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SUMMARY
All betacoronaviruses (b-CoVs) encode non-structural protein 1 (Nsp1), an essential pathogenicity factor that
potently restricts hostgeneexpression. Among theb-CoV family,MERS-CoV is themostdistantly relatedmem-
ber to SARS-CoV-2, and the mechanism for host translation inhibition by MERS-CoV Nsp1 remains controver-
sial. Herein, we show that MERS-CoV Nsp1 directly interacts with the 40S ribosomal subunit. Using cryogenic
electronmicroscopy (cryo-EM), we report a 2.6-Å structure of theMERS-CoV Nsp1 bound to the human 40S ri-
bosomal subunit. Theextensive interactionsbetweenC-terminaldomainofMERS-CoVNsp1and themRNAen-
try channel of the 40S ribosomal subunit are critical for its translation inhibition function. This mechanism of
MERS-CoV Nsp1 is strikingly similar to SARS-CoV and SARS-CoV-2 Nsp1, despite modest sequence conser-
vation.Our results reveal that themechanismofhost translation inhibition isconservedacrossb-CoVsandhigh-
light a potential therapeutic target for the development of antivirals that broadly restrict b-CoVs.
INTRODUCTION

Since 2002, three human betacoronaviruses (b-CoVs) have

emerged causing severe respiratory syndromes: severe acute

respiratory syndrome-CoV (SARS-CoV),1 Middle East respira-

tory syndrome-CoV (MERS-CoV),2 and severe acute respiratory

syndrome-CoV-2 (SARS-CoV-2), the cause of the COVID-19

pandemic.3 Nsp1 is an essential virulence factor that restricts

host gene expression post-transcriptionally and has been shown

to specifically inhibit the expression of interferon-stimulated

genes to abrogate the innate immune response.4–6 While Nsp1

is encoded by all b-CoVs, it is notable that there is a large diver-

gence in its primary amino acid sequence.7 SARS-CoV and

SARS-CoV-2 Nsp1 share a high degree of protein sequence

identity (88%), but MERS-CoV Nsp1 is poorly conserved, only

sharing 13%–16% sequence identity with Nsp1 from other

mammalian b-CoVs8 (Figure S1A). Despite the lack of sequence

conservation, b-CoV Nsp1 proteins are predicted to share a

similar architecture to the reported structures of SARS-CoV9

and SARS-CoV-2 Nsp1,10,11 with a beta-barrel N-terminal

domain (NTD) and a short C-terminal domain (CTD), separated

by a flexible linker region5,12–14 (Figure S1B).

While structural predictions for Nsp1 from different b-CoV

species show similar global structure, these proteins are re-
This is an open access article under the CC BY-N
ported to have significant differences in protein function, partic-

ularly for MERS-CoV Nsp1. Currently, there are three distinct

mechanisms of host gene expression inhibition proposed for

b-CoV Nsp1: two cytosolic and one nuclear.7 In the cytosol,

the CTD of Nsp1 binds the mRNA entry channel of the 40S ribo-

somal subunit, sterically inhibiting host mRNA from being prop-

erly loaded during translation initiation.5,13,15 Also, in a ribosome-

dependent manner, Nsp1 coordinates endonuclease cleavage

of the 50 end of host transcripts, restricting their expression

and promoting their degradation by cellular exonucleases.16,17

Lastly, within the nucleus, Nsp1 is believed to bind and inhibit

the host mRNA nuclear transport complex NXF1/NXT1, which

impedes host mRNA transport.18 While several studies have

shown that SARS-CoV and SARS-CoV-2 Nsp1 likely employ all

these mechanisms,5,16,18,19 how MERS-CoV Nsp1 inhibits host

protein synthesis remains controversial.20,21 The current litera-

ture on MERS-CoV Nsp1 suggests that its role is restricted to

the nucleus and that it does not directly bind to the 40S ribo-

somal subunit.20

Herein, using a combination of biochemical and structural

methods, we show that MERS-CoV Nsp1 binds the 40S ribo-

somal subunit and inhibits protein translation in in vitro transla-

tion assays. We report a 2.6-Å cryo-EM structure of the MERS-

CoV Nsp1 in complex with the human 40S ribosomal subunit
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Figure 1. MERS-CoV Nsp1 binds 40S ribo-

some and inhibits protein translation

(A) In vitro protein translation of a luciferase mRNA

in the presence of WT SARS-CoV-2, K164A/

H165A SARS-CoV-2 Nsp1, and WT MERS-CoV

Nsp1. Data are the mean of three biological repli-

cates +/� one standard deviation. Each biological

replicate is the average of three technical repli-

cates. Values for Nsp1-containing reactions were

compared to the ‘‘No Nsp1’’ control using two-

tailed, unpaired Student’s t tests. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

(B) Fluorescence polarization-based binding af-

finity titrations of 40S ribosome against fluores-

cein-tagged SARS-CoV-2 or MERS-CoV Nsp1.

The titrations were done in triplicates, and the

average value for each titration point with the associated standard deviation is shown. The curveswere fit to a one-site binding equation, and the estimated Kd and

the associated standard deviation are shown. Also refer to Figure S1.
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that reveals the molecular basis for host translation inhibition by

MERS-CoV Nsp1. MERS-CoV Nsp1 CTD engages the mRNA

entry channel of the 40S ribosomal subunit in a similar fashion

to SARS-CoV-2 Nsp1, despite only modest sequence conserva-

tion. Our structure also confirms previous bioinformatics ana-

lyses predicting that the Nsp1 CTD of even divergent betacoro-

naviruses shares a conserved ‘‘helix-turn-helix’’ fold.8,14 This

interaction with the 40S ribosomal subunit is critical for the trans-

lation inhibition function of MERS-CoV Nsp1. Our results show

that even divergent species of b-CoVs employ a remarkably

similar mechanism for host translation inhibition, presenting an

attractive potential target for development of novel therapeutics

broadly restricting b-CoV species.

RESULTS

MERS-CoV Nsp1 binds 40S ribosome and inhibits
protein translation
Previous studies propose that unlike SARS-CoV and SARS-

CoV-2 Nsp1, MERS-CoV Nsp1 does not inhibit translation

through interactions with the ribosome, but rather, its mode of

action is restricted to the nucleus.7,20 To test this hypothesis,

we carried out a comparative analysis of purified SARS-CoV-2

and MERS-CoV Nsp1 proteins for their ability to inhibit transla-

tion of a luciferase reporter mRNA in an in vitro translation system

of HeLa cell lysate. Wild-type (WT) SARS-CoV-2 Nsp1 exhibited

strong translation inhibition with a comparable dose response to

prior published studies19,22 (Figure 1A). Also as previously re-

ported, mutation of key residues K164A/H165A in SARS-CoV-

2 Nsp1, which interact with the 18S rRNA of the ribosome, abol-

ished the translation inhibition activity.19,23,24 Surprisingly,

MERS-CoV Nsp1 showed robust inhibition of the luciferase

mRNA translation, contrary to predictions based on current liter-

ature.24 Compared to MERS-CoV Nsp1, SARS-CoV-2 Nsp1 ex-

hibits a stronger dose-response behavior, suggesting SARS-

CoV-2 Nsp1 inhibits translation more efficiently (Figure 1A).

Based on this result, we tested SARS-CoV-2 and MERS-CoV

Nsp1 for direct binding to purified 40S ribosomal subunits using

ultracentrifugation through a 30% sucrose cushion. Both pro-

teins co-migrated with the 40S ribosomal subunit, indicating

that MERS-CoV Nsp1 can directly interact with the 40S ribo-
2 Cell Reports 42, 113156, October 31, 2023
somal subunit (Figure S1C), contrary to previously proposed

models.20 We next used fluorescence polarization-based bind-

ing assays to quantitatively characterize the binding of MERS-

CoV and SARS-CoV-2 Nsp1 to the 40S ribosomal subunit. For

this assay, MERS-CoV and SARS-CoV-2 Nsp1 were mutated

to have a single solvent-exposed cysteine residue, which

enabled labeling by a single fluorescein group through malei-

mide-thiol conjugation. The modified versions of MERS-CoV

and SARS-CoV-2 Nsp1 (Cys MERS and Cys SARS2, respec-

tively) were assayed for their activity by in vitro translation as-

says. Cys MERS and Cys SARS2 showed comparable levels of

translational inhibition to their WT counterparts, indicating that

the mutagenesis did not significantly affect protein folding or ac-

tivity (Figure S1D). Fluorescence polarization-based titrations

showed that MERS-CoV Nsp1 binds the 40S ribosomal subunit

with an affinity of �40 nM, whereas SARS-CoV-2 Nsp1 binding

affinity for the 40S ribosomal subunit is �27 nM (Figure 1B).

Cryo-EM structure of MERS-CoV Nsp1 bound to human
40S ribosomal subunit
To elucidate the molecular details of MERS-CoV Nsp1 interac-

tion with the 40S ribosomal subunit and understand the mecha-

nistic basis for its translational inhibition, we carried out cryo-EM

studieswith recombinant MERS-CoVNsp1 and human 40S ribo-

somal subunit purified from HEK293 cell lysates. We resolved a

2.6-Å reconstruction of the human 40S ribosomal subunit in

complex with MERS-CoV Nsp1 (Figures 2A, S2, and S3). The

high-resolution cryo-EM map allowed for unambiguous model

building and identification of electron density attributable to

MERS-CoV Nsp1 (Figures 2B and S4A and Tables S1 and S2).

The CTD of MERS-CoV Nsp1 (167–193) folds into a ‘‘helix-

turn-helix’’ motif that binds in the mRNA entry channel of the

40S subunit and forms an extensive network of interactions

with the 18S ribosomal RNA (rRNA) and the ribosomal proteins

uS3 and uS5 (Figure 2C). This bindingmechanism is largely iden-

tical to SARS-CoV-2 Nsp1 despite modest sequence conserva-

tion between the two proteins (Figure S1A).25,26

The mRNA entry channel of the 40S ribosomal subunit is

formed by the ribosomal proteins uS3, uS5, and helix 18 (h18)

of the 18S rRNA. Helix 1 (residues 168–178) of MERS-CoV

Nsp1 C-terminal motif is amphipathic, with several acidic



Figure 2. Cryo-EM structure of MERS-CoV Nsp1 bound to human 40S ribosomal subunit

(A) Overview of the cryo-EM structure of MERS-CoVNsp1 bound to human 40S ribosomal subunit. The C-terminal domain ofMERS-CoV Nsp1 forms a helix-turn-

helix motif with extensive interactions in the mRNA entry channel (right inset).

(B) Schematic of MERS-CoV Nsp1 illustrating the unmodeled N-terminal domain as a purple blob and the modeled CTD connected by a linker. The amino acid

numbers denoting the domain boundaries are also shown. Modeled region of MERS-CoV Nsp1 CTD is shown as an inset along with the corresponding cryo-EM

density (bottom).

(C) Structure of MERS-CoV Nsp1-40S ribosome complex was aligned with the human 48S preinitiation complex (PDB: 6ZMW). The steric clash between the

mRNA and MERS-CoV Nsp1 CTD in the mRNA entry channel is highlighted.

(legend continued on next page)
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residues (E169, D172, D173, E175, and D177) that form ionic in-

teractions with the positively charged surface of uS3 in the

mRNA entry channel (Figures 2D, 2E, and S4B). The hydrophobic

residues of helix 1 (W170, M171, and F174) pack against the hy-

drophobic residues of helix 2 (L186, L187, L190, I191) to form the

hydrophobic core of MERS-CoV Nsp1 CTD. Furthermore, resi-

dues V106, I109, and F124 of uS5 stack against the hydrophobic

core of the MERS-CoV Nsp1 CTD. The two helices of the MERS-

CoV Nsp1 CTD are connected by a tight turn composed of K179,

G180, and K181, wherein the two lysine residues extend deep

into the mRNA entry channel and anchor the Nsp1 CTD. K179

of Nsp1 interacts with the phosphate oxygen of the nucleotide

A11 of the 18S rRNA as well as with the amino acid Q113 of

uS5. K181, on the other hand, forms close contacts with the

phosphate backbone of C624, G625, and U630 of the 18S

rRNA. Notably, the neighboring residue, Y182, at the start of helix

2 of the MERS-CoV Nsp1 CTD, forms a pi-stacking interaction

with the nucleobase of U607. Interestingly, K181 and Y182 of

the MERS-CoV Nsp1 form similar contacts with the 40S ribo-

somal subunit as the critical K164 and H165 residues of the

SARS-CoV-2 Nsp1. Other MERS-CoV Nsp1 residues that

interact with the 18S rRNA include Q184, N185, K188, and

K189 (Figure 2E). The NTD of MERS-CoV Nsp1 is flexible in

our structure, and the corresponding electron density is too

weak for unambiguous model building. However, at lower con-

tour level thresholds, a globular density is present between helix

16 (h16) of the 18S rRNA and the ribosomal protein uS3, which

we attribute to the MERS-CoV NTD (Figure S4C). Similar to the

MERS-CoV Nsp1, in all reported structures of SARS-CoV-2

Nsp1 with the 40S ribosome, the NTD was too weak for model

building and placed between h16 of 18S rRNA and uS3.5,13,19

MERS-CoV Nsp1 CTD is critical for translation inhibition
To evaluate the functional importance of the key interactions

observed in our structure, we made a series of structure-guided

mutants of MERS-CoV Nsp1. The two lysines, K179 and K181,

anchoring the CTD in the mRNA entry channel were mutated

to generate the double mutant MERS KK (K179A/K181A). Simi-

larly, to analyze the MERS KY motif, which mirrors the critical

SARS-CoV-2 KH motif, residues K181 and Y182 were mutated

to alanines for the double mutant MERS KY.19 Lastly, we created

a mutant, MERS DCT, which lacked the entire CTD (D165–193),

leaving only the NTD and the linker region (1–164) (Figure 3A).

The mutants were purified and tested for their ability to inhibit

translation alongside WT MERS-CoV and SARS-CoV-2 Nsp1

(Figure S4D). Both WT MERS-CoV and SARS-CoV-2 Nsp1

showed high levels of translation inhibition (>90%) compared

to the ‘‘No Nsp1’’ control (Figure 3B). The well-characterized

SARS-CoV-2 mutant, K164A/H165A, showed minimal transla-

tion inhibition compared toWT SARS-CoV-2 Nsp1, in agreement

with previously reported studies.27,28 As predicted from the

structural analysis, all three of the MERS-CoV Nsp1 mutants—
(D) MERS-CoV Nsp1 interaction within the mRNA entry channel is shown from the

rRNA, uS3 and uS5, and MERS-CoV Nsp1 are highlighted.

(E) The overall interaction map of MERS-CoV Nsp1 CTD with 40S ribosome is re

teracting residues from 40S ribosome–uS3 (brown), us5 (green), and 18S rRNA (c

Nsp1 CTD are highlighted in yellow. Also refer to Figures S2, S3, and S4 and Ta
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MERSKK,MERSKY, andMERSDCT—abolished the translation

inhibition compared to WT MERS-CoV Nsp1 (Figure 3B). These

results suggest that the interaction between the CTD of MERS-

CoV Nsp1 and the 40S ribosomal subunit is critical for its trans-

lation inhibition activity.

DISCUSSION

Nsp1 of b-CoVs is a critical pathogenicity factor, and among

the b-CoVs that have caused significant outbreaks in the last

three decades, MERS-CoV has the highest fatality rate.2 Nsp1

of MERS-CoV also shows significant sequence divergence

compared to SARS-CoV and SARS-CoV-2 Nsp1. Contrary to

previous reports, herein we show that MERS-CoV Nsp1 directly

interacts with the 40S ribosomal subunit and robustly inhibits

protein translation. Despite modest sequence conservation,

MERS-CoV Nsp1 exhibits a remarkably similar mechanism to

SARS-CoV-2 Nsp1 by targeting the 40S ribosomal subunit and

restricting host translation.

Interestingly, SARS-CoV-2 Nsp1 inhibits translation more

potently than MERS-CoV Nsp1 (Figure 1A), even though the

binding affinities of the two proteins to the 40S ribosomal subunit

are in a similar range, with SARS-CoV-2 Nsp1 having the higher

affinity (Figure 1B). Therefore, we speculate this observed differ-

ence in potency is due to effects beyond initial binding to the 40S

ribosomal subunit. Nsp1 has been reported to drive mRNA

cleavage in a ribosome-dependent manner17,23 and to interact

with several other cellular factors.29 These additional functional-

ities and interactions remain poorly characterized, and we sus-

pect they may be responsible for the differential potency be-

tween SARS-CoV-2 and MERS-CoV Nsp1. Future studies

investigating these additional roles of the NTD, the linker region,

and potential interacting cellular factors are needed to gain a

deeper understanding of the differences in the translation inhibi-

tion potency of Nsp1 from various b-CoVs.

Eukaryotic translation initiation is a highly regulated process

involving an ensemble of translation initiation factors that interact

with the 40S ribosomal subunit to form the 43S30–32 and 48S pre-

initiation complexes.33–35 mRNA loading on the 40S ribosome

during translation initiation is a highly regulated event, and the

details of this process have remained elusive. However, recent

structure-based models highlight the importance of the

‘‘mRNA latch’’ formed by the ribosomal protein uS3 and h18

and h34 of the 18S rRNA.33,36–38 The ‘‘open’’ state of the

mRNA latch is required for mRNA loading, whereas the ‘‘closed’’

state regulates 50 UTR scanning. Upon analyzing and comparing

our structure to previous structures of the 43S and 48S preinitia-

tion complexes, it was apparent that the mRNA latch was in a

‘‘closed’’ state, and the extensive interactions of MERS-CoV

Nsp1CTDwith uS3, uS5, and h34 of the 18S rRNA appear to sta-

bilize the ‘‘closed’’ state (Figure 3C). Interestingly, the previously

reported SARS-CoV-2 Nsp1 structures bound to 40S ribosome
60S subunit interface side of the 40S ribosome. Key interactions between 18S

presented schematically. The MERS-CoV Nsp1 residues (purple) and the in-

yan)–are shown. The key hydrophobic packing interactions within MERS-CoV

bles S1 and S2.



Figure 3. MERS-CoV Nsp1 CTD is critical for translation inhibition

(A) Schematic representation of the structure-guided mutants.

(B) In vitro protein translation of luciferase mRNA in the presence of WT and structure-guided mutants of MERS-CoV Nsp1 (6 mM). Data are the mean of three

biological replicates +/� one standard deviation. Each biological replicate is the average of three technical replicates. Values for Nsp1-containing reactions were

compared to the ‘‘No Nsp1’’ control using two-tailed, unpaired Student’s t tests. *p < 0.05, ****p < 0.0001.

(C) Model for the mechanism of action for MERS-CoV Nsp1 inhibition of protein translation. The 18S rRNA from the ‘‘open’’ (orange) and ‘‘closed’’ (cyan)

conformations of 40S ribosome is shown to highlight themotion of the 40S head (left). 48S PIC structure (PDB: 6ZMW) was also aligned, and only mRNA (green) is

shown to highlight the mRNA path. MERS-CoV Nsp1 binding in the mRNA entry channel occludes the mRNA path, and overlaying the structures of 43S initiation

complexes in the ‘‘open’’ (orange, PDB:7A09) and ‘‘closed’’ (cyan, PDB:6ZVJ) with our structure (purple, MERS-CoV Nsp1 not shown) revealed that MERS-CoV

Nsp1 locks the mRNA ‘‘latch’’ in the closed position (right inset). Also refer to Figure S4.
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also adopt this same conformation.5,13,19 Thus, Nsp1 from all

b-CoVs may share a commonmechanism of trapping the 40S ri-

bosomal subunit in a conformation wherein the mRNA latch is

in the ‘‘closed’’ position, preventing conformational changes

necessary for mRNA loading and abrogating translation initiation

(Figure 3C).

The COVID-19 pandemic has proved to be extremely deadly,

causing nearly 15 million deaths by early 2023,39 yet still a vast

zoonotic reservoir of novel b-CoVs looms as a threat for future

pandemics.40 Even within the COVID-19 pandemic, evolutionary
pressures have caused rapid antigenic drift in SARS-CoV-2

spike protein, rendering current vaccines as a limited solu-

tion.41,42 Therefore, diversified therapeutics targeting multiple

stages of the viral life cycle will be critical for containing current

and future outbreaks. As Nsp1 of b-CoVs is an essential patho-

genicity factor, it presents an attractive target for therapeutic

intervention.43 Our results here provide a structural basis for

MERS-CoV Nsp1 translation inhibition, and despite large

sequence divergence from SARS-CoV-2 Nsp1, both proteins

share a conserved mechanism to bind the mRNA entry channel
Cell Reports 42, 113156, October 31, 2023 5
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of the 40S ribosomal subunit. Combined with previous structural

studies on SARS-CoV-2 Nsp1, our results presented here pro-

vide a roadmap to the critical features of b-CoV Nsp1-40S ribo-

some interaction and will aid in the development of therapeutics

that can target Nsp1 proteins across b-CoVs.

Limitations of the study
Our study provides molecular level details for MERS-CoV Nsp1

interaction with the mRNA entry channel of the 40S ribosome.

However, we could not resolve the NTD of MERS-CoV Nsp1 at

a high resolution, and thus the mechanistic role of the MERS-

CoV Nsp1 NTD in translation inhibition remains uncharacterized.

Since we used purified components for our structural studies, it

is possible that stable binding of MERS-CoV Nsp1 NTD to the

40S ribosome requires additional cellular components that are

missing from our current experimental setup. In addition, our

study did not investigate the roles of various mRNA 50 UTRs on

the translation inhibition effects of MERS-CoV and SARS-CoV-

2 Nsp1. The importance of the viral 50 UTR in escaping the

translation inhibition by its own Nsp1 has been shown previ-

ously,17,44,45 and extensive future studies are needed to under-

stand the molecular basis behind this phenomenon.
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His-Tag Monoclonal antibody ProteinTech Cat# CL594-66005; RRID: AB_2883473

Goat Anti-Mouse IgG HRP Cayman Chemical Company Cat# 10004302; RRID: AB_10078261

Bacterial and virus strains

DH5a New England Biosciences C2987H

BL21 (DE3) New England Biosciences C2527H

Chemicals, peptides, and recombinant proteins

Ulp1 Protease (Saccharomyces cerevisiae) Xiong Lab Purified Protein Stocks Accession number

1EUV_A (amino acids 1–221)

Creatine Kinase Millipore Sigma/Roche 10127566001

Creatine Phosphate Thermo Fisher 337340100

Complete, Mini Protease Inhibitor Cocktail Roche 11836153001

Potassium Chloride Sigma-Aldrich P9541

Magnesium Acetate Sigma-Aldrich M5661

EDTA Sigma-Aldrich E5134

DTT GoldBio 27565-41-9

Ammonium Acetate Sigma-Aldrich A1542

SUPERase-in Invitrogen AM2696

Sac1HF NEB R3156S

HEPES KOH Sigma-Aldrich H0527

Spermidine HCl Sigma-Aldrich S2626

ATP Jena Bioscience NU-1010

GTP ThermoScientific R0461

CHAPSO EMD Millipore 220202

Potassium glutamate Sigma-Aldrich 236497

Magnesium glutamate Sigma-Aldrich M0631

Creatine phosphate Thermo Fisher A15362.06

HeLa cytoplasmic extract Ipracell CC-01-40-50

Fluorescein-5-Maleimide ThermoFisher Scientific 62245

Potassium Acetate JT Baker 2912–01

Magnesium Chloride Sigma-Aldrich 63068

Dithiothreitol (DTT) Fisher Scientific BP17225

Clarity Western ECL substrate Bio-Rad 1705060S

10x TBS Buffer Bio-Rad 1706435

Tween 20 Sigma-Aldrich P7949

Instant Nonfat Dry Milk Nestle/Carnation 12428935

isopropyl b-D-1-thiogalactopyranoside GoldBio I2481C100

NaCl AmericanBio AB01915

Tris-HCl AmericanBio AB14044

TCEP GoldBio TCEP25

Luria Broth Research Products International 31FZ61

Terrific Broth Research Products International 31GE05

Rabbit Reticulocyte Lysate Green Hectares N/A

Kanamycin ThermoScientific 450810100
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Ampicillin GoldBio A-301-100

Phenol:Chloroform:IAA Invitrogen 15593–031

Chloroform JT Baker 9180–01

Isoamyl alcohol JT Baker 9038–01

Ethanol Sigma-Aldrich E7023

Critical commercial assays

Luciferase Assay System Promega E1500

mMessage mMachine T7 transcription kit Invitrogen AM1344

Gibson assembly cloning New England Biosciences E5510S

Q5 High-Fidelity DNA Polymerase New England Biosciences M0491L

Deposited data

MERS-CoV Nsp1 bound human

40S ribosomal subunit

PDB 8T4S

Electron density map

(focus refined composite map)

EMDB EMD-41039

Electron density map

(consensus refined map)

EMDB EMD-41063

Electron density map

(focus refined 40S head map)

EMDB EMD-41064

Electron density map

(focus refined 40S body map)

EMDB EMD-41065

Experimental models: Organisms/strains

Middle East Respiratory Syndrome NIH GenBank WBY50300.1 (Amino acids 1–193)

Severe Acute Respiratory Syndrome Coronavirus 2 NIH GenBank YP_009725297.1 (Amino acids 1–180)

Oligonucleotides

SARS-CoV-2 Nsp1 KH Forward

(CCAGGAAAACTGGAACACCGCGGCC

CAGCTCCGGAGTGACCAGAGAGCTG)

IDT N/A

SARS-CoV-2 Nsp1 KH Reverse

(CACTCCGGAGCTGTGCTTGGGCCGC

GGTGTTCCAGTTTTCCTGGAAGTCC)

IDT N/A

MERS Nsp1 KY Forward

(CTAAAGGCGCAGCTGCCC

AGAATCTGCTTAAG)

IDT N/A

MERS Nsp1 KY Reverse
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MERS Nsp1 KK Forward
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MERS Nsp1 KK Reverse
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GGATCCGCCTCAAAATCGTCCATCCAC)
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MERS DCT Forward

(CATTCCACTATGAGCGAGACAACT

AACTCGAGCACCACCACCACC)

IDT N/A

MERS DCT Reverse

(GGTGGTGGTGGTGCTCGAGTTA

GTTGTCTCGCTCATAGTGGAATG)

IDT N/A

(Continued on next page)

10 Cell Reports 42, 113156, October 31, 2023

Report
ll

OPEN ACCESS



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cys SARS2 Nsp1 Forward

(GGAGGTTCAGGTGGAGGTGGAT

CAGGTTCTTGCTAACTCGAGCAC

CACCACCACCACTG)

IDT N/A

Cys SARS2 Nsp1 Reverse

(GCAAGAACCTGATCCACCTCCAC

CTGAACCTCCGCCACCGTTCAGT

TCACGCATCAGC)

IDT N/A

Recombinant DNA

SARS2 WT This Paper N/A

SARS2 KH This Paper N/A

MERS WT This Paper N/A

MERS KY This Paper N/A

MERS KK This Paper N/A

MERS DCT This Paper N/A

Luciferase Reporter mRNA plasmid Gilbert Lab N/A

Cys SARS2 Nsp1 This Paper N/A

Cys MERS Nsp1 This Paper N/A

Software and algorithms

Adobe Illustrator Adobe 2022

Adobe Photoshop Adobe 2022

ImageJ NIH https://imagej.nih.gov/ij/download.html

CryoSparc Structura Biotechnology Inc. Version 4.2

Coot N/A Version 0.9.8.5

PHENIX N/A Version 1.2

Prism GraphPad N/A Version 9

Other

C-flat R2/1 holey carbon copper grids EMS CF312-25

PVDF Membrane Bio-Rad 1620177

Vitrobot Mark IV ThermoFisher Scientific N/A

Pelco easiGlow Ted Pella N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Yong Xiong

(yong.xiong@yale.edu).

Materials availability
Plasmids generated in this study are available upon request from the lead contact, Yong Xiong.

Data and code availability
d The atomic model for MERS-CoV Nsp1 bound human 40S ribosomal subunit is deposited in the Protein DataBank (PDB) under

the accession code PDB: 8T4S. The corresponding electron density maps are deposited in the Electron Microscopy DataBank

(EMDB) under the accession code EMD: 41039 (focus refined composite map), EMD: 41063 (consensus refined map), EMD:

41064 (focus refined 40S head map) EMD: 41065 (focus refined 40S body map).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E. coli DH5a cells were used for all recombinant DNA cloning and plasmid amplification. E. coli BL21 cells were used for recombinant

protein expression. All bacterial cultures were grown in the presence of the appropriate antibiotic, either ampicillin (100 mg/ml) or

kanamycin (50 mg/ml). Bacterial colonies that were grown on LB agar plates were not used if over 1 week old. Bacterial cultures

were grown at 37�C with orbital shaking at a speed of 180rpm under aerobic conditions in baffled flasks. The volume of the liquid

cultures did not exceed one-third of the total flask volume, and the density of liquid cultures wasmonitored byOD600. All recombinant

protein inductions were initiated when cultures reached an OD600 of 0.6–0.8. Bacteria cultures were grown in either Luria Broth or

Terrific Broth media.

METHOD DETAILS

Bacterial Expression and Purification of Recombinant Nsp1 Proteins
Full-length Nsp1 was cloned into pET28a protein expression vector with an N-terminal His6-MBP-Sumo tag directly upstream of the

Nsp1 coding region. Escherichia coli BL21 (DE3) cells were used for protein expression and were induced by 1.0 or 2.0 mM isopropyl

b-D-1-thiogalactopyranoside (IPTG) at either 16�C for 20 h or 30�C for 3.5 h in Terrific Broth Media in the presence of appropriate

antibiotic (see experimental models). Cells were harvested via centrifugation, resuspended in lysis buffer [50mM Tris-HCl, 500mM

NaCl, 5% glycerol (v/v), 0.5mM TCEP, pH 7.4 at 4�C], and subsequently lysed using a microfluidizer. The lysate was clarified by

centrifugation and then applied to a MBPTrap column (Cytiva). Proteins were eluted in lysis buffer supplemented with 10mMMaltose

and subsequently were treated with His6 tagged Ulp1 protease for 16 h at 4�C. Cleavage was evaluated by SDS-PAGE analysis, and

the cleavage reaction was loaded onto a Ni-NTA column. Cleaved Nsp1 proteins were collected in the flowthrough and wash frac-

tions (15-40mM Imidazole respectively). Concentration of the Nsp1 was performed in Amicon Ultra-15 Centrifugal Filter Concentra-

tors with a 10kDa cutoff. Subsequent size exclusion chromatography (HiLoad Superdex 75, GE healthcare) was performed in a buffer

of 50 mM Tris, 250mMNaCl, 5% glycerol (v/v), 0.5mM TCEP, pH 8.0 at 4�C. Purity of the proteins were analyzed by SDS-PAGE after

each step. The SARS-CoV-2 K164A/H165A mutant (SARS2 KH) was purified previously in a similar fashion. Full length

His6_MBP_SARS2 KH was expressed in Escherichia coli BL21 and treated identically as above through the stage of lysis by micro-

fluidizer, but was purified by using Ni-NTA affinity, followed by anion exchange (Q Sepharose) and size exclusion chromatography.

Purification of 40S ribosomal subunits
40S ribosomal subunits were purified from either HEK293 cells or rabbit reticulocyte lysate (Green Hectares, USA) adhering to pre-

viously published protocols.37,46 Rabbit reticulocyte lysate (RRL) was thawed and supplemented to contain the following [5mM

HEPES-KOH (pH 7.1), 15mM KCl, 11mM MgOAc, 1.0mM EDTA (pH 8.0), 2mM DTT, 1x of Complete Protease Inhibitor Cocktail

(Roche)]. Ribosomes were pelleted by ultracentrifugation at 40,000 rpm (125,000 G) for 10.5 h in a Beckman Type 45 Ti rotor at

4�C through a 30% sucrose cushion [30% sucrose (w/v), 20mM Bis-Tris (pH 5.9), 200mM NH4OAc, 300mM KCl, 10mM MgOAc,

5mM DTT]. The pellet was resuspended in low potassium salt buffer (20mM HEPES-KOH (pH 7.1), 30mM KCl, 11mM MgOAc,

1mM EDTA (pH8.0), 2mM DTT, 1x Complete Protease Inhibitor (Roche), 200 U ml�1 SUPERaseIN (Ambion)]. Ammonium chloride

was added to the suspension to a final concentration of 0.4M and then mixed for 30 min at 4�C. The suspension was then spun

at 16,000 G in a benchtop microcentrifuge for 10 min at 4�C. Subsequently, the supernatant was subjected to size exclusion chro-

matography on an S200 prep grade column equilibrated with 20mMTris-HCl, 500mMKCl, 10mMMgCl2, 5% (v/v) glycerol, 2mMDTT

at a pH of 7.4. Fractions were collected and analyzed by SDS–PAGE. Fractions containing 80S ribosomes were combined, supple-

mented to a final concentration of 2.5 mMMgCl2, 1% glycerol and concentrated until a OD260nm was between 200 and 350 Uml�1. In

order to disassociate the 80S ribosomes, our sample was subsequently supplemented with 1 mM puromycin and were incubated at

37�C for 20min, then at 25�C for 20min and afterward on ice for 10min. Chilled ribosomeswere clarified by centrifugation in a bench-

top microcentrifuge for 10 min at 16,000 G at 4�C, and the supernatant was directly loaded on a 10–40% sucrose density gradient

[10–40% (w/v) sucrose, 20mM Tris-HCl, 500mM KCl, 5mM MgOAc, 2mM DTT, pH 7.4], using a Beckman SW 32 Ti rotor at

25,000 rpm for 14.5 h. Fractions from the sucrose density gradient were analyzed by SDS-PAGE. Fractions containing 40S subunits

were combined, concentrated to 391 U ml�1 (measured by OD260 nm) and dialyzed overnight into a buffer containing 10mM HEPES-

KOH, 100mMKCl, 5mMMgOAc, 5% (v/v) glycerol, 2mMDTT, pH 7.1. Sample purity was also validated by investigating particle size,

homogeneity, and 2D class averages using negative stain electron microscopy. After SDS PAGE and negative stain electron micro-

scopy confirmed appropriate profiles for pure 40S ribosomal subunits, small aliquots were flash frozen in liquid nitrogen and stored

at �80�C.

Co-pelleting of Nsp1:40S Ribosomal Subunit Complexes by Ultracentrifugation
Purified His6-Nsp1 samples were first spun at 14,000 rpm for 5 min to pellet aggregates. A 20 mL reaction was assembled with 4 mM

Nsp1 and 0.4 mM purified 40S ribosome in a buffer of 20 mM HEPES KOH, 100 mM KAc, 2.5 mMMgCl2, 1 mM DTT pH 7.5 at 25�C.
The sample was incubated at 37�C for 20 min, then at room temperature (25�C) for 20 min. Then, it was layered on 500 mL of a 30%

sucrose cushion (30% sucrose (w/v), 10 mM Tris-HCl, 100 mM NaCl, 1 mMMgCl2) and centrifugated in the TLA-110 rotor in a Beck-

man Optima TLX benchtop ultracentrifuge at 60,000 RPM for 2.5 h at 25�C. Supernatant was discarded and pellet fractions were
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resuspended and run on 4–12%SDS PAGE gels (GenScript) and subsequently semi-dry transferred onto PVDFmembrane (Bio-Rad

Laboratories) in a Trans-Blot Semi-Dry Transfer Cell (BioRad Laboratories) at 15V for 35 min. Membranes were blocked in 3% milk

w/v (Carnation) 1xTBST solution (Bio-Rad Laboratories) for 1 h at room temperature prior to antibody probing. The following primary

antibodies were used in 1x TBST buffer: His-tag [mouse, 1:5,000, ProteinTech (Cat #66005)], HRP-conjugated IgG secondary anti-

mouse antibody [goat anti-mouse, 1:4,000, Cayman Chemical Company (Cat #10004302)]. Primary was incubated for overnight at

4�C and the secondary for 1 h at room temperature the following day. Membraneswere incubatedwith ClarityWestern ECL substrate

(Bio-Rad Laboratories) and imaged using a Chemidoc Imaging System (Bio-Rad Laboratories).

In vitro Transcription of Luciferase mRNA
Generation of capped/polyadenylated in vitro transcribed luciferase mRNA was performed using the mMessage mMachine T7 tran-

scription kit (Invitrogen) according to themanufacturer’s protocol using linearized plasmid as a template. Briefly, the backbone for the

template was adopted from a previous publication47 with a T7 promoter directly upstream of the 50UTR from the human gene BEX5

(brain-expressed X linked 5). This 50UTR has been identified to efficiently initiate translation in vitro (unpublished data fromCole Lewis

and Wendy Gilbert). Directly downstream of the 50UTR is a firefly luciferase coding region, short 30UTR, and an encoded 55 nucle-

otide-long polyA tail. Directly downstream of the polyA tail is a single SacI restriction site, and Sac1HF (New England Biosciences)

was used to linearize the plasmid to be used as a template for the transcription reaction. Linear DNA was purified by phenol/chlo-

roform extraction (Invitrogen), followed by chloroform:IAA (24:1, v/v) extraction, then ethanol (Sigma-Aldrich) precipitation, and sub-

sequent resuspension in nuclease-free water. After the transcription reaction, newly transcribedmRNAwas purified by LithiumChlo-

ride precipitation (supplied by the mMessage mMachine T7 Transcription kit), resuspended in RNAse-free water, and quantified by a

NanoDrop One (ThermoFisher Scientific).

In vitro translation of luciferase mRNA
In vitro translation reactions were set up on ice by first pipetting 1 mL of a working stock of Nsp1 or protein buffer into PCR tubes.

Master mix was assembled such that a 10 mL reaction would contain 4 mL of HeLa cytoplasmic extract (Ipracell), 2 units of RNAse

inhibitor (SUPERase-in RNase Inhibitor, Invitrogen), 1.0 mg of creatine kinase (derived from rabbit muscle, Millipore Sigma/

Roche), 16 mM HEPES KOH pH 7.5, 0.1 mM spermidine, 0.8 mM ATP, 0.1 mM GTP, 40 mM K glutamate, 2 mM Mg glutamate,

and 20 mM creatine phosphate. Master mix was then added to the reaction. Finally, in vitro transcribed luciferase mRNA was added

to reaction to a final concentration of 10 mM and a final reaction volume of 10 mL. Reactions were incubated at 37�C for 30 min in a

thermocycler. Then 9 mL of the translation reaction was used to detect luminescence by Promega’s Luciferase Assay System

following the manufacturer’s recommendation using a TriStar LB 941 Luminometer (Berthold Technologies). Parallel experiments

were performed as technical triplicates. The average value of a technical triplicate was treated as a single biological experiment,

and three separate biological experiments comprised a biological triplicate in statistical analysis.

Plasmids and cloning
pET28a was used for cloning in E. coli DH5a cells, and for recombinant protein expression in E. coli BL21 (DE3) cells. All PCR am-

plifications were carried out using Q5 High-Fidelity DNA Polymerase (New England Biosciences) and custom primers (IDT DNA) were

used to introduce desired mutations. PCR products were designed with overlapping regions (at least 20 nucleotides) and used in

Gibson assembly cloning (New England Biosciences) as per the manufacturer’s guidelines. The BWG476 plasmid backbone was

used for the in vitro transcription reaction, as described in the ‘‘In vitro Transcription of Luciferase mRNA’’ section.

Cryo-EM Sample Preparation and Data Collection
Purified 40S ribosomes were mixed with recombinantly purified MERS-CoV Nsp1 in a ratio of 1:10 and at a final concentration of

1.5 mM 40S ribosomal subunit. Complex formation was allowed to proceed for 30 min at 25�C. 4 mL of the MERS-CoV Nsp1:40S ri-

bosomal subunit complex was applied to C-flat R2/1 holey carbon copper grids (EMS) after glow discharging the grids at 11 mA for

30 s (Pelco easiGlow, Ted Pella). Grids were blotted at blot force 1 for 6 s and plunge frozen in liquid ethane using the Vitrobot Mark IV

system (ThermoFisher Scientific) maintained at 25�C. 0.05%CHAPSO (EMDMillipore) was used to ensure uniform ice thickness and

particle distribution.

Grids were screened for optimal ice thickness and particle concentration. Data collection was done from a single screened grid

using a 300 kV Titan Krios cryo-transmission electron microscope (ThermoFisher Scientific) equipped with a K3 camera (Gatan)

and an imaging energy filter (Gatan) operated at a slit width of 15 eV. The dataset was collected in the counting super-resolution

mode with a nominal magnification of 81,000x leading to a physical pixel size of 1.07 Å (super-resolution pixel size is 0.535 Å).

The data were collected at a dose rate of 15 e�/pixel/sec with a total electron dose of 50 e�/Å2 applied over 40 frames and a defocus

range of �0.8 mm to �1.8 mm.

Cryo-EM data processing and model Building
The cryo-EM data processing workflow was done in cryoSPARC.48 Frames were motion corrected using Patch motion correction

and binned by a factor of 2 to yield 4043 micrographs. These micrographs were manually curated, and an initial round of particle

picking was performed using Blob picker on a subset of 500micrographs. A 2D classification job on these initial particle stack yielded
Cell Reports 42, 113156, October 31, 2023 13



Report
ll

OPEN ACCESS
ideal 2D templates that were used to perform template-based particle picking on the entire dataset. A stack of 1,246,819 particles

from template picker was subjected to 2D classification to weed out bad particles. After 2D classification, a select subset of 548,477

particles were carried forward to Ab initio and heterogeneous refinement. Particles corresponding to 40S ribosomal subunit classes

were then pooled and subjected to 3D classification. One of the classes had a distinct density in themRNA entry channel correspond-

ing to the MERS-CoV Nsp1 and this stack of 267,551 particles was used for Non-uniform refinement to yield a reconstruction with a

global resolution of 2.6 Å. This final particle stack (267,551 particles) belonging to the MERS-CoV Nsp1 bound 40S ribosome class

were further processed using cryoSPARC’s focused refinement job. The head and body regions of the consensus refinement recon-

struction were masked, and the fulcrum coordinates were defined manually to yield better results from the focused refinement. The

resulting reconstructions for the 40S head and body subvolumes showed significantly better map quality, especially in the flexible

dynamic regions.

Model building was done in Coot49 with a previously published model of human ribosome as the starting template (PDB 5A2Q).

After initial rigid-body docking, the ribosomal RNA and protein residues were adjusted manually into the high-resolution map using

real-space refinementmodules. The CTD ofMERS-CoVNsp1was built de novo into the high-resolutionmap. The focus refinedmaps

were used to aid in model building of the dynamic regions of the 40S ribosomal subunit. Two rounds of real-space refinement in

PHENIX50 were carried out and the outliers were manually corrected in Coot before deposition in the Protein DataBank under the

accession code ‘8T4S’.

Fluorescein-5-maleimide conjugation to Nsp1
SARS-CoV-2 Nsp1 and MERS Nsp1 constructs were engineered to have only one predicted solvent exposed cysteine residue. For

the case of SARS-CoV-2 Nsp1, no endogenous cysteine residues were predicted to be solvent exposed. So, the following small

extension was placed on the C terminus, GGSGGGGSGSC*. This construct was named Cys SARS2 Nsp1. For MERS-CoV Nsp1,

two endogenous cysteines were predicted to be solvent exposed, C97 and C167. Cys167 was mutated to serine and this construct

was named Cys MERS Nsp1. The two constructs were cloned and purified with the same procedure described in the Bacterial

Expression and Purification of Recombinant Nsp1 Proteins section. The activity of the proteins was verified to be comparable to

WT at 4mM Nsp1. Cys SARS2 Nsp1 (75 mM) was incubated for 30 min on ice in the presence of 2.5 M equivalents of Fluorescein-

5-Maleimide (ThermoFisher Scientific) and 2M equivalents of TCEP at a final pH of 7.4. CysMERSNsp1 (50 mM)was treated similarly,

but with 11 M equivalents of Fluorescein-5-Maleimide and 3 M equivalents of TCEP. Both proteins were immediately purified post-

labeling by size exclusion chromatography. Presence of unincorporated Fluorescein-5-Maleimide and protein concentration was

determined by SDS-PAGE followed by whole gel fluorescence (excitation wavelength 495nm) and Coomassie staining band quan-

tification, respectively. Band quantification was performed with dosimetric analysis against a non-conjugated Nsp1 control using

ImageJ.51

Fluorescence polarization-based titrations
40S ribosomal subunit purified from rabbit reticulocytes (0–1000 nM) was titrated against 10 nM of either MERS-CoV or SARS-CoV-2

Cys Nsp1 protein and allowed to incubate at room temperature for 1 h. The fluorescence polarization of the reactions was measured

using a fluorescence plate reader (Tecan, USA) at an excitation and emission wavelength of 495 nM and 515 nM, respectively. The

titrations were carried out in triplicates and the standard deviation for each titration point was calculated. The curves were fit in Prism

GraphPad (v9) to the following one-site binding equation –

[Y = Bmax*X/(Kd + X]), wherein Bmax is the maximum specific binding and Kd is the equilibrium dissociation constant.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed, unpaired Student’s T-tests were performed using Microsoft Excel to determine statistical significance in all in-vitro trans-

lation experiments. The exact statistical details can be found in figure legends 1A, 3B, and supplemental figure legend 1D. Briefly,

technical replicates indicate experiments that were performed in parallel at the same time with the same reagent stocks. Three bio-

logical replicates were used for statistical testing. One biological replicate is shown along with the mean of three technical replicates.

The standard deviation of the biological replicates is plotted in Figures 1A and 3B and the standard deviation of the technical repli-

cates is plotted in Figure S1D. For the fluorescence polarization-based titrations, the standard deviation of the data from three tech-

nical replicates is plotted along with the binding curves. Exact details are provided in figure legend 1B.
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