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Abstract  13 

 14 

The nucleocapsid protein (N) of SARS-CoV-2 plays a pivotal role during the viral life cycle. It is 15 

involved in RNA transcription and accounts for packaging of the large genome into virus particles. N 16 

manages the enigmatic balance of bulk RNA-coating versus precise RNA-binding to designated cis-17 

regulatory elements. Numerous studies report the involvement of its disordered segments in non-18 

selective RNA-recognition, but how N organizes the inevitable recognition of specific motifs remains 19 

unanswered. We here use NMR spectroscopy to systematically analyze the interactions of N’s N-20 

terminal RNA-binding domain (NTD) with individual cis RNA elements clustering in the SARS-CoV-21 

2 regulatory 5’-genomic end. Supported by broad solution-based biophysical data, we unravel the 22 

NTD RNA-binding preferences in the natural genome context. We show that the domain uses a set 23 

of flexible sensory residues to read the intrinsic signature of preferred RNA elements for selective 24 

and stable complex formation within the large pool of available motifs.  25 
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Introduction 26 

 27 

Despite impressive progress in vaccination, coronaviral infections will remain a severe thread to 28 

human life and health. This calls for efforts towards curing infections based on a detailed 29 

understanding of the most prevalent molecular interactions specific to the virus. 30 

The responsible pathogen of the Covid-19 pandemic, the severe acute respiratory syndrome 31 

coronavirus-2 (SARS-CoV-2, SCoV-2) carries a large single-stranded (ss) RNA genome of almost 32 

30,000 nucleotides (nt)1. As for other CoVs, it is subject to genomic and sub-genomic transcription2, 33 

replication3 and condensation into newly assembled particles with each round of viral propagation4. 34 

Genome processing requires viral structural and non-structural proteins (nsp)5, many of which are 35 

direct binders of host or viral RNA6-8.  36 

For the packaging of viral RNA SCoV-2 uses its versatile nucleocapsid protein (N)4. N is more than 37 

90% conserved to the SCoV homologue and appears most abundant on the general protein level9,10 38 

and within RNA-protein complexes (RNPs)7,8. N integrates five distinct parts (often referred to as N1-39 

N5), comprising two folded domains that are intertwined by intrinsically disordered regions (IDR), 40 

with IDR2 (N3) embedding the SR-region (Fig. 1a). While the C-terminal domain (CTD, N4) 41 

constitutes N dimerization, the NTD (N2) represents an RNA binding domain (RBD) with a right 42 

hand-like fold, harboring a five-stranded, antiparallel b-sheet core (Fig. 1b). The most distinct NTD 43 

feature is a large b-hairpin (b2’- b3’, residues 90-107). Its highly basic composition prompts its 44 

involvement in nucleic acid interactions11.  45 

N gathers multiple functions12, amongst which pivotal roles in genome processing, e.g. its role in 46 

RNA synthesis13,14,15,16 and immune evasion17-20. For its primary function, genome encapsidation, N 47 

combines protein oligomerization with virus RNA-binding21-23, which in sum accounts for the 48 

occurrence of RNA-protein phase separations or condensates both in vitro and in cells. With regard 49 

to this, a plethora of excellent studies since the SCoV-2 outbreak has intensively addressed the 50 

parameters of N phosphorylation21, the contributions of N domains23,24, the role of viral RNA25, the 51 

viral nsp326, and host proteins27. Very recent work has ultimately claimed that phase separation 52 

within infected cells is used to enhance viral transcription and assembly21,24,28. 53 

N has early been termed an RNA chaperone29 indicating its broad interaction landscape with literally 54 

all types and sequences of RNA, including its potency of melting structured RNA in a functional 55 

context30. In fact, the multi-modular character of N and the high degree of disorder might favor 56 

promiscuous RNA-binding28,31-33. Indisputably, its full functionality requires a sensor for particular 57 

RNA elements like packaging signals (PS), the transcription-regulatory sequences (TRS) and other, 58 

still enigmatic regulatory elements. Extensive literature has accumulated that describes highly 59 

conserved and functional structures within the SCoV-2 genomic RNA (gRNA), and more specifically 60 

within the regulatory genomic ends34-37, both in vitro as well within virions and infected cells38-41.  61 

An excellent study from 2020 revealed particular RNA sequences within the SCoV-2 5’- genomic 62 

end (5’ge) to be bound by N and claims those to be targeted for packaging22. As shown in Fig. 1c, 63 
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the highly conserved 5’UTR42 as part of the 5’ge comprises a set of cis regulatory RNA elements 64 

(5’ge RNA elements), termed 5’ stem loops (SL) 1 to 5, with the start codon located at the end of 65 

SL5. Additional 5’ge RNA elements follow in terms of SL6 to 8 downstream of the UTR, in parts 66 

resolved on the secondary structure level36 (Supplementary Fig. S1).  67 

 68 

Surprisingly little is known about specific RNA-recognition by N. Studies have used intentionally 69 

short, random or bulk RNAs to derive determinants of preferences with very 70 

heterogeneous/contradictive outcome11,14,24,43-46. Thus, N target RNA selectivity has remained 71 

enigmatic seeing the large pool of RNAs in an infected host cell. N’s interaction with gRNA is likely 72 

hidden in its multi-domain character, allowing for multivalency as the basis for high affinity31. Much 73 

effort has been undertaken to establish that IDRs N1 and N3 increase affinity by non-specific 74 

interactions31, rather than exhibit specificity. In that context, it is plausible to attribute the specificity 75 

– needed to distinguish regulatory sequences like PS or TRS – to the folded RBD, the NTD (N2).  76 

Several studies support this assumption by claiming the NTD to express specificity for the TRS in 77 

CoVs15,47. In a pioneering study, Dinesh et al. provide an atom-resolved model of TRS recognition 78 

by the NTD, however, they suggest the interaction to be non-specific and preferential binding to rely 79 

on the ssRNA nature11. Very recently, Redzic et al. have shown NTD binding to both ss and stem-80 

looped RNA by NMR, indicating a preference for a GU-rich single strand, but taking into account the 81 

context of flanking IDRs45. In both studies, TRS-derived ssRNA sequences were examined outside 82 

their natural SL context11,14,45.  Consequently, we lack a systematic comparative analysis of the 83 

NTD’s potential to differentially engage with the manifold types of regulatory viral RNA elements.  84 

 85 

Thus, to approach the complex RNA-interactome of N with RNA, we here specifically focus on the 86 

role of the NTD in mediating specificity. We uniquely provide insight into the differential interactions 87 

of N’s NTD with the 5’ge RNA cis regulatory elements SL1-SL6. Going beyond its promiscuity, we 88 

particularly concentrate on differential binding to the previously described regulatory sequences in 89 

SL3 and a region extending SL4 in 3’ (‘Ext’, Supplementary Fig. S1), both contrasting the weaker 90 

interactions with the adjacent robust SLs, i.e. SL1, 2 and 4. Importantly, Ext, together with additional 91 

downstream regions, was recently found to significantly crosslink to N22, suggesting them to encode 92 

unique features for NTD specificity. We use NMR spectroscopy to identify a particular atom-resolved 93 

NTD signature provoked by those RNAs upon binding. In addition, we use analytical SEC, SAXS 94 

and CD spectroscopy to manifest unique, stable complexes between NTD and SL3/Ext, while we 95 

show that both regions have transient RNA-structural propensities. We suggest that the comparable 96 

sequence compositions encode a unique element with respect to its structural dynamics which is 97 

used by N’s NTD for distinct recognition in its genome. By this, NTD exploits an additional level, 98 

given by complex stability, that is key to selectivity within the broadly recognized landscape of RNAs.  99 

100 
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Results 101 

 102 

Differential preferences of nucleocapsid NTD for 5’ge RNA elements 103 

 104 

To unravel molecular details of RNA specificity mediated by the NTD (aa 44-180) (Fig. 1b), we first 105 

examined its preferences for individual SCoV-2 5’ge RNA elements. We included the first 343 nt of 106 

the genomic RNA (Fig. 1c, Supplementary Fig. S1 and Table 1), comprising the complete 5’UTR (nt 107 

1-260, SL1-5) and the first 83 nt of the ORF1a/b coding sequence (SL6). NTD interaction with RNA 108 

fragments was monitored for a first qualitative evaluation of binding preferences in an EMSA-based 109 

screen (Figure 1d, Supplementary Fig. S2). Interestingly, the NTD differentiates between this subset 110 

of RNAs in i) a size dependent and ii) a sequence and/or fold-dependent manner. The low NTD 111 

concentrations sufficient for complex formation with the large SL5 indicates a strong correlation of 112 

affinity with RNA size and to be largely driven by electrostatics. In this context, SL5 represents a 113 

valid positive control for the NTD as a promiscuous RBD. However, comparison of NTD preferences 114 

for smaller RNA elements reveals visible differences in affinity (Figure 1d), e.g. SL2+3, SL4ext and 115 

Ext are preferred over SL1, SL4 and SL6. This clearly shows NTD-RNA interactions are not 116 

exclusively driven by net charge, (thus scaling with target RNA size) but include the existence of 117 

determinants for specificity.  118 

We found micromolar affinities (~10µM) of the NTD for SL2+3 containing the TRS-sequence within 119 

the SL3 moiety, in line with its described role in transcriptional regulation11,15,30. Although similar in 120 

size (Table 1) NTD’s affinity for SL4 is significantly lower (~50µM) compared to SL2+3. Strikingly, 121 

extending SL4 by the AU-rich stretch (Ext) located between SL4 and SL5 (SL4ext) results in low-122 

micromolar affinities (~5µM). This preference is not reflected to the same extent for the labile Ext 123 

RNA alone, which on its own is bound with an affinity (~10µM) comparable to SL2+3. Altogether, our 124 

data show a differential binding of the N-NTD to 5’ge elements with an obvious preference for labile 125 

structures or potentially single stranded (ss) stretches, the latter in line with previous literature 126 

claiming a preference for ss over dsRNA11.   127 

 128 

NTD interacts with 5’ge RNAs using a promiscuous binding surface  129 

 130 

Given the limited resolution and quantitative competence of EMSAs, we aimed at obtaining a more 131 

detailed understanding of the NTD interacting with the SL1 to 6 RNA elements. Solution NMR allows 132 

to study molecular interactions including the dynamics of a system, an aspect most desirable for the 133 

highly flexible NTD45. Perturbations of NTD chemical shifts (CSP) are a sensitive readout for 134 

interactions, their affinities and binding modes on an atomic level, most easily achieved through 15N-135 

fingerprint spectra (HSQC). To this end, we reassigned the NTD backbone amide NMR resonances 136 

in our buffer conditions (Supplementary Fig. S3a) guided by the recently published chemical shifts11. 137 
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HSQC-based analysis of NTD interacting with SL5 (48.5kDa) was challenging due to the NMR-138 

unfavorable complex molecular weight. Nevertheless, NMR data confirm the affine interaction by 139 

severe line-broadening directly seen at sub-stoichiometric RNA ratios (Supplementary Fig. S3b). For 140 

all other RNA elements, individual NTD CSPs were determined (Fig. 2a) by comparing 1H-15N-HSQC 141 

spectra of NTD alone and in complex with 1.2-fold molar excess of RNAs (Supplementary Figure 142 

S3c). Notably, we found a similar pattern of CSPs for all 5’ge elements. In detail, maximum effects 143 

locate to an N-terminal stretch (aa 45 to 66), the central region from (aa 90 to 108, including the β-144 

hairpin) and to extended parts of the C-terminal half. Mapping the intersection of significantly shifting 145 

residues on the NTD structure reveals them to cluster with the positively charged surface (Figure 146 

2b), supporting electrostatics as a major driving force of the NTD’s universal nucleic acid-binding 147 

competence. To our surprise, the preferences for 5’ge RNAs observed in EMSAs were not visibly 148 

reflected in differential CSP patterns by NMR. However, we found differences in affinity to correlate 149 

with intensities of CSP values for individual RNA elements. As such, SL2+3, SL4ext and Ext exhibit 150 

higher CSPs than SL1, SL4 and SL6, which is in line with weaker binding of the latter three RNAs in 151 

the EMSA experiments (Fig. 2a and 1d). In addition to that, we observed remarkably different line-152 

broadening for RNAs within the SL4 hub (comprising the SL4, SL4ext and Ext RNAs, Supplementary 153 

Fig. 1b) suggesting non-identical binding modes (Supplementary Fig. S3d). A homogenous 154 

decrease of peak intensities upon SL4 titration stands in contrast to the intensity pattern induced by 155 

SL4ext and Ext. Here, we find two significant “dips” locating to the N-terminal stretch and the β-156 

hairpin, respectively. This observation hints at different affinities and suggests subtle differences in 157 

binding modes via a hidden specificity encoded in the RNA elements. Indeed, NMR-observed 158 

titrations with the 5’ge RNA elements strongly support this, by displaying different exchange regimes 159 

(Supplementary Figure S4c). This underlines the graded affinities for the NTD with RNAs between 160 

e.g. SL4 (~50µM) and SL4ext (~5 µM) (see also later paragraph).   161 

Altogether, the 1H-15N-HSQC - based analysis of CSPs and line-broadening in combination with 162 

findings from EMSAs reveal differences in binding of SARS-CoV-2 5’ge RNAs to an identical NTD 163 

surface, independent of the RNA element size. Unexpectedly, this feature is best expressed within 164 

the narrow genomic range of SL4-Ext. 165 

 166 

NTD-RNA complex stabilities correlate with particular CSP signatures 167 

 168 

To gain more detailed insight into differential complex formation of the NTD with 5’ge RNA elements, 169 

we concentrated on the bifacial SL4 hub. In this, we assumed the conserved stable SL4 to be 170 

paradigmatic for the other two structured elements, SL1 and SL6. Based on our previous findings 171 

and its obvious role as an established NTD target, we also included SL2+3 comprising the TRS-172 

sequence. 173 

RNA-interacting regions of the NTD locate to the central “palm-like” β-core structure and “fingers” 174 

extending from it, most prominently represented by the β-hairpin (basic finger, Figure 1b and 2b)11. 175 
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We assumed, that these extending regions of NTD would be highly sensitive to RNA-induced 176 

changes and likewise be able to flexibly adjust to differential RNAs. We picked residues to represent 177 

the “finger-tip” regions and serve as reporters for structural changes within the NTD (Fig. 3a). 178 

Heteronuclear {1H}15N-NOEs (hetNOE) confirmed our reporter residues to locate to regions of 179 

increased flexibility, the most prominent ones correlating to the β-hairpin and adjacent N-terminal 180 

loop (referred to as N-loop from here on) (Fig. 3b).  181 

Interestingly, we found both the β-hairpin and N-loop to be significantly attenuated in their hetNOE 182 

values by magnetic field strength (Supplementary Fig. S4a) underlining the high degree of dynamics 183 

within the two regions. Importantly, this is in full accordance with findings for the homologue SCoV 184 

NTD48, and suggests a correlated “rigid-body” movement of the flexible β-hairpin and the adjacent 185 

N-loop. We claim that the high conservation of the coronaviral NTDs is also encoded in their intrinsic 186 

dynamics and represents a crucial parameter for selective RNA recognition. 187 

To further visualize the RNA-binding preferences observed in the EMSAs, we used an analytical 188 

size-exclusion (aSEC) approach to estimate complex stability of the NTD with SL2+3 and elements 189 

of the SL4 hub (Fig. 3c, Supplementary Fig. S1 and S5). We identified stable complex-formation of 190 

NTD with SL2+3, SL4ext and Ext, indicated by distinct RNP peaks eluting at a smaller retention 191 

volume (larger size) than protein and RNA alone. In contrast, no stable complex was formed with 192 

SL4, which shows that the different affinities observed before are well reflected in complex stability 193 

given by aSEC. Moreover and in accordance with results from the EMSAs and CSP analysis, SL4ext 194 

seems preferred over Ext alone as indicated by different proportions of unbound (free) RNA. This 195 

suggests a role of RNA-structural context for NTD-binding.  196 

We speculated that differential stabilities of RNAs with NTD would imply individual complex types 197 

and thus uniquely be reflected in precise NMR chemical shifts. We analyzed the reporter residues 198 

established in panel a in HSQC-based titrations and for the majority of them found a striking 199 

correlation of CSP trajectories with the type of complexed RNA (Fig. 3d, Supplementary Fig. S4b). 200 

For example, the basic finger “tip” G99 - M101 displays opposite trajectories for weakly bound SL4 201 

compared to complex-forming SL2+3, SL4ext and Ext, which share identical trajectories in RNA-202 

binding. We reasoned that differential RNAs provoke distinct CSP signatures in this tip. A second 203 

group of peaks (e.g. G60, G96) displays individual CSPs without obvious categorization. The shift 204 

changes of a third set of peaks (e.g. the terminal G40, G179 and S180) appear independent of the 205 

RNA ligand, showing the same trajectories, but mainly differing in their maxima.  206 

The distinct RNA-dependent signatures are well confirmed by a plot of absolute 1H CSPs of β-hairpin 207 

residues 90 to 104 (Fig. 3e), which reveal a co-occurrence of values and signs for SL2+3, Ext and 208 

SL4ext compared to SL4 alone. The particular capacity for the β-hairpin as a sensor appears 209 

plausible taking into account the role of its intrinsic flexibility for RNA-binding11. Noteworthy, particular 210 

CSP signatures – such as for G99 – provide a convenient measure for the expected preference and 211 

estimate for complex stability of an RNA with NTD.  212 
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We here conclude that SL2+3 as well as the Ext RNA flanking the stable SL4 stem-loop comprise a 213 

particular sequence context for preferred interaction with NTD and are possibly recognized in a very 214 

specific manner as compared to the bulk of other RNA types and sequences in the 5’genomic end.  215 

 216 

SAXS confirms selective complex formation with viral 5’ge RNA elements 217 

 218 

To more quantitatively describe propensities for complex formation with SCoV-2 5’ge RNAs, we 219 

applied small-angle X-ray scattering (SAXS), a solution method that yields low-resolution structural 220 

information, perfectly complementing NMR, especially when combined with SEC (SEC-SAXS). SEC-221 

SAXS allows analyzing individual fractions of NTD, RNA and RNPs (Suppl. Fig. S6) as well as 222 

relative contributions in mixed states. We expected the latter to unambiguously clarify the molecular 223 

complex states in overlapping aSEC fractions (Fig. 3c). We here set out to analyze SL2+3, SL4, Ext 224 

and SL4ext RNAs alone and together with NTD by SEC-SAXS, i.e. to monitor their geometric 225 

parameters including the maximum intramolecular distance (Dmax), radius of gyration (Rg) and Porod 226 

volume (VP) (Table 2 and 3). The quality of our SAXS data is well reflected in an excellent fit of an 227 

experimental NTD scattering curve compared with back-calculated SAXS scattering from an 228 

available crystal structure46 (Suppl. Fig. S6) using Crysol49.  229 

For the expected RNPs, we chose fractions corresponding to the elution volumes of complexes in 230 

accordance with aSEC runs shown in Fig. 3c (see also Suppl. Fig. S5 and S6, and Methods). Fig. 231 

4a shows curves for the pairwise distance distributions of NTD, RNA and respective RNPs. As listed 232 

in Table 2 the SAXS-derived geometric parameters for all RNAs are in excellent agreement with 233 

theoretical values taken from structure models (see Methods). When comparing RNA-contained 234 

samples, both Ext and SL4ext undergo obvious alterations in geometry indicating complexes with 235 

NTD rather than individual components. In contrast, SL4-contained samples yield almost identical 236 

P(r) profiles confirming that SL4 does not mentionably interact with NTD. Interestingly, the P(r) curve 237 

of SL2+3 only shows a moderate shift (in line with Rg), but at the same time a slightly reduced Dmax, 238 

which indicates its compaction upon interaction with NTD, while the overall geometric dimensions 239 

do not change (see end of paragraph, Figure 4a and Table 2).  240 

To exploit SAXS curves of RNPs and their tangible information more concretely, we specifically 241 

analyzed the modulation of VP values (Fig. 4b). In detail, we determined the increase in RNP volumes 242 

compared to free RNA assuming a maximum volume addable from NTD in a 1:1 stoichiometry (see 243 

Methods for details). As such, VP appears to be an average of volumes from free and complexed 244 

components. Given that, our analysis reveals a large increase in complex volumes for Ext, SL4ext 245 

and SL2+3, but no change for SL4. This supports the existence of stable complexes at equilibrium 246 

for the target elements SL2+3, SL4ext and Ext, while NTD does not stably enough engage with SL4 247 

to yield a distinct complex with independent scattering propensity. 248 

Additionally, numbers in Table 3 show that the experimentally determined Porod volumes for NTD-249 

complexes with preferred RNA elements is smaller than their theoretical sum. This is most 250 
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significantly expressed by SL2+3 (36.9 nm³ instead of approximately 50 nm³) and supports the 251 

hypothesis of local TRS RNA unfolding30 before re-compaction with NTD. This effect is least 252 

expressed in SL4ext (52.6 nm³ instead of approximately 57.3 nm³) and explained by the large and 253 

dominant influence of SL4 that remains an intact folded moiety. In turn, the Ext RNA again shows a 254 

prominent difference between experimentally determined and theoretical volume. Finally, this finding 255 

confirms the formation of 1:1 rather than higher stoichiometries of NTD with its RNA targets. 256 

Altogether, SEC-SAXS supports the NTD to differentiate efficiently between natural 5’ge RNA 257 

elements as measurable via structure parameters of the subsequent RNP complexes. 258 

 259 

Motif-specific vs. electrostatic interactions of NTD-RNA 260 

 261 

In light of the excess negative charge from the large pool of viral and host RNAs within infected cells 262 

we wondered if RNA preferences are reflected in motif-specific complex characteristics 263 

exceeding electrostatic adherence. Thus, we sought to dissect the RNA-binding into a non-264 

specific, electrostatic and a more specific, non-electrostatic contribution for the RNAs of the SL4 265 

hub.  Our approach was justified by a recent study regarding specific HIV-1 genome packaging, 266 

where measuring Gag protein RNA-binding as a function of salt had shown higher salt-stability for 267 

some complexes over others50. Similarly, we monitored by NMR the effects of increasing salt 268 

concentrations for individual RNPs (Figure 5a-c). Complexes were formed at 50mM KCl to foster 269 

RNP formation. Accordingly, significant CSPs of the NTD were found for all three RNAs of the SL4 270 

hub, as exemplified by the two reporter peaks G99 and G60 (Fig. 5a and Supplementary Fig. S7). 271 

Favored by lower salt concentrations (compared to the default 150mM KCl used by us), enforced 272 

electrostatic interactions shift NTD binding of the SL4 moiety to an intermediate exchange regime, 273 

shown by line-broadening of more than 50 % (SL4) and 80 % (SL4ext) of NH resonances beyond 274 

detectability (Supplementary Fig. S7). Salt-resistance of individual RNP complexes was 275 

subsequently monitored by stepwise increase of KCl to a final concentration of 405mM. Significant 276 

variations of salt-dependent decrease in CSPs were measured for individual residues located either 277 

in the β-hairpin (T91, G99, M101) or the N-terminal half (D47, G60, V72) (Fig. 5b, Supplementary 278 

Fig. S8) as relative to the minor influence of salt on the NTD alone. We found the NTD complex 279 

formed with SL4 is most vulnerable to salt, indicated by the steepest decline of CSPs along with 280 

higher salt concentrations. Finally, no SL4-induced CSPs are quantifiable at 405mM KCl, while Ext 281 

and SL4ext still induce up to 20% of the maximum CSP (Fig. 5b and Supplementary Fig. S7). 282 

Interestingly, salt-dependence is most pronounced for residues within the β-hairpin (T91, G99, 283 

M101). This is further supported by RNA-induced line-broadening. Indeed, total peak intensities 284 

observed at 405mM KCl endorse differential binding modes for RNAs within the SL4 hub (Fig. 5c). 285 

At 405mM KCl, the average peak intensity in presence of SL4 is almost 100% relative to free NTD, 286 

indicating complete abolishment of interaction with the protein. In contrast, significant intensity “dips” 287 

are found for the N-loop (aa 49-67) and the β-hairpin (aa 89-108) regions, comparable to the intensity 288 
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pattern at 150mM KCl (Fig. 5c, Supplementary Fig. S3d). We thus conclude that NTD interaction 289 

with SL4 is primarily driven by charge and can efficiently be impeded by increased ionic strength. In 290 

contrast, SL4ext and Ext retain the ability to interact with the NTD at higher salt concentrations, 291 

arguing for specific determinants beyond electrostatics. 292 

 293 

Complex formation alters NTD dynamics  294 

 295 

Encouraged by our findings that support preferential complexes of NTD with selected 5’ge RNA 296 

elements like Ext, we next decided to examine the influence of those interactions on protein 297 

dynamics. Recently, the NTD was found to comprise domain regions with slow motions (mainly the 298 

structural core) and high-amplitude dynamics on a ps-ns timescale (e.g. the β-hairpin)45,48. 299 

Interestingly, those dynamics were not significantly affected by a high excess of a DNA 7mer, likely 300 

owing to an only moderate affinity. To probe for effects induced by a more affine bound viral target 301 

we compared NMR-derived backbone dynamics of the NTD alone and in complex with Ext RNA on 302 

multiple time scales: via measurements of the steady-state NOE of NH resonances and 15N 303 

relaxation rates R1 and R2 (Fig. 5d). Strikingly, RNA-mediated effects on NTD dynamics cluster with 304 

the two main RNA-interacting regions: The N-terminal stretch, including the N-loop, and the β-305 

hairpin. While the N-loop residues mainly gain flexibility, suggested by reduced NOE values, the 306 

opposite effect is found for the β-hairpin. This is in accordance with previously suggested correlated 307 

motions of the β-hairpin and the N-loop48, which here is disrupted upon RNA-binding. Without RNA, 308 

the average hetNOE value for residues 95 to 102 in the β-hairpin tip (see also Fig. 3a and b) is 0.48, 309 

indicating high flexibility. In complex with Ext, the β-hairpin tip residues display on average 23% 310 

increase in NOE values, which expresses a significant loss of motion (Fig. 5d). Interestingly, this 311 

effect is comparable to the field-dependent (600 vs. 900 MHz 1H frequencies, see Supplementary 312 

Fig. S4a) attenuation of NOEs (27 %) for the β-hairpin tip residues of NTD alone.  313 

The underlying ns-range is ideally addressed in more detail by 15N longitudinal (R1) and transversal 314 

(R2) relaxation rates of NTD alone and in complex with RNA. We found that NTD R1 values for flexible 315 

regions, such as the N-loop and the β-hairpin, are up to 26% elevated above the average of 1.5 s-1. 316 

This effect is largely obliterated in complex with Ext RNA, where β-hairpin residues share the domain 317 

average R1 of 1 s-1, if not yet lower values (Fig. 5d). Notably, we found the same tendency within the 318 

N-loop region, but observed a larger degree of deviations for single residues. For R2, attenuating 319 

effects of the Ext RNA are less pronounced, possibly caused by incomplete saturation of the protein 320 

leading to additional exchange phenomena that contribute to rate determination. Nevertheless, R1 321 

and R2 values allowed calculating the correlation time τC for both the NTD alone and in complex with 322 

Ext (Fig. 5e). A mean τC of 9.1 ns for the NTD results in an experimentally determined molecular 323 

weight (MW) of 14.9 kDa, which perfectly fits the expected theoretical MW of the monomeric NTD. 324 

In complex with Ext, a mean τC of 13.8 ns correlates to 22.6 kDa, which is in very good agreement 325 

with the theoretical MW of 22.1 kDa for a 1:1 complex with the 7.2 kDa Ext RNA. In sum, our results 326 
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indicate that complex formation of the NTD with Ext RNA in a 1:1 complex indeed alters its dynamics, 327 

in contrast to non-specifically formed complexes with unrelated nucleic acids45. 328 

 329 

Particular structural/functional features of the SL2+3 and SL4ext hubs 330 

 331 

To this point, our findings suggest determinants for the RNA-specificity of NTD beyond electrostatics. 332 

More precisely, the two preferred 5’ge RNA elements SL2+3 and Ext include stretches with high A/U 333 

content (Fig. 6 and Supplementary Table 1). Interestingly, both the sequence context of SL3 – 334 

containing the TRS – and of Ext had earlier been suggested to exist in transient stem-looped 335 

conformations in exchange with ssRNA36,51. Furthermore, SL3 and Ext are each preceded in 336 

sequence by stable stem-loops, namely SL2 and SL4 that are conserved among coronaviruses. We 337 

hypothesized that both SL3 and Ext represent specific targets of NTD based on their intrinsic 338 

dynamics. We determined the melting temperatures (TM) of SL2+3 and the SL4 hub RNAs using 339 

CD-spectroscopy (Fig. 6a and Supplementary Fig. S9). For SL2+3 and SL4ext we obtained two 340 

clearly distinct TM values, verifying the tandem co-occurrence of a stable moiety (either SL2, with a 341 

TM of 59°C or SL4 with a TM of 63°C) and a labile element (either SL3 with a TM of 26°C or Ext with 342 

a TM of 27°C) 3’ to that. Unexpectedly, we obtained higher TM values for isolated SL4 (67°C) and Ext 343 

(38°C) RNAs compared to SL4ext. To probe the presence of RNA secondary structure in our 344 

standard experimental NMR conditions we next recorded 1H-1D-NMR spectra (Fig. 6b and c). Visible 345 

imino-proton resonances unambiguously report on base-paired nucleotides in stem-loops. Of note, 346 

the lack of imino signals does not represent full absence of RNA structure, yet it indicates significant 347 

portions of the molecule to be single-stranded or in exchange. Indeed, the lack of imino peaks for 348 

SL3 in the SL2+3 context and Ext (see also next section for details) at 25°C (RT) supports the labile 349 

stem-loop nature of both RNAs at RT suggested by CD. For both RNA elements, imino peaks are 350 

visible below RT (Supplementary Fig. S9 and Fig. 7) confirming their RNA secondary structure 351 

propensity below TM and pointing at an equilibrium of opened and stem-looped conformers at RT.  352 

As introduced before in Fig. 4, we expected SAXS to reveal those RT RNA dynamics of SL2+3 and 353 

the SL4 hub elements and at the same time report on their folds more globally. We used available 354 

RNA structure models for SL2+3, SL4, Ext, and SL4ext as described in the Methods. In Table 2 we 355 

show the excellent overlap of their theoretical and experimentally determined geometric parameters. 356 

Of note, we found all RNAs to be monomeric as proven by their SAXS-derived MWs.  357 

We next refined secondary structure-based models of the RNAs including SAXS data as a restraint 358 

for the overall geometry and base pairing with RNAmasonry52. For SL2+3, we found the stem-loops 359 

in an atomic model would only fulfill experimental SAXS data in a non-coupled arrangement (Fig. 360 

6d), while co-axial stacking of the two parts has been suggested recently53. We suggest this finding 361 

strongly represents the particular and dynamic nature of the SL2+3 region, likely as a regulatory tool 362 

and potential hallmark for preferred targeting of SL3 by the NTD. 363 
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Not of a large surprise, we found the SL4 RNA to be a stable enlarged stem-loop satisfying the 364 

anticipated and suggested geometric parameters (Table 2, Fig. 6e)54. We also found the Ext RNA to 365 

comprise a visible degree of structure (in good agreement with the model RNA) in line with the 366 

suggested equilibrium based on its TM around room temperature. In fact, its slightly enlarged Dmax 367 

indicates a mentionable degree of ssRNA. Of note, this finding underlines the strong 368 

complementarity of NMR and SAXS for molecules in solution55. Strikingly, the combined RNA SL4ext 369 

provides molecular dimensions well in line with a co-axial stacking of the two RNA subunits 370 

suggested earlier34. We, however, found a less expressed stacking within the model based on SAXS 371 

at RT, which yet more is reasonable through the presence of ssRNA conformations in Ext. In support 372 

of this, in-detail-comparison of imino spectra acquired from SL4 and SL4ext using available 373 

assignments36,54 revealed only minor CS differences of SL4 resonances (Fig. 6c and Supplementary 374 

Fig. S9) underlining the structural independence. Finally, we used ITC to confirm the independence 375 

by a two-transition step-wise binding of NTD to SL4ext. The observable affinities of 7 and 52 µM are 376 

thereby in perfect agreement with derivable KD estimates from EMSAs (Fig. 1) and with the graded 377 

NMR-visible exchange regimes within the SL4 hub (Fig. 2 and 3, and Supplementary Fig. 4c).  378 

Altogether, the combinatorial information obtained from SAXS, CD and NMR indicate an 379 

independent assembly of SL4 and Ext in their tandem context with respect to a shared fold. 380 

 381 

NTD target preference is not a simple discrimination between ssRNA and dsRNA 382 

 383 

Our findings on preferences for the labile SL3 and Ext 5’ge RNA elements prompted us to ask 384 

whether RNA-binding of the NTD is merely a matter of discrimination between ss and dsRNA. We 385 

thus used a set of RNAs to examine the general role of ss vs. ds and stably stem-looped RNA. Our 386 

design was guided by the assumption that the NTD prefers binding to AU-rich sequences (see 387 

above30). SL3 covers a considerably single-stranded RNA region of 15 nts, while Ext spans 22 nts, 388 

both without detectable base pairing by NMR at RT. Consequently, we used two 19mer RNA oligos 389 

(ss19T and ss19B) that can be hybridized into a duplex RNA (ds19). We also included SL_AUA with 390 

a stable stem of 7 GC base pairs capped by an AU-rich hexaloop (Table 1 and Fig. 7a). With these 391 

RNAs we sought to dissect the effect of mere sequence vs. the nature of RNA. First, RNAs were 392 

confirmed towards their ss/ds states by 1H-NMR (Supplementary Fig. S10). Next, we carried out 393 

protein-observed NMR experiments and inspected CSP trajectories for selected reporter residues 394 

(see rationale above) (Fig. 7a). For convenient comparison, we schematically included peak 395 

positions for the weak binder SL4 and the preferred SL4ext, respectively, in zoom-ins for individual 396 

RNA titrations. Surprisingly, none of the tested RNAs – independent of their ss/ds/SL status – 397 

categorized as “preferred target”, indicated by the SL4-like signatures of individual reporter peaks. 398 

This finding was further corroborated by their weak binding in EMSAs and an instable complex 399 

formation in aSEC as shown for ss19T (Supplementary Fig. S2 and S5).  400 
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Importantly, we next also tested another RNA that unambiguously categorized as strong binder, 401 

underlining the inherent robustness and validity of our combinatory approach. The P2 RNA element 402 

is located in the ORF1a/b region between SL12 and 1322 (Table 1, Supplementary Fig. S10). 403 

Consistently, both the Ext region between SL4 and SL5 as much as P2 had been described as 404 

hotspots for cross-linking with Nucleocapsid and are expected to specifically trigger LLPS in the 405 

context of genome packaging. As a conclusion, our results support the NTD’s preference for 406 

unstructured, i.e. ssRNA, over stably folded RNA elements. However, we show that non-relevant 407 

ssRNA motifs such as ss19T and ss19B - similar to the folded elements - are bound in a non-specific 408 

way.  409 

Finally, preferential binding of unfolded species was also confirmed in RNA-observed titrations. We 410 

monitored Ext RNA imino peaks at 15°C during titration with the NTD and did not observe peak shifts 411 

or line-broadening (Fig. 7b). In turn, the stepwise decrease of imino signals strongly suggested that 412 

NTD interferes with the equilibrium of Ext conformations, by constantly capturing the unfolded 413 

species and thereby diminishing the folded population. Similarly, binding to unfolded SL3 was 414 

indirectly observed by SL2+3 imino peaks. At 25°C, all visible imino peaks are assignable to the 415 

stem of SL236, indicating that SL3 exists to a large extent single stranded, in line with its TM around 416 

room temperature (Fig. 7c). Binding to the unfolded SL3 part leads to stable complex formation and 417 

a reasonable increase in molecular weight of the RNP, which is reflected in line-broadening of the 418 

SL2 imino peaks. Here, the effect clearly underlines the particular interdependence of SL2 and SL3, 419 

also expressed by their seamless transition from one element into the other and supporting the 420 

existence of SL2+3 as a combined regulatory hub (Fig. 6b and d).  421 

Altogether, our data for the first time resolve in-detail the preference of the NTD for ssRNA, albeit 422 

with clear and fine-tuned discrimination of target RNAs in a particular context.  423 

 424 

The NTD persistently shapes equilibria of RNA foldamers 425 

  426 

Coronaviral nucleocapsids have early been suggested to function as chaperones, i.e. actively 427 

unfolding/refolding target RNAs as a central part of their function. Encouraged by our findings, we 428 

next sought to investigate the NTD’s potential to interfere with differential accessibility to 5’ge RNA 429 

elements in dependence of temperature.  430 

We first asked whether an increase in temperature from 4°C to 25°C would lead to an increase in 431 

complex formation with SL2+3, Ext and SL4ext assuming more RNA to be present in an unfolded 432 

state and thus accessible to the NTD (see also previous paragraph). We used comparative aSEC at 433 

the two temperatures and quantified the amount of complex (RNPs) in samples with a slight excess 434 

of RNA over protein (Fig. 8a) taking into account free protein and RNA. Fig. 8b shows the relative 435 

increase in RNPs and indeed reveals a significantly larger fraction of complex for SL2+3 and Ext. 436 

We also found an increase in RNP formation at RT for SL4ext when compared to 4 degrees, but to 437 

a mentionably lower extent. While surprising in first instance, we concluded that the relative fraction 438 
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of NTD-SL4ext complex is already higher at lower temperature (see panel a) indicating the genome-439 

like context in SL4ext is a preferable target for the NTD when compared to Ext alone. This 440 

assumption is in accordance with NMR data shown in Fig. 2 and Supplementary Fig. 4c, which show 441 

- via absolute CSPs and exchange regimes - a stronger affinity for SL4ext when compared to Ext 442 

alone. Not of a surprise, we did not find any or increased RNP fractions of NTD with either SL4 alone 443 

or the non-viral ssRNA ss19T, which confirms the NTD target preference per se is independent of 444 

temperature (Fig. 8b). 445 

In line with Fig. 6 and 7 the impressive change of complex fraction in dependence of temperature 446 

for Ext supports a model of the NTD engaging with the unfolded Ext conformer, that is present in 447 

lower amount at 4°C then at RT, while vice versa folded Ext is significantly more present at the lower 448 

temperature. We then wondered, if the NTD-RNA complex is merely subject to temperature-449 

dependent equilibrium or whether the NTD would affect the foldamer ratio, i.e. act as a chaperone 450 

(Fig. 8c). We thus mixed a sample of NTD and Ext at 5°C and measured the intensity of imino 451 

protons as a readout for the folded form of Ext (Fig. 8d). We then incubated the complex at 37°C 452 

and again measured the spectrum after re-cooling to 5°C. We found a visible loss of imino signals, 453 

indicating less folded RNA, while the absolute intensity of NMR signals in the sample remained 454 

unaltered (Suppl. Fig. 11). This indicates that the NTD has engaged with the more accessible ssExt 455 

RNA at 37°C and this complex has remained stable after cooling. As such, the NTD in complex with 456 

its designated target is able to actively manipulate the equilibrium of RNA foldamers, which is further 457 

supported by the fact that the imino resonance intensity did not change for 12 hours after the re-458 

cooling step. To overcome the solely indirect readout of the RNA-observed experiment, we next 459 

recorded protein-observing HSQCs of NTD in complex with Ext along with the same temperature 460 

steps (Fig. 8e and Suppl. Fig. 11). When comparing spectra acquired at 5°C, we found a significantly 461 

more pronounced complex fraction of NTD-Ext after incubating the sample at 37°C and returning to 462 

5°C. Of note, this affect is particularly well expressed at the sites representing the reporter amides 463 

introduced in Fig. 3. In sum, our data supports the hypothesis that the higher affine complexes of 464 

NTD with preferred 5’ge RNAs of SCoV-2 are subject to remodeling at particular neuralgic sites of 465 

the genome.   466 
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Discussion 467 

 468 

The multi-modular N protein is highly conserved among coronaviruses indicating its structural and 469 

dynamic features to play a crucial role for the accomplishment of its major functions related to RNA-470 

binding. How N is capable of combining selective binding, e.g. during transcription, and broad 471 

‘coating’ of the gRNA22 has remained one of the most obscure secrets. Much literature has 472 

accumulated on the role of N’s IDRs in this context suggesting them to drive affinity and modulate 473 

N’s core ability of forming condensates with RNA23,27. While these data are valuable for a holistic 474 

understanding, we lack insight in what exactly triggers N’s engagement with gRNA through its 475 

designated RBD – the NTD – coordinating time, space and stoichiometry. Potential target RNA 476 

elements are found in conserved genomic regions, in particular the 5’ge comprising the 5’-UTR. 477 

 478 

We here used EMSA screening, NMR spectroscopy and broad biophysical analyses to unravel 479 

hallmarks of preferred interactions of N’s NTD with SCoV-2 5’ge cis regulatory SLs 1 to 6. The RNA 480 

elements vary strongly in size, sequence and fold and cover stable SLs, AU-rich labile elements, 481 

bulges and large, branched elements. As such, they provide a valuable collection of representative 482 

viral RNA elements to gain detailed insight into differential binding behavior of the NTD.  483 

Within the 5’-UTR, we have identified two elements that correlate with specific signatures in NMR-484 

observed binding to NTD and elevated complex stability in aSEC, namely SL2+3 and Ext. Notably, 485 

NTD’s affinity for both elements is in a typical range for specific RBD-RNA complexes56. Within the 486 

SL2+3 region, specific TRS-binding of N through its NTD is conceived established for 487 

coronaviruses42. Yet, a clear atom-resolved proof for a specific interaction is missing. Our data 488 

unambiguously support the TRS as a preferred target of NTD in line with previous work11,47. In 489 

addition, our data reveal the Ext RNA to be bound by the NTD, supporting earlier work22. Ext bridges 490 

SL4 and SL5, two of the most stable and versatile cis elements in SCoV(-2). Our SAXS and CD data 491 

show that both SL3 and Ext exist as transiently folded elements. We suggest a characteristic 492 

dynamic behavior of those cis RNAs adds to their preferred targetability by the NTD in the SCoV-2 493 

genome. We also hypothesize that the superior recognition of TRS and Ext is favorably influenced 494 

by the proximity of stable structures like SL2 or SL4. This underlines the genomic context to play an 495 

important, still little-understood role in the recognition by N.  496 

Ext not only shows characteristics of a dynamic element in this work, but was previously also found 497 

as an integral part of a potential upstream ORF together with SL457. This sheds a completely new 498 

light on the regulatory hub SL4ext, and strengthens a role in preferred recognition by the NTD. Such 499 

a hub is supported by the general ability of the NTD to loosely engage with isolated SL4, where the 500 

domain unambiguously discriminates between bulged and duplexed nucleotides (Supplementary 501 

Fig. S12) despite its low affinity. This emphasizes NTD’s ability to precisely differentiate between 502 

available adjacent genomic RNA motifs. Alternatively, the NTD might use preferred sites (Ext) for 503 

encountering with weak ones (SL4). 504 
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N’s IDRs are capable of interfering with structured RNAs to a much higher, but less specific degree58. 505 

This allows speculating whether IDRs and NTD act in concert to engage with RNAs in a step-wise 506 

fashion, either driven or followed by specific NTD interactions. Although discussed earlier30,47 our 507 

data do not support an active role of the NTD in direct RNA unfolding. Instead, we found the NTD to 508 

shift ratios of Ext conformers continuously towards ssRNA. Via this, N might mask regulatory RNA 509 

elements from accessibility for other RBPs and thus e.g. prepare the RNA for packaging or 510 

downstream functions. The dynamic co-regulation of identical RNA elements by different RBPs was 511 

shown for eukaryotic 3’-UTRs recently59, where both the unfolded and stem-looped conformer of an 512 

AU-rich RNA were locked in their states depending on the ratio of two RBPs. By means of the NTD 513 

interacting with Ext, our data also stress the crucial role of temperature for viral fitness, which will 514 

shift equilibria of neuralgic RNAs to favored engagement with N.  515 

 516 

What exactly drives specificity of N with RNAs?! We have here established the NTD as to express 517 

unambiguous preferences, which is supported by current literature: First, N was found to appear in 518 

multiple proteoforms, i.e. truncations60. In line with our findings, that study suggests the specificity of 519 

N locating to the N-terminus. Via proteoforms, N might disconnect specific from non-specific RNA-520 

binding during the viral life cycle. Second, the N NTD was shown to be modulated in RNA-binding 521 

through arginine methylation at positions 95 and 17744, both of which are strongly affected in our 522 

NMR-based analysis. As such, the selective methylation of arginines will modulate RNA-binding at 523 

relevant infected-cell stages. Third, the modification of viral RNA will strongly impact specific 524 

recognition by the NTD as it leads to RNA restructuring61. Indeed, Burgess et al. found excessive 525 

m6A methylation of the SCoV-2 genome relevant for viral replication62. Interestingly, the 5’-UTR is 526 

majorly excluded indicating a role of this region for specific RNPs with unmodified sequences. This 527 

assumption is corroborated by our data on SL2+3 and Ext, exhibiting sequence-encoded intrinsic 528 

dynamics, which are less compatible with regulation via methylation events. Finally, although the 529 

NTD does not constitute a classical domain in the formation of phase separating RNPs and does not 530 

invoke LLPS on its own23,24,63, it was shown to have a measurable influence on condensation, both 531 

by truncational and mutational work21,22,25. In this context, the different facets of condensates in vitro 532 

are suggested to represent the discrimination of capsid assembly versus genome processing via 533 

phosphorylation of the NTD-flanking SR-region21. Potentially, the SR phosphorylation state might be 534 

used to regulate the degree of specificity in NTD interactions with RNA during the infectious cycle.  535 

 536 

A hypothetical model in Supplementary Fig. S13 summarizes a possible route for N in achieving 537 

specificity based on highly promiscuous binding and the statistical likelihood for fine motif 538 

discrimination through its NTD. Recent work shows a pivotal role of N’s IDRs in oligomer formation 539 

based on the CTD-mediated dimer of N23. Subsequently, the protein will exhibit higher specificity by 540 

facilitating simultaneous interaction with e.g. SL3 and Ext. Additionally, the N IDRs increase affinity 541 

for bulk RNA, masking N specificity on a quantitative level, but at the same time enlarging distinction 542 
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between regulatory target motifs and bulk interaction. Of note in that regard, the multi-modular 543 

character and N IDRs are important for broad RNA-binding28,31,32, and the protein shows less 544 

disorder after complex formation33. At the same time the role of RNA structure for compactness in 545 

capsids was shown in a Model Icosahedral Virus64, possibly in order to position target motifs for N 546 

in an efficient spatial arrangement, and also suggested as similar requirement in SARS-CoV-265. 547 

 548 

Given its high abundance and immunogenicity N is a prime target for vaccination and inhibitor 549 

search12,66. Of note, the possible repression of viral replication on the level of LLPS interference67 550 

has already been addressed, including the identification of inhibitors, likely against the NTD. 551 

Similarly, the herein investigated 5’ge RNA elements were shown to be targetable by fragments 552 

proving the principal potency of SCoV-2 RNA as drug target sites68. Our systematic HSQC-based 553 

analysis of the NTD binding to 5’-UTR elements now allows for a site-specific interrogation of RNP-554 

druggability using the more preferred RNA-NTD pairs. 555 

 556 

With the size of coronaviral genomes it appears unrealistic for N to use only few specific sites for 557 

packaging, which is supported by multiple studies, albeit in parts controversially4,22,69. Our data 558 

provides insights into the subtle differences in RNA motifs that likely account for specific recognition 559 

by the NTD, and which include sequence and labile-fold requirements. An excellent work has very 560 

recently presented convenient SCoV-2 virus-like-particles that allow examining the precise role of 561 

domains, regions and individual residues in N as well as RNA motifs for quantifiable packaging69. 562 

The detailed meaning of particular NTD complexes with genomic RNA motifs in a natural context 563 

can now be directly correlated with atomic signatures of interactions as presented in this study. 564 
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Materials and Methods 565 

Construct design 566 

The SCoV-2 N protein NTD coding sequence was based on NCBI reference genome entry 567 

NC_045512.2, identical to GenBank entry MN908941. Domain boundaries were defined in analogy 568 

to the available NMR structure (PDB 6YI3)11, spanning amino acids 44 to 180. An E. coli codon-569 

optimized DNA construct (Eurofins Genomics) was cloned into the pET-21-based vector pET-Trx1a, 570 

containing an N-terminal His6-tag, a Thioredoxin-tag (Trx) and a tobacco etch virus (TEV) cleavage 571 

site. A 14.9 kDa protein was obtained upon TEV cleavage, containing one artificial N-terminal glycine 572 

residue before the start of the native protein sequence at Gly44 in the full-length N protein sequence. 573 

 574 

Protein production 575 

Production and purification of the SCoV-2 N NTD was guided by11 and recently described in detail 576 

by us70. Briefly, uniformly (13C and) 15N-labelled NTD protein was expressed in E. coli strain BL21 577 

(DE3) in M9 minimal medium containing 1 g/L 15NH4Cl (Cambridge Isotope Laboratories), (2 g/L 578 

13C6-D-glucose (Eurisotop)) and 50 μg/mL kanamycin. Unlabeled NTD was expressed in LB medium 579 

containing 50 μg/mL kanamycin. Bacterial cultures were grown at 37°C at 120 rpm until OD600nm of 580 

0.6 – 0.8. Protein expression was induced with 1 mM IPTG, and the cultures were incubated 581 

overnight shaking (80 rpm) at room temperature. The cells were harvested by centrifugation 582 

(6000xg, 15min, 4°C) and the cell pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 300 583 

mM NaCl, 10 mM Imidazole and 2 mM b-mercaptoethanol) supplemented with 100 µL of protease 584 

inhibitor (SERVA) per 25mL of lysis buffer. Cells were disrupted by sonication and the lysate was 585 

cleared by centrifugation (11000xg, 20min, 4°C). The cleared supernatant was applied onto Ni2+-586 

NTA beads (Carl ROTH) on a gravity flow column and the His6-Trx-tagged protein was purified by 587 

affinity chromatography according to the manufacturer’s recommendation. The His6-Trx-tag was 588 

cleaved off overnight at 4 °C with 0.5 mg of TEV protease per 1 L of culture, while dialyzing into 589 

fresh buffer (50 mM Tris pH 8.0, 300 mM NaCl and 2 mM b-mercaptoethanol). TEV protease, 590 

uncleaved protein and the tag were removed via a second Ni2+-NTA gravity flow column. The flow-591 

through containing NTD was concentrated using Amicon® centrifugal concentrators with a molecular 592 

weight cut-off (MWCO) of 10 kDa and purified via size exclusion chromatography on a Superdex™ 593 

75 HiLoad 16/600 column (Cytiva), using NTD buffer (25 mM KPi pH 6.5, 150 mM KCl, 2 mM TCEP). 594 

The concentrated NTD protein from size exclusion was further subjected to ion exchange 595 

chromatography to remove possible traces of co-purified RNAses in the sample. To this end, the salt 596 

concentration of the NTD protein sample was adjusted to 50mM KCl before applying it to a 1 mL 597 

ENrich™ S (Bio-Rad) cation exchange column equilibrated with 25 mM KPi pH 6.5, 50 mM KCl, and 598 

2 mM TCEP. A continuous KCl gradient from 50 mM to 500mM was used to elute the NTD at an 599 

approximate KCl concentration of 100mM. The salt concentration of the final sample was adjusted 600 

to 150 mM KCl prior to further use. 601 
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NMR 602 

All software applications related to structural biology, including structure visualization and image 603 

creation by PyMol (Schrödinger) have been run via the SBGrid platform71. NMR measurements were 604 

carried out at the Frankfurt BMRZ using Bruker spectrometers of 600-950 MHz proton Larmor 605 

frequency, equipped with cryogenic probes and using Z-axis pulsed field gradients. All RNAs, NTD 606 

and complexes were consistently measured in NTD buffer including 5% of D2O at RT or as otherwise 607 

indicated in figures or at relevant text sites. Data acquisition and processing was undertaken using 608 

Topspin versions 3 and 4. Cosine-squared window functions were applied for apodization in all 609 

dimensions. Spectra were referenced with respect to added DSS and for 13C/15N as suggested in72. 610 

Due to buffer inconsistencies and ambiguous chemical shifts compared to conditions published 611 

by11,45 we re-assigned NTD backbone NMR resonances. To this end we recorded HNCACB, HNCO 612 

and HNcaCO spectra73,74 of uniformly labelled 13C, 15N NTD of 500 µM. Assignments of the NTD, 613 

analysis of CSPs and hetNOE ratios were performed using the CCPNMR analysis 2.4 software 614 

suite75 and the program Sparky76. All NMR-related effects were mapped and visualized on the NTD 615 

using the NMR structure of PDB entry 6YI311. 616 

The {1H}15N heteronuclear NOE experiments were performed as interleaved HSQC-based pseudo-617 

3D versions including solvent suppression by WATERGATE sequence77 and a saturation delay of 6 618 

s from samples of 160-340µM (apo) and 220µM in complex with Ext. Guided by a previous study on 619 

SARS-CoV NTD48 we recorded hetNOE experiments of the protein at various field strengths (298K 620 

each, proton Larmor frequencies of 600MHz, 800MHz and 900MHz). 621 

1H-15N HSQC experiments were acquired with a nitrogen offset at 117 ppm and a constant spectral 622 

width of 34 ppm using 96-256 indirect complex points. For titrations, we used 128 indirect points and 623 

complex forward linear prediction until 192 points. For RNA titrations, we added RNA to the apo NTD 624 

sample after running the reference HSQC to the final titration point and subsequently re-mixed sub-625 

stoichiometric ratios with fresh apo protein from the identical batch. For salt titrations of NTD in 626 

complex with 1.2x molar excess of 5’ge RNA elements 1H-15N–HSQC were recorded after adding 627 

respective volumes of a 3.3M KCl stock solution, with subsequent incubation for four hours to allow 628 

samples to reach equilibrium at 50, 140, 240, and 405mM, respectively. Spectra of complexes and 629 

the NTD alone were obtained from measurements at 800MHz, 298K, using 32 scans per FID.  630 

1H/15N Chemical shift perturbations were calculated using the formula:  631 

𝐶𝑆𝑃 = %(𝛿𝑁5 )+ + (𝛿𝐻)+ 632 

Significance was defined as the median plus standard deviation.  633 

Imino proton measurement of RNAs was carried out via jump-return 1D-spectra78 applying a binomial 634 

water suppression delay optimized for the center of respective imino proton resonances. Assignment 635 

of imino resonances for Ext RNA were determined at 278K by means of an imino-proton 2D-NOESY 636 
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with frequency shift. Control spectra of RNA alone for the salt titrations were acquired at 800MHz, 637 

298K, 3k direct FID points, using 256 scans, and a water recycle delay of 39.06µs. 638 

15N-relaxation data of NTD alone and in complex with Ext RNA were acquired as pseudo 3D-639 

experiments at RT and a field strength of 600 MHz including temperature compensation. We used 640 

the following T1-delays: 10ms, 30ms, 50ms, 90ms, 150ms, 250ms, 500ms, 1000ms and 1500ms 641 

(NTD-Ext) or 2000ms (apoNTD). For T2, we used delays of 16.96ms, 33.92ms, 50.88ms, 67.84ms, 642 

101.76ms, 135.68ms, 169.6ms, 203.52ms, and 271.36ms for the apo NTD and 16.96ms, 33.92ms, 643 

50.88ms, 67.84ms, 84.8ms, 101.76ms, 118.72ms, 135.68ms, and 169.6ms for the NTD-Ext 644 

complex. All recycling/pre-scan delays were set to 2s. Data were analyzed and fitted with Analysis, 645 

with the given errors being a measure for the fit quality. 646 

 647 

SAXS 648 

All SAXS samples were measured at room temperature in NTD buffer. To examine potential effects 649 

of concentration on oligomerization and RNA structure propensity we used the following 650 

concentrations for RNAs and NTD as listed in Supplementary Table 1. SAXS measurements were 651 

carried out remotely at beamline P12 of the DESY synchrotron Hamburg with the PETRA III source79. 652 

All samples were measured at room temperature under continuous flow with a total exposure of 3.8 653 

s (40 × 95 ms frames). Referencing was carried out with BSA. Data were processed and analyzed 654 

using the ATSAS 3.0 software suite80. We used SAXS data to create structure models for SL2+3, 655 

SL4, Ext, and SL4ext with RNAmasonry52 via 50 iterative steps and based on CRYSOL49 as fit 656 

procedure. Secondary structure was manually given for the initial step based on the models as 657 

described in the RNA section and allowed non-restrained for folding and 3D-model building. 658 

SEC-SAXS runs were used to analyze RNPs towards their geometric parameters and NTD-RNA 659 

complex fractions within mixes of 1.2-fold excess of RNA applied to a SD75 gel filtration column 660 

connected to an FPLC system. 2000-2500 consecutive frames were measured over the column 661 

volume of 22 mL covering all species of interest. Data showing scattering in dependence of retention 662 

volume were visualized and analyzed with CHROMIXS81 (see SI for example plots). To this end, 663 

relevant fractions were double-checked with peaks derived from paralleled 280-nm absorbance. 664 

Within SEC runs, scatter curves of suitable RNA-only, NTD-only or RNP peak fractions were pooled 665 

and averaged and in average 200 fractions of buffer-only within the same run were subtracted (auto-666 

selected by the program). The final curves were processed, i.e. trimmed from noise in the high-q-667 

area and - if needed- initial points removed to enable shape fitting. Clean curves were used to derive 668 

Dmax and Rg values and the molecular weight using Bayesian inference and an arbitrary globular 669 

shape as part of the ATSAS Primus tool. The particles’ pairwise distance distributions (P(r) curves) 670 

were generated using the BIOXTAS RAW suite82 and plotted in Origin. 671 

Further, for all molecular species we used Primus to derive Porod volumes as the bona fide readout 672 

for relative fractions of complexes vs. free RNAs in a sample. For the quantification of complex 673 

formation and its resultant geometric parameters we measured the absolute difference between 674 
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Porod volumes by subtracting values of free-RNA from NTD-RNA, both obtained in SEC-SAXS runs, 675 

which for 1:1 complex should yield the maximum of 24.27 nm³, i.e. the free NTD volume. 676 

 677 

RNAs 678 

We used RNA secondary structure models of 5’ge RNAs SL1-SL6 taken from recently published 679 

data35, guided by FARFAR283 or designed using the RNAcomposer suite84, SL2+3 RNA models were 680 

additionally based on85. Unlabeled RNA constructs used in this study were produced by in-house 681 

optimized in vitro transcription and purified as described previously36. Sequences of SCoV-2 5’ge 682 

RNA elements and of CoV-non-related RNAs (Table 1) are listed in table S X in the Supplement.  683 

HDV ribozyme coupled DNA templates for the 5’ elements SL1, SL2+3, SL4, SL5, and SL6 were 684 

kindly provided by the Covid19-nmr consortium. SL4ext and Ext DNA templates were kind gifts of 685 

Julia Weigand’s lab (TU Darmstadt), cloned by Stephen Peters. For P2, ss19T, ss19B and SL_AUA, 686 

complementary oligonucleotides (Sigma Aldrich) were annealed and cloned into an HDV-containing 687 

vector using Gibson assembly (Gibson et al., 2009). Final RNA samples were buffer-exchanged to 688 

NTD buffer (25 mM potassium phosphate, 150 mM potassium chloride, pH 6.5) and sample quality, 689 

homogeneity and long-term stability verified by native and denaturing PAGE as well as 1D-NMR 690 

experiments by means of the characteristic imino proton pattern. 691 

 692 

Analytical Size-exclusion chromatography (aSEC) 693 

Analytical SEC runs at 4°C were performed by loading 100 µL of protein, RNA, or protein-RNA 694 

complex samples onto a Superdex75 Increase 10/300GL or Superdex200 Increase 10/300GL 695 

column (GE Healthcare) equilibrated with NTD buffer using a Bio-Rad NGC FPLC. aSEC runs at 696 

room temperature were performed by loading 250 µL protein, RNA, or protein-RNA complex samples 697 

onto a Superdex75 Increase 10/300GL column (GE Healthcare) equilibrated with NTD buffer using 698 

an ÄKTA-explorer FPLC. Flow rates were set to 0.75 mL/min. The injected concentrations of proteins 699 

and RNAs were 70µM and 84µM, respectively. Consequently, protein-RNA complex samples had a 700 

1.2-fold excess of RNA. The run was monitored with two UV absorbance (260 and 280 nm) traces. 701 

All SEC runs were analyzed using ChromLab_v6 (Bio-Rad) and the traces plotted in OriginPro.  702 

Quantitative analysis of complex formation between NTD and RNAs at 4°C and RT was performed 703 

as follows: Peak areas of obvious (fully shifted to higher MW and/or providing a separate peak) or 704 

expected complexes (as hidden/overlaid with free RNA and or NTD) were determined by integration 705 

of the A280 curve using the implemented tool in ChromLab. The peak area of free NTD was subtracted 706 

in both temperatures in case of overlap, likewise taking into account residual free RNA at the 707 

respective retention volume. The ratio between integrals at RT over 4°C was corrected by the 708 

A260/A280 ratio of the respective free RNA in order to account for the different specifics of the HPLC 709 

UV-lamps and as linewidths of all species’ fractions visibly differed between temperatures. By doing 710 

so, we also corrected the A260/A280 ratios as exemplarily given in Figure 8a. Altogether, this correction 711 

yielded comparable and normalized integrals of RNPs. For RNAs with no peak shifts to higher MW 712 
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(no lower retention volumes) we compared A260/A280 ratios of RNP mixes and RNAs within one RNA 713 

and one temperature to verify pure-RNA peaks and position and presence of protein fractions, both 714 

together indicating no binding (SL4/NTD-SL4 in Figure 3). No meaningful numbers were given here. 715 

The graphical output was normalized to 280-nm absorption of free NTD for the two temperatures.  716 

 717 

Melting temperature (TM) analysis 718 

The UV-observed melting of various SCoV-2 5’ge RNAs used in this study was carried out on a 719 

JASCO J-810 spectropolarimeter equipped with a Peltier temperature control module (JASCO). 20 720 

μM RNA sample in NTD standard buffer was used for measurements in a cuvette (Helma QS) with 721 

a sample length of 1 mm. Both CD and UV absorbance were monitored. RNA melting experiments 722 

were recorded at 260 nm from 5 to 95 °C with a heating rate of 1 °C/min. The bandwidth was set to 723 

1 nm with a digital integration time of 1 s. Melting temperatures were obtained by fitting raw UV 724 

absorbance data with a one- or two-transition model in OriginPro. The first derivative of the UV 725 

absorbance at 260 nm over the temperature range was plotted to visualize RNA melting transitions. 726 

 727 

Electromobility shift assays (EMSAs) 728 

For the initial analysis of NTD RNA-binding preferences, radioactive EMSAs were performed 729 

according to reference86 with the following modifications: 30pmol RNA transcripts were 730 

dephosphorylated using Quick CIP (NEB) following manufacturer’s protocol and resuspended in 731 

H2O. Subsequently, 5′ end-labelling of 15 pmol RNA transcripts with [γ-32P]-ATP was accomplished 732 

with T4 polynucleotide kinase (NEB). Labeled RNA was separated from unincorporated [γ-32P]-ATP 733 

by column purification (NucAway) and adjusted with NTD buffer (25 mM potassium phosphate, 150 734 

mM potassium chloride, pH 6.5) to 0.03 pmol/μl. Binding was performed for 10 min at RT in 20μl 735 

reaction volume in the presence of 0.6 μg tRNA from baker's yeast (Sigma), 3 nM 32P-labeled RNA, 736 

1 mM MgCl2 and various dilutions of NTD in NTD buffer. After addition of 3 μl loading buffer (30% 737 

glycerol, bromphenol blue, xylene cyanol) the RNP complexes were resolved by PAGE (6% 738 

polyacrylamide, 5% glycerol, and 1×TBE) at 80 V for 75 min at RT. Gels were dried and subsequently 739 

exposed to a phosphor imager screen and visualized using a Typhoon laser scanner (GE). 740 

 741 

Isothermal titration calorimetry (ITC) 742 

ITC measurements of NTD with SL4ext were performed on a VP-ITC200 device (Malvern, United 743 

Kingdom) in buffer as given above. In all replicate experiments, SL4ext was titrated from a stock of 744 

300-400 µM to 40-50 μM of NTD provided in the reaction cell. In individual runs, we used 32–41 745 

injections of protein with 180 s of spacing adjusted to the optimum resolution of expected transitions 746 

at 298 K and a stirring speed of 750 rpm. Raw data were analyzed with the NITPIC, SedPhat and 747 

Gussi software tools87 and data plotted with OriginPro. Heat production was fitted to a two-site 748 

binding model. For all runs, we tested the effect of and, where appropriate, performed data 749 

subtraction using buffer instead of RNA.  750 
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Figures 987 

 988 

FIGURE 1 989 

 990 

 991 

 992 

 993 

Fig. 1 The Nucleocapsid NTD of SCoV-2 interacts with 5’ge RNA elements. a Domain organization 994 

of SCoV-2 N with numbers indicating domain boundaries. On top, an alternative domain 995 

nomenclature is given. b The N NTD (44-180) as taken from PDB entry 6YI3. Magenta highlights 996 

the b-hairpin, also termed “basic finger” region, and sidechains of positively charged residues are 997 

shown with sticks. Labeled in blue is the N-terminal stretch (aa 47-66) and in cyan, the therein 998 

comprised N-loop (aa 60-6348). c Scheme of the SARS-CoV-2 5’ge RNA comprising the regulatory 999 

RNA elements SL1-6 (covering nt 1-343) including the 5’-UTR. The start codon (AUG) of ORF1 is 1000 

shown in orange. d EMSAs showing the differential interactions of the NTD with the 5’ge RNAs SL1 1001 

to SL6. Protein concentrations of respective titration points are given in the inset. KD estimates are 1002 

indicated below. See also Supplementary Fig. 1 and 2 and Table 1.  1003 

 1004 

  1005 
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FIGURE 2 1006 

 1007 

 1008 

Fig. 2 NMR CSP analysis of NTD binding to 5’ge RNA elements. a Combined 1H/15N CSPs plotted 1009 

against the residue number of NTD after addition of 1.2-fold molar excess of SL1, SL2+3, SL4, 1010 

SL4ext, Ext and SL6, respectively. Lines indicate average CSPs and significance thresholds 1011 

(average plus SD). b Top, compulsory graphical mapping of the NTD RNA-binding epitope. 1012 

Highlighted in magenta are intersected (for all RNAs) regions with significant CSPs; shared residues 1013 

that are found for all RNAs are additionally included as magenta spheres on the NTD structure. 1014 

Bottom, electrostatic surface potential of the NTD derived with the Pymol plugin APBS88 shown in 1015 

same orientation as above. See also Supplementary Fig. 3. 1016 

  1017 
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FIGURE 3 1018 

 1019 

 1020 

 1021 

 1022 
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Fig. 3 Differential complex formation of the NTD with 5’ge RNA elements. a Selected reporter 1023 

residues of RNA-sensing NTD “fingertips” are shown as red spheres (N-H groups). The N-loop and 1024 

b-hairpin are labelled for orientation. b {1H}15N-hetNOE ratios display increased mobility of distinct 1025 

NTD regions (<0.6). Errors are derived from the program CCPNMR Analysis 2.475 based on the 1026 

respective signal-to-noise of spectra. “Tip” residues shown in a are indicated by red arrows. 1027 

Secondary structure elements are depicted above. c aSEC runs at RT (A280 absorption plotted over 1028 

retention volume) of NTD with 1.2-fold molar excess of 5’ge RNA elements (filled curves) showing 1029 

SL2+3 (red), SL4 (blue), SL4ext (light blue) and Ext (dark blue), respectively. Corresponding runs of 1030 

NTD alone (black, filled curves) and RNA only (respective color, dotted lines, open curve) are 1031 

included. d 1H-15N-HSQC zoom-ins of NTD showing reporter residues from panel a and their CSP 1032 

trajectories (indicated by arrows) upon titration with 1.2x molar ratios of SL2+3 (red), SL4 (blue), 1033 

SL4ext (light blue) or Ext (dark blue). e Absolute 1H-CSPs within the β-hairpin plotted over residue 1034 

number. Boxed residues show distinct trajectories upon addition of individual 5’ge-RNA elements 1035 

(grey, individual for each RNA; green, consistent for SL2+3, SL4ext and Ext), K102 line-broadened 1036 

beyond detection (l.b.). See also Supplementary Fig. 4 and 5.  1037 
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FIGURE 4 1038 

 1039 

 1040 

 1041 

Fig. 4 SEC-SAXS analysis reveals differential complex formation with SARS-CoV-2 5’ge RNAs via 1042 

their overall shapes. a Pairwise distance distributions, p(r) curves, as obtained from relevant 1043 

fractions yielding SAXS scattering intensities after SEC. The overlaid curves include free RNAs 1044 

(dotted line) and complexes with NTD (solid lines), while the NTD profile is given for orientation in 1045 

the upper panel. Relative populations are plotted over distance within complexes and the Dmax is 1046 

indicated by the section point with the x-axis. The presence of complexes or mere mixes of RNA and 1047 

NTD as derivable from analysis as in shown in b (SL4) are indicated by icons. b Quantification of 1048 

complex formation for RNAs as given derived from SAXS data of RNAs alone and in complex with 1049 

NTD after subjecting the samples to SEC prior to excitation. The bar chart shows the absolute 1050 

increase in Porod volume and the grey dotted line indicates the volume of NTD as the maximum 1051 

increase in a 1:1 complex. The scheme on top serves to juxtapose the two scenarios of mixes vs. 1052 

complexes and their resultant effect on measurable Porod volumes within samples. See also Table 1053 

2 and 3, and Supplementary Fig. 6.  1054 
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FIGURE 5 1055 

 1056 

 1057 

 1058 

Fig. 5 Influence of salt concentration on the NTD interaction with 5’ge RNA elements. a Two spectral 1059 

excerpts of 1H-15N-HSQC spectra overlaying free NTD (grey) with NTD in presence of 1.2-fold molar 1060 

excess of SL4 (blue), SL4ext (light blue) and Ext (dark blue). Accordingly, panels indicate increasing 1061 

KCl concentrations (from left to right: 50mM, 140mM, 240mM and 405mM KCl). The RNAs are 1062 

shown as icons below with their sizes and molar weights. b Selected residues showing a salt-1063 

dependent decrease of combined 1H/15N-CSP, normalized to respective maximal CSP values. c 1064 

Normalized HSQC signal intensities at 405mM KCl for NTD in complex with SL4 (blue, top), SL4ext 1065 

(light blue, middle) and Ext (dark blue, bottom). Errors are derived from calculations using CCPNMR 1066 
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Analysis75 and reflect the general signal-to-noise influence. d Dynamics of NTD (grey) versus NTD-1067 

Ext complex (dark blue) expressed by {1H}15N-hetNOE (top) and 15N relaxation rates R1 (middle) and 1068 

R2 (bottom), respectively. The highlighted areas indicate the N-terminal stretch (including the N-loop) 1069 

and b-hairpin, respectively. e Rotational correlation times tC for NTD and the NTD-Ext complex 1070 

plotted for individual residues. Mean values and the derivable molecular weight, compared to the 1071 

theoretical complex molecular weight, are given above. See also Supplementary Fig. 7 and 8. 1072 
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FIGURE 6 1073 

 1074 

 1075 

Fig. 6 Biophysical analysis of the SL2+3 and SL4 RNA hubs. a Melting curves of RNAs as shown 1076 

plotted as the first derivative of 260-nm absorption using CD spectroscopy. Peak maxima, melting 1077 

points, are given with RNA icons, respectively. b-c Imino-1H-1D NMR spectra of SL2+3 (b) and SL4 1078 

(blue), SL4ext (light blue) and Ext (dark blue) (c), respectively, recorded at RT. d RNA structure 1079 

model derived from RNAmasonry52 and supported by SAXS data for SL2+3. The fit of theoretical (as 1080 

from the model) and experimental SAXS data is given. e SAXS-derived structure models obtained 1081 

as in d, but for the SL4 region. See also Supplementary Fig. 9.  1082 
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FIGURE 7 1083 

 1084 

 1085 

 1086 

Fig. 7 Effect of RNA secondary structure on NTD binding. a Two spectral excerpts of 1H-15N-HSQC 1087 

spectra overlaying free NTD (grey) with various RNAs. The upper panel includes G99 and G60; the 1088 

lower one the C-terminal S180. From left to right: 1.2x molar excess of ss19T (green), ds19 (orange), 1089 

ss19B (purple) and SL_AUA (pink). For comparison of reference “shift modes” chemical shifts of 1090 

1.2x SL4 (dotted blue lines) and SL4ext (dotted light blue lines) are schematized, respectively. b 1091 

Imino-1H-1D NMR spectra visualizing the folded conformer of Ext when titrated with increasing 1092 

amounts of NTD at 15°C. A scheme for the underlying mechanism is shown on top. Signals upfield 1093 

of 11ppm are protein-derived. c Imino-1H-1D NMR spectra visualizing the folded SL2+3 RNA at 25°C 1094 

when titrated with increasing amounts of NTD. The schemes show the genomic numbering of SL2+3 1095 

placed with its suggested secondary structure and the proposed mechanism of specifically engaging 1096 

with SL3. See also Supplementary Fig. 10.  1097 
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FIGURE 8 1098 

 1099 
 1100 

Fig. 8 The NTD modulates equilibria of target RNA foldamers. a Comparison of aSEC runs 1101 

performed at either 4°C or RT. The zoom-ins show regions of complex retention volumes for the two 1102 

targets Ext and SL4ext when run in presence of NTD, and free protein as reference. Absorptions at 1103 

280 nm are normalized to free NTD protein. Numbers are A260/A280 ratios for denoted peaks (see 1104 

also Supplementary Fig. 5). RT SEC peak NTD-Ext. b Bar plot representing the relative increase 1105 

in complex formation for the RNAs as given upon temperature increase as taken from panel a. c 1106 

Model and experimental working hypothesis for interacting with unfolded conformers of target RNAs. 1107 

Temperature raise increases accessibility to the binding-competent foldamers of RNAs, which 1108 

remain tightly bound to NTD independent of subsequent temperature lowering. d Verification of 1109 

model in c as observed through folded Ext RNA NMR resonances acquired at 278K. Spectra of the 1110 

identical complex sample with NTD have been recorded while undergoing the temperature route as 1111 

given in c. e Verification of model in c as observed through protein-detectable NTD amide NMR 1112 

resonances at 278K. Zoom-ins show representative peaks depicting the increase in complex 1113 

formation by the accessibility of more ss Ext RNA after temperature cycling and return to 278K. See 1114 

also Supplementary Fig. 11. 1115 
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Tables 1116 

 1117 

Table 1: Overview of RNAs used in this study. Sequences are listed in Supplementary Table 1.  1118 

RNA Boundaries (genomic 
sequence position) 

Number  
of nts 

MW (kDa) Comment 

SARS-CoV-2 5’ge RNAs 

SL1     7-33    27   8.67  
SL2+3   45-75   32 10.37 +1 additional 5’ G 
SL4   86-125   44 14.28 +2 additional GC bp* 
SL4ext   86-149   64 20.66  
Ext 127-148   22   7.20 U at position 2 (128) 

replaced by G 
SL5 149-297 150 48.44 +1 additional 5’ G 
SL6 302-343   46 14.86 +2 additional GC bp 
P2 726-756   33 10.88 +2 additional 5’ G 
Additional RNAs 

ss19T -   19   6.26  
ss19B -   19   6.28  
ds19 -   19 (ds) 12.54  
SL_AUA -   20   6.64  

* +2 additional 5’ Gs and 2 additional 3’ Cs 1119 

 1120 

 1121 

Table 2: Summary of SAXS data recorded on the SL2+3 and SL4ext RNA sequence regions and 1122 

comparison with theoretical values. 1123 

RNA 
             MW (kDa) 
Theoretical    Experimental 

Dmax (Å) 
Theoretical    Experimental 

Rg (Å) 
Theoretical   Experimental 

SL2+3 10.4 12.2 75.5 74.1 22.2 22.8 

SL4 14.3 14.9 63.2 66.5 18.8 20.3 

Ext   7.2   7.0  41.4* 50.0 13.1 15.8 

SL4ext 20.7 17.6 90.7 93.3 27.8 27.3 

 1124 

 1125 

Table 3: Summary of SEC-SAXS data recorded on apo NTD, the SL2+3 and SL4ext RNA sequence 1126 

regions and complexes with the NTD. 1127 

Protein RNA Dmax (nm) Porod volume (nm³) Rg (nm) 

NTD  4.77 (5.44)* 24.27 1.62 (1.38)* 

  
SL2+3 7.60 25.21 2.31  

SL4 6.77 21.48 2.02  
SL4ext 10.16 32.9 2.78  

Ext 4.34 12.45 1.52 

 

NTD SL2+3 7.26 36.86 2.41 

NTD SL4 7.03 25.1 2.21 

NTD SL4ext 13.95 52.56 3.79 

NTD Ext 6.21 31.9 2.14 
* theoretical values for NTD taken from a crystal structure (PDB 6M3M) in parentheses 1128 
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