The values of 
2S  < 0.7 for the N and C-terminal 365 

residues indicated significant thermal fluctuations and high degree of internal mobility for these 366 

protein regions (Fig. 8). Residues located in 1– 2 loop (Ile90), 3-helix (Asp110, Lys113, 367 

Leu114), 3– 4 loop (Glu119, Asn121, Ser122), 4– 5 loop (Asn141), and 5-helix (Ile146) 368 

showed significantly lower 
2S  values than the helical-core average (0.91 ± 0.04, excluding 369 

terminal regions), which suggests a certain level of flexibility (Fig. 8A and 8C). The below-370 

average 
2S  along with HNd dT  < –5.0 ppb·K

-1
 for Ile146 in 5-helix reinforce the assumption 371 

that this residue is as a point of break of the cdM2-1 secondary structure. Conformational 372 

exchange contributions with exR  > 1.0 Hz were observed for the residues Glu59, Ile84, Ile87, 373 
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Asn88, Ile90, Glu119, and Ala154 of the cdM2-1 (Fig. 8B and 8D). The model-free analysis of 374 

Lipari-Szabo for the RNA-bound cdM2-1 did not provide a satisfactory result. 375 

Figure 8 376 

 377 

Computational approach of the cdM2-1/RNA interaction 378 

The structural models of the cdM2-1/RNA complex were generated using the 3dRPC web server 379 

(19). The structural restraints of the complex were defined from CSP analysis, defining residues 380 

as involved in the binding interface when   > average . Fig. 9A shows 10 structural models of 381 

the cdM2-1/RNA interaction determined by independent docking calculations, which correspond 382 

to the lowest energy structures from 10 complex models predicted by the 3dRPC-Score function 383 

(19). The 10 RNA molecules crowded around the 1– 2 and 5– 6 loops protruding like an 384 

“umbrella” over the 1, 2, 5, and 6 helices and the solvent accessible cleft formed between 385 

1– 2– 5– 6 helix bundle and 3– 4 hairpin. Such behavior can be evidenced by the analysis 386 

of the mass density map of the protein-bound RNA (Fig. 9C) and by the change in absolute 387 

accessible surface area ( ASA ) of the RNA-bound cdM2-1 (Fig. 9D). The docking calculations 388 

also showed that the cdM2-1 preferably binds close to the secondary structure regions of the 389 

RNA molecules, where the nucleic acids presented a conformational organization level due to the 390 

base-pairing. This fact is exemplified by the cdM2-1/RNA complex model in Fig. 9B, where the 391 

1– 2– 5– 6 helix bundle of the protein lies between two stem-loop secondary structures of the 392 

nucleic acid. The evaluation of the non-covalent interactions carried out with PLIP server (20) 393 

revealed that the residues Lys150 and Arg151 were involved in salt bridges and hydrogen bonds 394 

in nine and eight of 10 cdM2-1/RNA complex models, respectively (Table S4–S13). In general, 395 

Lys150 formed two salt bridges with phosphate groups of adjacent nucleotides, while Arg151 396 

established hydrogen bonds with nitrogenous bases and ribose groups of the nucleic acids. These 397 

two residues also took place in π-cation interactions with the heterocyclic rings of nitrogenous 398 
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bases at least three of 10 structural models of the cdM2-1/RNA complex. Recently, the 399 

participation in salt bridges of Lys150 was also reported by Gao et al. (2020) for the crystal 400 

structure of the hRSV M2-1/7mer RNA complex (15). 401 

Figure 9 402 

The MD calculations were used to check the structural stability of cdM2-1/RNA complex 403 

models generated from the 3dRPC server. The number of hydrogen bonds, number of contacts, 404 

and RMSD analyzed from the 20 ns MD simulations for the complex models are presented as 405 

average values for five independent calculations in Fig. 10. RMSD values for non-hydrogen 406 

atoms of RNA and backbone atoms of the helical-core region of the domain (cdM2-175–171) 407 

reached stable levels after 2.5 and 1.0 ns, respectively, whereas for the entire cdM2-1 observed 408 

significant differences due to the flexible terminal regions contributions (Fig. 10A). The number 409 

of contacts between atoms of the cdM2-175–171 and RNA molecules for distances < 0.6 nm was 410 

almost stable, being approximately 5200 (Fig. 10B), indicating that the protein and nucleic acids 411 

remained interacting throughout the simulation time. Fig. 10C shows that the number of 412 

hydrogen bonds formed between the cdM2-175–171 and nucleic acids presented very stable along 413 

with all the MD simulations with an average value of around nine, being Lys150 and Arg151 414 

responsible for at least one hydrogen bond each. Therefore, the molecular dynamics calculations 415 

proved the stability of the structural models of the cdM2-1/RNA complex over 20 ns simulations. 416 

Figure 10 417 

 418 

DISCUSSION 419 

Here, it was presented the first evidence that cdM2-1 alone has an unfolding activity for long 420 

RNAs and therefore has an active role in the function of the full-length protein as a processivity 421 

and antitermination factor of the RdRp complex. The intensity of the imino proton resonances is 422 

a direct measure of the base-pairing that stabilize RNA secondary structures. The reduction in 423 

these intensities was explained by the destabilizing activity of cdM2-1 (Fig. 6), promoting an 424 
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unfolding of RNA secondary structures. This structural finding is different from that reported by 425 

Molina et al. (2018), in which they observed no significant structural change from the 20mer 426 

RNA band at 270 nm in presence of cdM2-1 via CD measurements (10). The evidence that the 427 

cdM2-1 alone induced secondary structure unfolding in long nucleic acid molecules may be a 428 

consequence of the molecular recognition of RNA base-pairing by this domain. Such logical 429 

thinking sums with the outcome reported by Blondot et al. (2012), in which cdM2-1 presented a 430 

higher affinity for the double-stranded RNA (12mer) than for its corresponding single-stranded 431 

ones, highlighting the key role of base-pairing of the nucleic acid for the cdM2-1/RNA 432 

interaction (7). 433 

The molecular docking calculations revealed that the structural models of the cdM2-1/RNA 434 

complex are supported by CSP and sPRE analysis (Fig. 3 and 4), which suggest that despite the 435 

nucleic acids specifically bind to the distal portions of the 1, 2, 5, and 6 helices, the RNA 436 

molecules may surround the entire helical-core region of the protein (Fig. 9A, 9C, and 9D). The 437 

theoretical structural models of the complexes also corroborate with the evidence of the RNA 438 

unfolding induced by cdM2-1 verified by NMR (Fig. 6), since the models indicate that the 439 

domain preferably binds to the RNA secondary structure regions (Fig. 9B). Therefore, the 440 

hypothesis is that the unfolding activity of long RNAs would be triggered by molecular 441 

recognition of base-pairing. 442 

The cdM2-1/RNA binding presents dK s in the nano to micromolar range (Table 1), which 443 

were similar to values reported by Blondot et al. (2012) and Molina et al. (2018) (7, 10). On the 444 

other hand, the full-length M2-1 has dK s of tenths of nanomolar that are at least 10-fold lower 445 

than those recorded for the cdM2-1 (8, 10, 21). This indicates that although the core domain is 446 

responsible for the first molecular contact with the nucleic acid molecules, there is another region 447 

on M2-1 that provides an increase in the affinity with RNA. These regions may be the zinc finger 448 

domains, which provide a type of binding specificity for adenine bases at specific positions in the 449 
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nucleotide sequence (9, 15), and/or the neighboring core domains in the tetrameric arrangement, 450 

promoting a positive cooperative binding to two RNA molecules of 13mer or longer per tetramer 451 

of the M2-1 (10). Interestingly, Gao et al. (2020) recently revealed from crystal structures and 452 

molecular dynamics of the hRSV M2-1/7mer RNA complex that the interactions of RNA with 453 

two separate domains of M2-1, the zinc finger domain and the core domain, can be independent 454 

of each other (15). 455 

The temperature, ionic strength, and pH-dependence on the cdM2-1/RNA binding affinity 456 

suggests that electrostatic interactions drive the formation of the encounter complex, while van 457 

der Waals interactions and hydrogen bonds are responsible for the complex stabilization 458 

( 0H   e 0S  ) (13). An analysis of non-covalent interactions of the cdM2-1/RNA docking 459 

models shows the occurrence of hydrogen bonds, salt bridges, and π-cation interactions (Table 460 

S3–S12), which is in line with the interpretation of the thermodynamic parameters. These results 461 

are important to understand the M2-1/RNA interaction since they indicate that this process is 462 

fine-tuned by the molecular environment. In the cell, M2-1 is found in cytoplasmic inclusion 463 

bodies in which all the components of the viral polymerase concentrate and where the RNA 464 

synthesis occurs (22). 465 

DSC data revealed that cdM2-1 is more thermal stable than the full-length M2-1. This 466 

behavior is not observed when the domains are intimately interacting, as tethered domains, in the 467 

multi-domain proteins (23). This indicates that the thermal stability of cdM2-1 is affected due to 468 

contacts in the full-length protein, which may promote a type of negative inter-domain coupling 469 

interaction, as defined by Bhaskar & Srinivasan (2011) (23). The results also pointed out a slight 470 

increase in thermal stability upon RNA binding, indicating a preferential binding to the native 471 

state of the core domain (24). 472 

The 1– 2– 5– 6 helix bundle is the main region involved in the cdM2-1/RNA interaction, 473 

as determined by CSP. This helix bundle delimits a positive electrostatic potential surface on 474 

cdM2-1 (Fig. 3D) that contributes to the formation of the encounter complex, considering the 475 
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ionic strength and pH-dependence on binding affinity to RNA (Fig. 1C and 1D). The thermal 476 

susceptibility measurements of 
1
HN chemical shifts suggest that the interaction with RNA 477 

promoted local structural rearrangements of the helix bundle, with residues in N-terminals of 2 478 

and 6-helix showing stronger (less expandable) and weaker (more expandable) hydrogen bonds, 479 

respectively (Fig. 5C). Except for the N and C-terminals of cdM2-1, the sPRE experiments 480 

pointed out that the helical-core region is permanently protected from solvent exposure when 481 

complexed with the long RNA (Fig. 4A). This result, along with the analysis of CSP and thermal 482 

susceptibility of 
1
HN chemical shifts, suggests that an RNA region anchors mainly in 1– 2 and 483 

5– 6 loops while other non-interacting portions of its length protrude over the 1– 2– 5– 6 484 

helix bundle, wrapping the helical region of cdM2-1. 485 

The 
15

N backbone dynamics data revealed that the N and C-terminals of cdM2-1 are equally 486 

flexible in the free and RNA-bound state, corroborating with the analyses of sPRE, CSP, and 487 

HNd dT which show that the terminal residues did not take part in the interaction with the 488 

nucleic acid and remained solvent-exposed. The free cdM2-1 helical-core has well-defined 489 

structures with few localized points of thermal flexibility in loops (Fig. 8), which may serve as 490 

hinges that confer plasticity to the domain. Residues in 1– 2 loop of free cdM2-1 undergo 491 

dynamics on micro to millisecond timescale (conformational exchange) that is important for the 492 

molecular recognition of RNA since this region participates directly in the interaction interface. 493 

There are significant changes in the dynamics of the RNA-bound cdM2-1, showing R2/R1 ratios 494 

that characterize a decrease in the overall tumbling motion when compared with the free domain 495 

and thus confirm the complexation. The values of (0)J  and R2/R1 ratio reveal that residues in 496 

6-helix displayed dynamics on micro to millisecond timescale upon RNA binding, while the 497 

residues in α1–α2 loop remained in conformational exchange. It is worth pointing out that helices 498 

α1–α2 loop and α6-helix cdM2-1 are important for the binding to nucleic acids as it was 499 
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determined herein by CSP analysis and thermal susceptibility measurements and also reported by 500 

Blondot et al. (2012) (7). 501 

The best way to describe the dynamics of cdM2-1/RNA complex is through the reduced 502 

spectral density mapping. Here, this analysis enriched the dynamical information, indicating that 503 

the 2– 3 and 3– 4 loops of the protein became more flexible after the binding to RNA since 504 

these undergo dynamics on picosecond timescale (fast internal motions). The mean (0)J  values 505 

of the 2– 3 and 3– 4 loops decreased significantly with respect to the helical-core average for 506 

the RNA-bound cdM2-1, while the mean (0.87 )HJ   values of these loops were slightly higher 507 

than the overall average (Table S2). The inverse correlation between (0)J  and (0.87 )HJ   (Fig. 508 

7E and 7F) has been widely reported (25–27) and it can be exemplified for Asn107 in 2– 3 509 

loop and Glu119 in 3– 4 loop (Fig. 7A and 7C). The mean ( )NJ   values of the 2– 3 and 3–510 

4 loops were significantly lower than the helical-core average for the free domain and, after the 511 

interaction with RNA, these values approached the overall average (Table S2). Asp110, Lys113, 512 

and Lys114 in 3-helix showed similar behavior to these loops (Fig. 7B). The direct and inverse 513 

correlations observed from ( )NJ   & (0)J  plot for the protein in the absence and presence of 514 

RNA (Fig. 7G and 7H), respectively, suggest that fast internal motions took place in 2– 3 and 515 

3– 4 loops and in 3-helix before complexation and after that, these fast dynamics increased. 516 

This result corroborates with the analysis of (0)J  and (0.87 )HJ  . 517 

In conclusion, the present work describes that cdM2-1 alone has an unfolding activity for 518 

long RNAs, which is probably triggered by the molecular recognition of the base-pairing. The 519 

1– 2– 5– 6 helix bundle characterizes as the major RNA binding region of cdM2-1, which 520 

undergoes local conformational changes due to the interaction. Although the 3– 4 hairpin is not 521 

directly involved in the binding to RNA, it presents conformational rearrangements remote from 522 

the interaction interface and also an increase in picosecond motions of its 2– 3 and 3– 4 523 
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loops. The cdM2-1 as a whole is surrounded by the long RNAs and the most likely hypothesis is 524 

that the helix bundle preferentially binds to the base-pairing while its other regions protrude over 525 

the helical-core region of the domain. Therefore, it is revealed that the cdM2-1/RNA complex 526 

originates from a fine-tuning binding which likely contributes to the interaction aspects required 527 

to processivity and antitermination activity of the M2-1. 528 

 529 

MATERIAL AND METHODS 530 

Sample preparation 531 

The core domain (residues 58–177) of hRSV M2-1 (cdM2-1) was expressed in E. coli BL21 532 

(DE3) RIL cells with a pD441-NHT vector (ATUM, USA) in M9 minimal medium containing 533 

15
NH4Cl as the sole nitrogen source for the production of isotopically labeled protein, as 534 

described previously (28). The construct of the vector includes an N-terminal hexahistidine 535 

affinity tag (His6-tag) and a TEV cleavage site. After the expression, the cell suspension was 536 

centrifuged and the pellet was resuspended in buffer A (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 537 

1.0 mM β-mercaptoethanol, and 5% (v/v) glycerol). The cells were lysed by sonication and next 538 

the crude extract was centrifuged. The supernatant was loaded on a Ni-NTA column for affinity 539 

chromatography, pre-equilibrated with buffer A. The column was washed extensively with buffer 540 

A containing 10, 20, and 40 mM imidazole, and the protein was eluted with a 60 to 500 mM 541 

imidazole gradient. The eluted protein fractions were digested for removing of the His6-tag using 542 

TEV protease at 20 °C for 14 hours. This step was performed via dialysis using a solution 543 

containing 20 mM Tris-HCl (pH 8.0), 1.0 mM DTT, and 0.5 mM EDTA. Next, the protein 544 

without His6-tag was injected into a Superdex 75 10/300 GL (GE Healthcare) size exclusion 545 

column with buffer B (50 mM NaH2PO4/Na2HPO4 pH 6.5, 150 mM NaCl, and 1.0 mM DTT) 546 

used for fluorescence quenching, CD, DSC, and NMR experiments. In the fluorescence 547 

quenching and CD experiments, the protein sample was dialyzed against a citrate/phosphate and 548 

mono/dibasic phosphate buffer to reach the pH 5 and 8, respectively. For NMR measurements, it 549 
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was added 0.1% (w/v) NaN3 and 7% (v/v) D2O into phosphate buffer solution (buffer B). The 550 

RNA from Torula Yeast type VI (~80 bases) was purchased from Sigma-Aldrich. The stock 551 

solution of RNA was prepared at the same buffer solution as for protein, taking into account the 552 

pH control because of the solubilization of the nucleic acid. The concentrations of cdM2-1 and 553 

RNA were determined by absorbance at 280 and 260 nm using extinction coefficients of 5,960 554 

M
-1

·cm
-1

 (Expasy-ProtParam) (29) and 8,050 M
-1

·cm
-1

·base
-1

 (ThermoFisher Scientific, DNA, 555 

and RNA Molecular Weights and Conversions), respectively. 556 

 557 

Fluorescence quenching measurements 558 

The fluorescence quenching experiments were performed using Fluorescent Spectrometer 559 

Lumina (Thermo Fisher Scientific, USA) equipped with a Peltier system for temperature control 560 

and a 10 mm optical path quartz cuvette. The excitation wavelength at 288 nm was set to 561 

promote the fluorescence emission of the protein. The emission spectra were reported in a 300–562 

450 nm range with an increment of 1.0 nm, which was corrected for background fluorescence 563 

(from the buffer) and inner filter effects (30). Both excitation and emission bandwidths were set 564 

at 5 nm. Each point in the emission spectrum is the average of 10 accumulations. The titrations 565 

were performed adding small aliquots of the RNA stock solution (715 μM) to 2 mL of cdM2-1 at 566 

a constant concentration (5.5 μM). The titration experiments were reported at different 567 

temperatures (15, 25, and 35 °C) for determining the binding thermodynamic profile of the 568 

cdM2-1/RNA complex, as well as at different conditions of salt concentration (0, 150, and 350 569 

mM of NaCl) and pH (5, 6.5, and 8). Measurements were performed in duplicate. 570 

 The fluorescence quenching data of the cdM2-1/RNA interaction were analyzed using the 571 

following equation (31): 572 

   
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where 0F  is the fluorescence intensity in absence of the ligand (RNA), F  the fluorescence in 574 

presence of RNA, satF  the intensity of the bound protein saturated with RNA, dK  the 575 

dissociation constant, SCn  the stoichiometry coefficient of the cdM2-1/RNA complex 576 

corresponding to the number of protein molecules bound to one nucleic acid molecule, ][ TP  the 577 

total concentration of the protein, and ][ TL  the total concentration of the ligand. The values dK  578 

and SCn  were determined from the fitting process to the experimental data by nonlinear least-579 

squares optimization using Levenberg-Marquardt interactions. 580 

 581 

Thermodynamic profile analysis 582 

The driving forces responsible for the binding between biomolecules may include electrostatic 583 

interactions, hydrogen bonds, van der Waals interactions, and hydrophobic contacts (13). To 584 

elucidate the interactions involved in the cdM2-1/RNA complex, the thermodynamic parameters 585 

were calculated from the van’t Hoff equation: 586 

 
1

ln d

T

d H
K

d R


                                                                                                                (2) 587 

where H  is the enthalpy change, R  the universal gas constant, and dK  the dissociation 588 

constant at the correspondent temperature (T = 15, 25, and 35 °C). The H  value was obtained 589 

from the slope of the van’t Hoff plot, with the respective values of Gibbs free energy changes 590 

( G ) determined from  ln dG RT K   and entropy change ( S ) from  S H G T    . 591 

 592 

Circular dichroism measurements 593 

The circular dichroism (CD) experiments were carried out using a Jasco 710 spectropolarimeter 594 

(Jasco, USA) equipped with a quartz cell of 0.5 mm optical path length. The far UV-CD spectra 595 

of 5.5 μM cdM2-1 were recorded at 25 °C and pHs 5, 6.5, and 8. The spectra were averaged over 596 

20 scans in a 260–200 nm range with a resolution of 0.2 nm at the scan speed of 50 nm·min
-1

 and 597 
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1.0 nm spectral bandwidth. The CD signal taken as millidegrees ( ) was corrected for the 598 

background contribution of the buffer and next expressed in terms of mean residues ellipticity 599 

[ ]  in deg·cm
2
·dmol

-1
 using  [ ] ( deg) 10[ ] Rm P l n  , where  P  is the molar concentration 600 

of the protein, l  is the optical path length (cm), and Rn  is the number of amino acid residues. 601 

 602 

Differential scanning calorimetry 603 

Differential scanning calorimetry (DSC) experiments were performed using an N-DSC III (TA 604 

Instruments, USA) in the temperature range 10–90 °C at a heating and cooling scan rate of 1.0 605 

°C/min. Both calorimetry cells were loaded with the buffer solution, equilibrated at 10 °C for 10 606 

min and scanned repeatedly as described above until the baseline was reproducible. Next, the 607 

sample cell was loaded with 100 μM of cdM2-1 plus 0, 50 and 100 μM of RNA, and scanned. 608 

The thermograms of RNA in buffer solution were recorded as a control for the baseline. The 609 

baseline corrections were obtained by subtracting the buffer (or RNA) scan from the 610 

corresponding protein scan. Measurements were performed in duplicate. The calorimetry 611 

enthalpy change ( calH ) of the unfolding process of cdM2-1 was calculated from the area under 612 

the thermogram curve. The van’t Hoff enthalpy change ( vHH ) of the thermal denaturation 613 

process was obtained from Eq. (2), replacing dissociation constant by unfolding constant ( UK ). 614 

The values of UK  were calculated by  1U Uf f , where Uf  is the fraction of unfolding protein 615 

determined from an integral process of the denaturation thermogram. 616 

 617 

Chemical shift perturbation analysis 618 

The chemical shift perturbation (CSP) method was used to map the amino acid residues of 619 

cdM2-1 involved in the binding to RNA. The two-dimensional (2D) 
1
H–

15
N HSQC experiments 620 

were carried out in increasing amount of RNA from 0 to 115 μM which were added to the [U–621 

15
N] cdM2-1 solution at constant concentration of 350 μM. The 

15
N HSQC spectra were recorded 622 
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at 25 °C on NMR Bruker Avance III spectrometer of 14.1 T operating at a 
1
H frequency of 600 623 

MHz (Bruker BioSpin GmbH, Germany) equipped with cryogenically cooled Z-gradient probe. 624 

The data matrix of the spectra consisted of 1024* × 128* data points (were n* refers to complex 625 

points) with acquisition times 106.5 ms ( HNt ) and 87.6 ms ( Nt ). A total of 16 scans per complex 626 

Nt  increment were collected with a recycle delay of 1.25. The resonance assignment of the core 627 

domain of hRSV M2-1 was obtained from the repository BMRB (www.bmrb.wisc.edu) from the 628 

access code 17451 (28). 629 

 The 
1
H-

15
N HSQC spectra were processed using NMRPipe (32) and analyzed using 630 

CcpNMR Analysis (33). The chemical shift perturbation of the amino acid residues of the protein 631 

recorded in each titration step of RNA against [U–
15

N] cdM2-1 solution was normalized using 632 

 
1 2

2 2 25HN N        (34), where HN  and N  denote the chemical shift difference of 
1
H 633 

and 
15

N, respectively, recorded in absence and presence of RNA. The mean   of the amino 634 

acid residues as well as its standard deviation of CSP were used as cutoff value to identify the 635 

residues of the protein involved in the cdM2-1/RNA interaction. 636 

 637 

Amide hydrogen chemical shift temperature coefficient 638 

The amide hydrogen (
1
HN) chemical shift temperature coefficient of cdM2-1 was determined by 639 

recording a series of 2D 
1
H–

15
H HSQC spectra at 15, 20, 25, 30, and 35 °C in the absence and 640 

presence of 115 μM RNA, using a Bruker Avance III NMR spectrometer of 14.1 T operating at a 641 

1
H frequency of 600 MHz (Bruker BioSpin GmbH, Germany). All spectra were referenced to the 642 

water signal for each temperature, next processed using NMRPipe (32), and analyzed using 643 

CcpNMR Analysis (33). The chemical shift values ( HN ) of all residues at different temperatures 644 

were plotted as a function of temperature. The resulting slope ( HNd dT ) of every curve was 645 

plotted for each residue. For evaluation of the HNd dT  values, it was used a straightforward 646 
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interpretation compilation as published by Morando et al. (2019) (35). In principle, 
1
HN chemical 647 

shift temperature coefficient reports on the thermal susceptibility of the HN−C′ amide hydrogen 648 

bonds, since HNd dT  is correlated to the length of the hydrogen bond ( HNCr  ) and hydrogen 649 

bond J coupling 
3h

NCJ   (16). On the one hand, residues with HNd dT  < –5.0 ppb·K
-1

 form more 650 

expandable hydrogen bonds, which may be interpreted as weaker since they present smaller 651 

hydrogen bond J coupling 
3h

NCJ  . For this reason, an amide group in the protein structure with 652 

HNd dT  < –5.0 ppb·K
-1

 may be considered a weak point of a secondary structure or, when this 653 

amide in a loop or intrinsically disordered region (IDR), more exposed to a hydrogen bond with 654 

water. On the other hand, residues with HNd dT  > –5.0 ppb·K
-1

 make less expandable 655 

hydrogen bonds, which may be interpreted as stronger since they present larger hydrogen bond J 656 

coupling 
3h

NCJ  . In this sense, an amide group with HNd dT  > –5.0 ppb·K
-1

 is involved in 657 

secondary structures of hydrogen bonds or, when this amide in a loop or IDR, may tend to form 658 

intramolecular hydrogen bonds and consequently to increase order (16, 35). 659 

 660 

Paramagnetic relaxation enhancement experiments 661 

To monitor the solvent accessibility of residues of cdM2-1 (350 μM) in the absence and presence 662 

of 115 μM RNA, it was used the gadolinium-based paramagnetic relaxation agent Gd-663 

diethylenetriamine pentaacetic acid-bismathylamide (Gd-DTPA) (GE Life Science, United 664 

Kingdom). The 
1
HN/

15
N amide cross-peak intensities of the protein were determined by 665 

recording a series of 2D 
1
H–

15
H HSQC spectra at different concentration of Gd-DTPA: 0, 1.0, 666 

2.0, 3.0, and 4.0 mM at 25 ºC using a Bruker Avance III NMR spectrometer of 14.1 T operating 667 

at a 
1
H frequency of 600 MHz (Bruker BioSpin GmbH, Germany). All spectra were processed 668 

using NMRPipe (32) and analyzed using CcpNMR Analysis (33). The intensities ( NHI ) of each 669 

1
HN/

15
N cross-peak of the residues were plotted as a function of Gd-DTPA concentration and the 670 
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slope of the adjusted straight line (  
1

NHI Gd


 ) were plotted for each residue. To calculate an 671 

accurate slope  
1

NHI Gd


 , the points where the intensities are close to zero (lack of linearity) 672 

were not taken into account. 673 

 674 

Imino proton resonances of RNA 675 

Unidimensional 
1
H excitation sculpting spectra were collected at 25 °C on Bruker Avance III 676 

NMR spectrometer of 14.1 T operating at a 
1
H frequency of 600 MHz (Bruker BioSpin GmbH, 677 

Germany) using 180° water-selective pulse of 2 ms for the solvent suppression. The free 678 

induction decays (FIDs) were recorded with 32,768 data points using a spectral width of 21,000 679 

Hz (35 ppm), a relaxation delay of 1.25 s, and an acquisition time of 0.78 s. The experiment was 680 

performed for the free protein at 350 μM and the free nucleic acid at 115 μM and after that, for 681 

the cdM2-1/RNA complex maintaining the same concentrations as before. The spectral region 682 

from 10 to 18 ppm was used for analyzing structural changes of RNA induced by cdM2-1, 683 

probing the imino protons of the nucleic acid involved in the base pair formation (17). 684 

 685 

NMR relaxation experiments 686 

The backbone dynamics of the [U–
15

N] cdM2-1 at 350 μM and the core domain complexed with 687 

115 μM of RNA were investigated from 
15

N nuclear spin relaxation experiments (36) at 25 °C by 688 

using Bruker Avance III NMR spectrometer of 14.1 T operating at a 
1
H frequency of 600 MHz 689 

(Bruker BioSpin GmbH, Germany). The 1R  experiments were collected using 14 delay times of 690 

inversion recovery of 54, 104, 204, 304, 404 (twice), 604, 804, 904 (twice), 1204, 1504 (twice), 691 

and 1804 ms. The 1R   experiments were performed according to Korzhnev et al. (2002) (37) 692 

with 14 spin-lock periods of 10, 20, 30 (twice), 40, 50 (twice), 60, 70, 80, 90 (twice), 100, and 693 

110 ms, and 
15

N spin-lock field strengths of 2.0 kHz. A recycle delay of 3.0 s was used for the 1R  694 
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and 1R   experiments. The values of 1R  and 1R   were determined from non-linear least-square 695 

fittings of the intensities using two-parameter mono-exponential equations. 2R  values were 696 

determined from the measured 1R  and 1R   rates (38). The reported errors for the rates were 697 

calculated from the estimated uncertainties for the relaxation delay duplicates. {
1
H}–

15
N steady-698 

state heteronuclear nuclear Overhauser effects (NOE) were measured from pairs of interleaved 699 

spectra recorded with (NOE) and without (control) H
N
 proton saturation during a recycle delay of 700 

12 s. The {
1
H}–

15
N hetNOE values were calculated from resonance intensity ratios obtained 701 

from the NOE and control spectra, with uncertainties estimated from the background noise of the 702 

spectra. The data were processed using NMRPipe (32) and analyzed using CcpNMR Analysis 703 

(33). 704 

 705 

Reduced spectral density mapping approach 706 

The reduced spectral density mapping (rSDM) is a simplified approach for analysis of nuclear 707 

spin relaxation data (R1, R2 and hetNOE) developed by Farrow et al. (1995) (39), Ishima & 708 

Nagayama (1995) (40), and Lefèrve et al. (1996) (41). The rSDM maps the spectral density for 709 

determining the accurate values of the spectral density function at three frequencies: (0)J  at the 710 

zero frequency, ( )NJ   at the nitrogen frequency, and ( )HJ   at an effective proton frequency. 711 

The approach exploits the assumption that at higher frequencies, the spectral density terms 712 

contributing to the relaxation processes are equal in magnitude: ( ) ( )H H NJ J    ; and is 713 

replaced by a single equivalent term ( )HJ  , which corresponds to (0,87 )HJ  . This 714 

assumption is based on the premise that at higher frequencies in comparison with (0)J  and 715 

( )NJ  , spectral densities ( )HJ   e ( )H NJ    show minimal variation. The spectral density 716 

functions at three frequencies, as derived through reduced spectral density mapping, are given by 717 

the following equations: 718 



30 

 

2

1
(0.87 ) 4

5
H NOEJ

d
                     (3) 719 

 12 2

1
( ) 4 5

3 4
N NOEJ R

d c
  


                  (4) 720 

 2 12 2

1
(0) 6 3 2.72

3 4
NOEJ R R

d c
  


                 (5) 721 

where the cross-relaxation rate is defined by 1( 1) N
NOE

H

hetNOE R





  , 
( )

3
Nc

 
 , 722 

0

3

1

4

N H

NH

d
r

  



 
  
 

, 0  is the permeability of the vacuum,  is reduced Planck constant, N  723 

and H  are the gyromagnetic ratios of 
15

N and 
1
H, respectively, NHr  is the bond length, N  is the 724 

Larmor frequency of the 
15

N nucleus, and   is the 
15

N chemical shift anisotropy in ppm. 725 

 726 

Model free analysis 727 

The relaxation parameters were fitted according to the extended model-free formalism of Lipari-728 

Szabo for obtaining the intramolecular dynamics (42). TENSOR2 program (43) was employed to 729 

define a motional model for hRSV cdM2-1 using an anisotropic tensor with a fully asymmetry 730 

diffusion model, (DX = 1.81 ± 0.03, DY = 1.95 ± 0.02, DZ = 2.11 ± 0.03) × 10
7
 s

-1
. The 731 

calculations of the rotational correlation time ( C ) were performed from the relaxation data for 732 

the amino acid residues with values of R2/R1 ratios within one standard deviation relative to the 733 

calculated average and with values of {
1
H}–

15
N NOE heteronuclear higher than 0.65. The 734 

anisotropic diffusion tensor also was used for calculating the internal molecular dynamics 735 

parameters, such as order parameter (
2S ) and conformational exchange rate ( exR ), which reflects 736 

movements of the NH bond in pico to nanosecond and micro to millisecond timescales, 737 

respectively. 738 

 739 

Charge, protonation state, and electrostatic potential calculation 740 
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The electrostatic potential calculations were performed by the APBS software (44) using charge 741 

values and protonation states obtained from the PDB2PQR server (version 2.1.1) (45) along with 742 

the PROPKA program (version 3.0) (46). The physical-chemical parameters used for the 743 

calculations were 150 mM NaCl, pH 6.5, and 25 °C. The electrostatic potential surface of the 744 

core domain of hRSV M2-1 was displayed using PyMOL (47). 745 

 746 

Molecular modeling and molecular docking 747 

The primary sequences of 10 RNAs were generated from the Random Sequence Generator 748 

(RSG) webserver (www.molbiotools.com) setting the length of sequence equal to 40 and AU 749 

content at 80%. All RNA sequences generate by the RSG server are presented in Table S14. 750 

These random RNA sequences were submitted to Direct Coupling Analysis (DCA) server 751 

(www.biophy.hust.edu.cn) which is a statistical inference framework used to infer direct co-752 

evolutionary couplings among nucleotide pairs in multiple sequence alignments, which aims at 753 

disentangling direct from indirect correlations. The information provided by the DCA server was 754 

subsequently used in the 2dRNA web server (www.biophy.hust.edu.cn) which is a secondary 755 

structure prediction method of RNA based on DCA data. The parameters of the 2dRNA server 756 

were set as default. Next, the predicted secondary structure information was used in the 3dRNA 757 

web server (version 2.0) (19) which is an automatic molecular modeling method for building the 758 

three-dimensional structure of RNA. The assembly calculations performed by the 3dRNA server 759 

were followed by an optimization step using all the parameters as default. 760 

 The molecular docking calculations for predicting the molecular model of the complex 761 

formed between the random RNA sequences (Table S14) and cdM2-1 were performed by using 762 

the 3dRPC web server (version 2.0) (48). The three-dimensional structure of the hRSV M2-1 763 

core domain was downloaded from the Protein Data Bank, access code 2L9J (7), and 3D 764 

structures of 10 RNAs were obtained from 3dRNA web server (version 2.0) (19). A total of 10 765 

complex models were predicted using the 3dRPC-Score function. The amino acid residues of 766 
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cdM2-1 involved in the RNA binding interface, which was determined from the CSP method by 767 

NMR experiments, were specified as a constraint set in the advanced setting of the 3dRPC 768 

server. Following docking, the lowest energy structural models of 10 cdM2-1/RNA complexes 769 

were analyzed by VMD software (49) using the VolMap tool for evaluating of the mass density 770 

map of collocated RNA (1.0 Å of resolution; 1.5 Å × radius of atom size; 10 frames combined 771 

using average; and isosurfaces with isovalue of 0.5) and by PLIP webserver (20) for 772 

characterizing the protein/nucleic acid non-covalent interactions, such as hydrogen bond, π-773 

cation interaction, π-stacking, and salt bridge. Structural conformation of the constructed models 774 

was displayed using PyMOL (47) and VMD (49). 775 

 776 

Molecular dynamics simulation 777 

The molecular dynamics (MD) simulations were carried out with the GROMACS program 778 

(version 5.0.7) (50). The molecular systems were modeled by using the AMBER99SB-IDLN 779 

protein and AMBER94 nucleic acid force field (51), and the TIP3P water model (52). The three-780 

dimensional structures of 5 random-selected cdM2-1/RNA complexes calculated from molecular 781 

docking (3dRPC server) were used in the MD simulations. These structures were placed in the 782 

center of 89–135 Å cubic boxes filled with TIP3P water molecules and Na
+
/Cl

–
 ions ([NaCl] = 783 

150 mM). The protonation states of charged residues were set considering a pH 6.5 from the 784 

PROPKA results (46). All simulations were performed in NPT ensemble using periodic 785 

boundary conditions and keeping the system at 298 K (Nose-Hoover thermostat, T = 2.0 ps) and 786 

1.0 bar (Parrinello-Rahman barostat, P = 2.0 ps and compressibility = 4.510
-5

 bar
-1

). Lennard-787 

Jones and Coulomb potentials were applied using a cutoff distance of 12 Å. The long-range 788 

electrostatic interactions were calculated using the particle mesh Ewald (PME) algorithm. The 789 

covalent bonds involving hydrogen atoms were constrained to their equilibrium distance. A 790 

conjugate gradient minimization algorithm was utilized to relax the superposition of atoms 791 
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generated in the box construction process. The energy minimizations were performed with 792 

steepest descent integrator and conjugate gradient algorithm, using 500 kJ·mol
-1

·nm
-1

 as 793 

maximum force criterion. 100 thousand steps of molecular dynamics were performed for each 794 

NVT and NPT equilibration, applying force constants of 1000 kJ·mol
-1

·nm
-2

 to all heavy atoms 795 

of the cdM2-1/RNA complexes. Lastly, MD simulations of 20 ns were accomplished for data 796 

acquisition. Following the simulations, the trajectories were concatenated and analyzed 797 

according to the number of hydrogen bonds (cutoff distance = 3.5 Å and maximum angle = 30°), 798 

number of contacts (< 0.6 nm), and root-mean-square deviation (RMSD) of non-hydrogen atoms 799 

for the nucleic acid and backbone atoms for cdM2-1 (entire protein and helical-core region). 800 

These parameters (hydrogen bonds, number of contact, RMSD) from 5 MD simulations were 801 

presented as averages. 802 

 803 

Accessible surface area calculations 804 

The accessible surface areas (ASA) of free cdM2-1 and its docked complex with RNAs were 805 

calculated using the NACCESS program (53). The structural models of the cdM2-1/RNA 806 

complexes were obtained from the molecular docking calculations (3dRPC server). Changes in 807 

absolute ASA for residue i  were calculated using i i i

free complexedASA ASA ASA   , where 808 

i

uncomplexedASA  and i

complexedASA  is the absolute accessible surface area for free and RNA-bound 809 

cdM2-1 residues, respectively. The values of ASA  were averaged and next the average value 810 

was normalized to a range between 0 and 1.0 units for coloring the cdM2-1 structure. 811 
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 975 

FIGURE LEGENDS 976 

Figure 1. Analysis of the fluorescence quenching data of the cdM2-1/RNA interaction at 977 

different conditions of temperature, ionic strength, and pH. (A) Emission spectra of the 978 

cdM2-1 in absence and presence of RNA concentration increments (pH 6.5, T = 25 °C, λex = 979 

288 nm). [cdM2-1] = 5.5 μM; [RNA] = 0–16.8 μM. The fluorescence quenching spectra at 15 980 

and 35 °C showed a similar profile to 25 °C (data not shown). (B) The analysis of the 981 

fluorescence data of the cdM2-1/RNA interaction. Changes of the fluorescence quenching signal 982 

of cdM2-1 as a function of RNA concentrations in 50 mM phosphate buffer (pH 6.5) containing 983 

150 mM NaCl and 1.0 mM DTT at 15, 25, and 35 °C. The insert denotes the van’t Hoff plot used 984 

to determine the enthalpy change value in the formation of the cdM2-1/RNA complex. (C, D) 985 

Fluorescence quenching percentage rates as a function of RNA concentrations at different 986 

conditions of salt concentration (0, 150, and 350 mM NaCl) and pH (5, 6.5, and 8) for the 987 

temperature of 25 °C. 988 

 989 

Figure 2. Thermal stability of the free and RNA-bound cdM2-1. DSC thermograms of the 990 

protein and its complex with RNA collected in 50 mM phosphate buffer (pH 6.5) containing 150 991 

mM NaCl and 1.0 mM DTT using scan rate of 1.0 °C/min. The dotted lines denote the melting 992 

temperature (Tm) for cdM2-1 in absence and presence of RNA (100 μM). The concentration of 993 

the protein was of 100 μM and nucleic acid of 0 (black square), 50 (red triangle), and 100 μM 994 

(green circle). 995 

 996 
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Figure 3. cdM2-1/RNA binding investigated by NMR spectroscopy. (A) Two-dimensional 997 

1
H–

15
N HSQC spectra of the free (black) and RNA-bound [U-

15
N]cdM2-1 (red) collected by 998 

using NMR spectrometer of 14.1 T (
1
H frequency of 600 MHz) at temperature of 25 °C. The 999 

arrows indicate the residues that presented a chemical shift perturbation upon RNA binding 1000 

higher than ave + SD. The top insert presents the titration effect in the behavior of fast 1001 

exchange regime for the Asp155 upon RNA binding. The spectra were recorded at protein 1002 

concentration of 100 µM (black) and at RNA concentration of 15 (blue), 30 (cyan), 55 (green), 1003 

80 (yellow), and 115 (red). (B) Chemical shift perturbation (  ) for the formation of the [U-1004 

15
N]dgM2-1/RNA complex, ∆δ  = (∆δHN

2
 + ∆δN

2
/25). The solid line denotes ave  and the 1005 

dashed line indicates ave + SD. The black circles are   values of side chain of the residues 1006 

Asn and Gln. The cyan stars indicate the proline residues (Pro120, Pro123, Pro153, and Pro176). 1007 

The secondary structures along the sequence are indicated at the top. (C) Identification on the 1008 

cdM2-1 structure of residues that present significant   upon RNA-binding. Values of   1009 

higher than ave  are colored in cyan: Ala73, Gly75, Val76, Val79, Ile84, Ile87, Asn88, Ile90, 1010 

Thr91, Ser94, Ala95, Cys96, Ala98, Ser100, Asn142, Thr145, Leu149, Leu157, Lys158, Lys159, 1011 

Ile161, and Thr164; and higher than ave + SD are colored in green: Leu74, Lys92, Gln93, 1012 

Val97, His147, Lys150, Arg151, Leu152, Asp155, and Val156. (B) Electrostatic potential 1013 

surface of cdM2-1 calculated from APBS software using the charge values and protonation states 1014 

(pH 6.5, 150 mM NaCl, 25 °C) determined by PDB2PQR webserver along with PROPKA 1015 

program. The bar denotes the electrostatic potential range from –5 (red) to +5 kT (blue). 1016 

 1017 

Figure 4. Solvent paramagnetic relaxation enhancement for free and RNA-bound cdM2-1. 1018 

(A) Solvent exposure (INH·[Gd]
-1

) of each backbone NH amide of the protein (black square) and 1019 

its complex with RNA (red) measured as a function of the residue number. [cdM2-1] = 350 µM 1020 

and [RNA] = 115 µM, 25 °C, and 14.1 T (
1
H frequency of 600 MHz). The green squares and 1021 
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blue circles denote the solvent exposure for side chain of the residues Asn and Gln. The cyan 1022 

stars indicate the proline residues (Pro120, Pro123, Pro153, and Pro176). The secondary 1023 

structures along the sequence are indicated at the top. (B) Structural representation of hRSV 1024 

cdM2-1 shown as cartoon and transparent surface. The residues Ser122, Arg126, Thr130, Ile133, 1025 

and Ser137 in 4-helix (blue sticks) exhibit an i + 4 pattern of solvent-exposure corresponding to 1026 

a nearly -helix turn. The cyan color denotes the 1– 2– 5– 6 helix bundle. 1027 

 1028 

Figure 5. Thermal susceptibility data of the amide hydrogen (
1
HN) chemical shifts of the 1029 

free and RNA-bound cdM2-1. (A) HNd dT  values of the protein (black square) and its 1030 

complex with RNA (red circle) as a function of the residue number. The temperature dependence 1031 

measurements were obtained from 2D 
1
H–

15
H HSQC spectra at 15, 20, 25, 30, and 35 °C. 1032 

[cdM2-1] = 350 µM and [RNA] = 115 µM, and 14.1 T (
1
H frequency of 600 MHz). The green 1033 

squares and blue circles denote the values of HNd dT  for side chain of the residues Asn and 1034 

Gln. The cyan stars indicate the proline residues (Pro120, Pro123, Pro153, and Pro176). The 1035 

secondary structures along the sequence are indicated at the top. (B) Difference between the 1036 

values of HNd dT  for the free and RNA-bound cdM2-1 as a function of the residue number 1037 

(
HN HN HNprotein protein RNA

d dT d dT d dT  


   ). HNd dT + SD values far away from the 1038 

zero are considered as significant changes, and the correspondent residue names are denoted. (C) 1039 

The significant changes of 
HNd dT  values between the free and bound states of the cdM2-1 1040 

are indicated in the protein structure. The values of 0HNd dT   (increase in 
HNd dT ) and 1041 

0HNd dT   (decrease in 
HNd dT ) of the 

1
HN chemical shifts are denoted as cyan and 1042 

magenta spheres, respectively. The side chain of Gln93 and Asn141 are displayed as sticks with 1043 

amide hydrogens colored according the change of HNd dT . The side chain of Asn141 forms 1044 
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a hydrogen bond (black dashed line) with backbone of Ser137. Ile146 is shown as green sticks 1045 

because presents HNd dT  > –5.0 ppb·K
-1

. 1046 

 1047 

Figure 6. Evidence of the structural changes of RNA induced by cdM2-1. 1D 
1
H NMR 1048 

spectra of the imino (11–15 ppm) and amine/amide (6–10 ppm) proton region of the protein-free 1049 

(blue line) and bound (red line) state of RNA. The black line presents the 1D 
1
H spectrum of the 1050 

free cdM2-1 as a negative control, especially for the imino region. [cdM2-1] = 350 µM and 1051 

[RNA] = 115 µM, 25 °C, and 14.1 T (
1
H frequency of 600 MHz). In imino proton region, the 1052 

thick lines denote smoothed profiles that assist the visualization of the spectra. 1053 

 1054 

Figure 7. 
15

N nuclear spin relaxation data of the free and RNA-bound cdM2-1 backbone 1055 

amide by NMR on pico to nanosecond timescale. Reduced spectral density function (A) 1056 

(0.87 )HJ  , (B) ( )NJ  , and (C) (0)J  of the cdM2-1 (black square) and its complex with RNA 1057 

(red circle) which were calculated from the 
15

N R1, R2, and hetNOE relaxation data . (D) R2/R1 1058 

ratio calculated from relaxation rates R1 and R2. The black and red lines denote the average 1059 

values of (0.87 )HJ  , ( )NJ  , and (0)J  for the free and RNA-bound cdM2-1, respectively. To 1060 

determine the average values, those corresponding to the N and C-terminal residues were 1061 

excluded. The cyan stars indicate the proline residues (Pro120, Pro123, Pro153, and Pro176). 1062 

The secondary structures along the sequence are indicated at the top. Plots of the correlations of 1063 

(0.87 )HJ   & (0)J  and ( )NJ   & (0)J  for the free (E and G) and RNA-bound cdM2-1 (F and 1064 

H). [cdM2-1] = 350 μM, [RNA] = 115 μM, 25 °C, and 14.1 T (
1
H frequency of 600 MHz). The 1065 

red line denotes the linear fitting adjustment and R indicates the correlation coefficient. 1066 

 1067 

Figure 8. The extended model-free formalism of Lipari-Szabo applied to analyze the 1068 

nuclear spin relaxation data. (A) Order parameter (S
2
) and (B) conformational exchange rate 1069 
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(Rex) calculated by TENSOR2 software from 
15

N nuclear spin relaxation data of the backbone of 1070 

cdM2-1 using the Lipari–Szabo model free formalism. The continuous and dashed red line in (A) 1071 

denote the average value of S
2
 (0.91 ± 0.04), excluding terminal residues, and S

2
 = 0.7, 1072 

respectively. The dashed red line in (B) depicts the cutoff value of Rex equal to 1.0 Hz.  [cdM2-1] 1073 

= 350 μM, [RNA] = 115 μM, 25 °C, and 14.1 T (
1
H frequency of 600 MHz). Cartoon 1074 

representation of cdM2-1 highlighted in blue and red the residues that showed significant values 1075 

of (C) S
2
 (< 0.91 ± 0.04; Ile90, Asp110, Lys113, Leu114, Glu119, Asn121, Ser122, and Asn141) 1076 

and (D) Rex (> 1.0 Hz; Glu59, Ile84, Ile87, Asn88, Ile90, Glu119, and Ala154), respectively. 1077 

 1078 

Figure 9. Analysis of the molecular dockings of the structural models of the cdM2-1/RNA 1079 

complex. (A) Structural models of the cdM2-1/RNA complex calculated by 3dRPC webserver. 1080 

The backbone of the protein (colorful) and 10 nucleic acids (orange) are presented as cartoon and 1081 

ribbon, respectively. The protein also is shown as surface representation and its helices are 1082 

highlighted using different colors ( 1: red, 2: green, 3: yellow, 4: blue, 5: purple, 6: cyan). 1083 

(B) Structural model of cdM2-1/RNA complex which exemplified the preferential binding of the 1084 

protein (as grey cartoon) close to secondary structural regions of the RNA molecules (as cartoon: 1085 

backbone in orange and nucleoside in green/blue). (C) Mass density map (green mesh with 1086 

isovalue of 0.5) of 10 RNA molecules bound to the protein (as grey cartoon) generated by VMD 1087 

programs using the VolMap tool. (D) Absolute accessible surface area change ( ASA ) of the 1088 

cdM2-1 (as colorful worm) bound to the nucleic acids. The thickness and colors represent the 1089 

degree of ASA , with the strongly and weakly accessible residues colored in blue (thin) and red 1090 

(thick), respectively. The structural representations were made in PyMol and VMD programs. 1091 

 1092 

Figure 10. Analysis of the molecular dynamics of the structural models of the cdM2-1/RNA 1093 

complex. (A) RMSD values for the non-hydrogen atoms of RNAs (green line), for the backbone 1094 

atoms of the helical-core region of the protein (cdM2-175–171, black line), and for the backbone 1095 
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atoms of the entire cdM2-1 (red line). (B) Number of contacts between atoms of cdM2-175–171 1096 

and RNAs for distances < 0.6 nm. (C) Number of hydrogen bonds formed between the RNA 1097 

molecules and the cdM2-175–171 (black line), the residue Lys150 (red line), and residue Arg151 1098 

(green line). 1099 



Table 1. Dissociation constant (
d

K ), stoichiometry coefficient (
SC

n ), enthalpy change ( H ), 

Gibbs free energy change ( G ), and entropy change ( S ) of the cdM2-1/RNA interaction 

determined using fluorescence quenching experiments at 15, 25, and 35 °C.
a 

)( CT   d
K  

(10
-6

 M) 
SC

n  
H  

)( 1
kJmol  

 G  

)( 1
kJmol  

S  

)( 11 
KJmol  

15 0.43 ± 0.18 2.0 ± 0.4 

–45 ± 10  

 –35.1 ± 0.7 –34 ± 35 

25 1.24 ± 0.18 3.3 ± 1.1  –33.7 ± 0.4 –37 ± 34 

35 1.70 ± 0.28 1.4 ± 0.2  –34.0 ± 0.4 –36 ± 32 
a
All experiments were performed in 50 mM phosphate buffer (pH 6.5) containing 150 mM NaCl 

and 1.0 mM DTT. 

 

 






















