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Abstract 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic represents the 

most severe global health crisis in modern human history. One of the major SARS-CoV-2 

virulence factors is nonstructural protein 1 (Nsp1), which, outcompeting with the binding of host 

messenger RNA (mRNA) to the human ribosome, triggers a translation shutdown of the host 

immune system. Here, microsecond-long all-atom simulations of the C-terminal portion of the 

SARS-CoV-2/SARS-CoV Nsp1 in complex with the 40S ribosome disclose that SARS-CoV-2 

Nsp1 has evolved from its SARS-CoV ortholog to more effectively hijack the ribosome by 

undergoing a critical switch of Q/E158 and E/Q159 residues that perfects Nsp1’s interactions with 

the ribosome. Our outcomes offer a basis for understanding the sophisticated mechanisms 

underlying SARS-CoV-2 diversion and exploitation of human cells components to its deadly 

purposes. 
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Coronaviruses normally cause mild respiratory infections (i.e. the common colds) in humans, 

albeit three highly pathogenic -coronaviruses (-CoVs) emerged in the last decades: Severe acute 

respiratory syndrome (SARS-CoV), Middle East respiratory syndrome (MERS-CoV), and Severe 

acute respiratory syndrome 2 (SARS-CoV-2). The latter, being causative agent of the ongoing 

COVID-19 pandemic, is hallmarked by a higher spread rate and a longer incubation period as 

compared to previous variants. Due to these noxious traits COVID-19 has rapidly become a major 

threat to human health, causing over 200 million cases and claiming almost 5 million lives by 

October 2021.1 

 

In the last 1.5 years, the scientific community has undertaken a major research effort to decipher 

the molecular mechanisms underlying SARS-CoV-2 infection and to repurpose/develop antiviral 

drugs and/or vaccines and monoclonal antibodies to block/alleviate the COVID-19 disease.2 Most 

studies have focused on the Spike glycoprotein,3-6 which mediates the initial steps of SARS-CoV-

2 infection.7 Besides the infection, COVID-19 also elicits severe comorbid conditions, which 

affect disease progression and mortality in patients of all ages. The Nonstructural Protein 1 (Nsp1) 

is considered as one of the main comorbidity-inducing factors of COVID-19.8-9 Nsp1 is indeed 
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one of the first proteins to be translated in infected cells and provokes a severe viability reduction 

in cells of lung origin by inducing a nearly complete shutdown of the cell’s host gene expression. 

This inhibits all cellular antiviral defense mechanisms that rely on the expressions of host factors, 

including the interferon response. As such, Nsp1 contributes to suppress the host innate immune 

system and facilitate viral replication via distinct mechanisms:10 (i) its C-terminal portion (C-term) 

binds to the messenger (m)RNA entry-tunnel of the human ribosome, triggering a significant 

translational reduction of host mRNA. Intriguingly, viral mRNA overcomes Nsp1-induced 

ribosome inhibition by an unclear mechanism.11-12 (ii) The globular domain of Nsp1 recruits 

proteins to degrade mRNA strands that lack a viral tag (i.e. Nsp1 exclusively degrades human 

mRNA).13-14 (iii) Finally, Nsp1 jams the exit channel of the nucleus to prevent the host mRNAs 

exit to the cytosol, where translation occurs.15  

 

Regarding the first mechanism, a recent Cryo-EM structure trapped the C-term of SARS-CoV-2 

Nsp1 in complex with the human ribosome.8 This structure revealed that Nsp1 binds to the 40S 

ribosomal subunit within the mRNA entry-tunnel, which is lined by the uS3 and uS5 proteins and 

helix 18 (h18) of ribosomal RNA (rRNA). The C-term of Nsp1, folded into two α helices 

connected by a short loop, share 84% sequence identity with the SARS-CoV variant, arguing for 

functional orthology. Among the conserved residues, K164 and H165 are critical for translational 

shutdown, as their mutations to alanine was demonstrated to abolish Nsp1 binding to the 

ribosome.8 

  

In vitro binding and translation assays also revealed that Nsp1 of both SARS-CoV and SARS-

CoV-2 exerts similar efficacy and host translational shutdown mechanism.8 Nevertheless, SARS-
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CoV-2 is more infectious and triggers more comorbid conditions than SARS-CoV.16 Aiming at 

unraveling how Nsp1 contributes to trigger a COVID-19-related burden, we elucidated the 

molecular subtleties of SARS-CoV/-2 Nsp1 binding to the 40S ribosome by performing all-atom 

molecular dynamics (MD) simulations.  

 

Based on the recent cryo-EM structure of SARS-CoV-2 Nsp1 in complex with the 40S ribosome 

(PDB ID: 6ZLW),8 we built a model system encompassing 34 proteins (all proteins of the 40S 

ribosome solved in the cryo-EM structure and the Nsp1 one), the rRNA, 29 Mg2+ and 3 Zn2+ ions, 

hereafter referred to as SARS2 (Figure 1), which, upon explicit water solvation, counted 1,268,027 

atoms. 
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Figure 1. (A) Model of 40S ribosomal subunit in complex with the SARS-CoV-2 nonstructural 

protein 1 (Nsp1) built on cryo-EM structure (PDB ID: 6ZLW). Proteins and rRNA are depicted as 

new-cartoons. The names of the proteins of the Nsp1 binding tunnel are highlighted by black 

squares. (B) Inset of the Nsp1 binding site with Nsp1, uS3, uS5 proteins and ribosomal RNA 

shown in violet, cyan, green and yellow cartoons, respectively. (C) Schematic representation of 

Nsp1 binding to the 40S ribosome entry-tunnel located between the uS3 and uS5 proteins at the 

head and body of the 40S ribosome, respectively, showing hindering of host mRNA binding.  

 

Next, we built a model system containing SARS-CoV Nsp1, hereafter referred to as SARS1. Since 

the C-term Nsp1 of the two SARS-CoV variants differs by eight amino acids, we introduced eight 

mutations into the Nsp1 protein of the previous model system. Conversely, for the apo ribosome, 

used as the reference structure, was generated by removing Nsp1 from the SARS2 model (hereafter 

referred to as APO). Each system underwent 1 µs-long all-atom MD simulation (MovieS1) (see 

Methods section in the Supporting Information (SI) for details). 

 

Detailed inspection of the MD trajectories unraveled that Nsp1 has a similar, yet unevenly 

distributed, pattern of hydrogen (H)-bonds in the SARS2 and SARS1 orthologs (Figure 2, Table 

S1). 
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Figure 2. Representation of hydrogen (H)-bonding interactions of nonstructural protein 1 (Nsp1; 

violet) with ribosomal rRNA (yellow), and proteins uS3 (cyan), and uS5 (green) for SARS2 and 

SARS1 models. (A) Persistency of H-bond interactions of Nsp1 with the ribosome.  For the 

residues displaying more than one H-bond moiety, the sum of their H-bond persistency is reported. 

The Nsp1 residues differing in the SARS-CoV and SARS-CoV-2 are colored in orange. (B) 

Magnified local interactions of mutated Q/E158 and E/Q159 SARS-CoV-2/SARS-CoV Nsp1 

residues (presented with balls and sticks with reported H-bond persistency) with the surrounding 

uS5 and uS3 protein residues (shown as licorice). (C) Conserved K164 and H165 residues as 
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derived from the most representative cluster of molecular dynamics trajectories. H-bonds are 

indicated with dashed lines. 

 

Noticeably, among the residues diverging in the two viral strains, is intriguing the switch of the 

glutamine and glutamate residues at position 158/159. These residues (Q/E158 and E/Q159 in 

SARS2/SARS1) link Nsp1 to the neighboring uS5 and uS3 proteins, and are strictly conserved 

only in the Nsp1 proteins of those -CoV viral strains, which have been demonstrated to bind the 

human ribosome (Figure S1).9  

  

A close inspection of their interaction patterns discloses that in SARS1 E158 persistently salt-

bridges to R116@uS3 (Figures 2A, B) and H-bonds to the V147@uS5 backbone, Q159 instead 

lacks any persistent contact with the nearby proteins or rRNA. Additionally, E155@Nsp1 lies in 

the vicinity of E146@uS5 (average distance of their Cδ atoms = 6.4 ± 0.4 Å), thus exerting an 

electrostatic repulsion, which weakens the interaction between Nsp1 and uS5. Conversely, in 

SARS2 the swap between the Q/E158 and E/Q159 residues enables E159 to salt-bridge to 

R116@uS3 and K148@uS3, while Q158 H-bonds to the V147@uS5 backbone and the E146@uS5 

side-chain, thus better mediating the connection between the body (uS5) and the head (uS3) of the 

40S ribosome. In addition, the switch from E158 to Q158 in SARS2 reduces the electrostatic 

repulsion with the nearby E146@uS5 residue. As a result of this interaction pattern remodeling, in 

SARS2 even the key anchoring K164 and H165 residues better clasp Nsp1 at the bottom of the 

ribosome entry-tunnel with (i) K164, strongly interacting with the rRNA backbone phosphates 

G625 and U630, and (ii) H165 H-bonding with the U630 phosphate and π-stacking to the U630 

base. Conversely, in SARS1, K164 only H-bonds to G625 phosphate, while H165 π-stacks with 
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U630 without establishing any H-bond interactions (Figure 2C). The effective interaction pattern 

established in SARS2 contributes to more rigidly trap Nsp1 within the ribosome, as revealed by 

its lower flexibility (Figure S2). 

 

In line with the interactions discussed above, accessory energetic analyses disclose that in SARS2 

Nsp1 residues K164, H165, and E155 interact more strongly with the ribosome (Figure S3) and, 

that more in general Nsp1 better interacts with the uS3 and uS5 proteins as compared to SARS1 

(Figure S4), albeit in SARS1 Nsp1 overall displays better interaction and binding free energies.17 

Moreover, only small differences in rearrangement of hydrophobic interactions of the two models 

are observed, with W161 of Nsp1 forming T-shaped π-stacking with F124 of the uS5 protein only 

in SARS2 (Figure S5). 

 

To assess how a stitching of C-term-Nsp1 to the mRNA entry-tunnel affects the functional motions 

of the ribosome, we explored the internal dynamics of the distinct Nsp1/40S ribosome complexes 

by building the cross-correlation matrices in their standard (Figure S6) and coarse versions (see 

Supporting Methods section of the SI).18 The latter variant of the cross-correlation matrix reports 

the sum of the cross-correlation coefficients of each couple of protein/RNA component of the 

simulated systems. This makes clear at the first glimpse the relevant cross-correlation coupling 

occurring in the system.19-20 As a result, intriguing differences in the correlation pattern of Nsp1 

with the uS3 and uS5 proteins emerged. Indeed, while Nsp1 correlates positively with uS5 in both 

systems, in SARS1/SARS2 it negatively/positively correlates with both uS3 and rRNA. 

Additionally, uS3 and uS5 are negatively/positively correlated in SARS1/SARS2, while their 

correlation pattern is not clearly defined in APO (Figure 3).  
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Figure 3. Cross-correlation matrix based on per-residue Pearson coefficients (CCs) as derived 

from the mass-weighted covariance matrix. CC values range from −1 (red, anticorrelated motions) 

to +1 (blue, correlated motions) and are accumulated for each pair of considered proteins/RNA 

and normalized to provide a density correlation score (CS). In white are encircled and magnified 

regions indicating the coupling of nonstructural protein 1 (Nsp1) binding pocket with the uS3 and 

uS5 proteins. Depicted are CSs of (A) SARS2, (B) SARS1, and (C) APO models. Submatrices of 

Nsp1 versus key residues of uS5, uS3 and rRNA lining the entry-tunnel for (D) SARS2 and (E) 

SARS1. (F) View of the Nsp1 and the proteins lying the 40S ribosome entry-tunnel. 

 

Next, in order to map how the distinct cross-correlation coupling may impact the large-scale 

collective motions of Nsp1/40S ribosome adducts, we performed the principal component analysis 
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of the MD trajectories21 (Figures 4 and S7) focusing on the proteins and rRNA lining the mRNA 

entry-tunnel. Consistently with the cross-correlation maps detailed above, in SARS2, an effective 

twisting motion, adjuvated by the cooperation of the Nsp1, uS5 and uS3 proteins, induces a torque 

motion around Nsp1, thus triggering its closure of the ribosome entry-tunnel. This movement, 

possibly contributing to more effectively trap Nsp1 and to shutdown host mRNA translation, is 

absent in SARS1 and APO (Figure 4 and Movies S2, S3 and S4). 

 

Figure 4. Essential dynamics as revealed by principal component analysis (PCA) (A) SARS2 and 

(B) SARS1. The large black arrows highlight direction of the global motion of proteins/RNA 

lining the ribosome entry-tunnel. (C) Distribution of distances (Å) between the centers of mass of 

uS5 and uS3 proteins defining the width of the ribosome tunnel for SARS2, SARS1 and APO 

models (depicted in red, black, and green, respectively) along the molecular dynamics trajectory. 
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In order to more quantitatively assess the impact of Nsp1 binding on tunnel width, we analyzed 

the distribution of the distance between the centers of mass of uS5 and uS3 proteins. This distance 

relates to the opening/closing motion of the ribosome head with respect to its body, where the uS3 

and uS5 proteins belong, respectively. As a result, binding of Nsp1 from both viral strains closes 

the mRNA entry tunnel (Figures 4C), and shortening this distance, but the distribution is more 

peaked in SARS2, with a maximum lying at slightly smaller values, consistent with more effective 

entry-tunnel closure. 

 

In summary, our outcomes expand current understanding of the SARS-CoV-2 mechanisms 

underlying invasion and diversion of human cells. Namely, by inspecting the atomic-level details 

of SARS-CoV/-2 Nsp1 binding to the 40S ribosome we revealed that in SARS2 a critical switch 

of Q/E158 and E/Q159 residues remodels the interactions pattern between Nsp1 and the nearby 

proteins (uS3 and uS5) and rRNA (h18) lining the tunnel. This leads to better anchoring of Nsp1 

at the bottom of the entry-tunnel and ultimately to a more effective tying of the ribosome head and 

body. In this scenario, it is tempting to argue that SARS-CoV-2 Nsp1 has evolved from its SARS-

CoV ortholog to perfect selected key interactions with the ribosome in order to neatly stitch to and 

close the ribosome entry-tunnel and to more effectively suppress host translational shutdown, thus 

better exploiting human cells for its opportunistic and deadly objectives. This knowledge may be 

harnessed in future drug-discovery efforts aimed at reliving the COVID-19-related burden. 

 

Supporting Information 
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