bioRxiv preprint doi: https://doi.org/10.1101/2022.06.12.495841; this version posted June 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Structure of SARS-CoV-2 M protein in lipid nanodiscs

Kimberly A. Dolan?, Mandira Dutta®, David M. Kern?, Abhay Kotecha®*, Gregory A. Voth?®, & Stephen G.
Brohawn?*

Affiliations

'Biophysics Graduate Group, University of California Berkeley

’Department of Molecular & Cell Biology, Helen Wills Neuroscience Institute, and California Institute for
Quantitative Biosciences (QB3), University of California Berkeley, Berkeley, California, USA

3Department of Chemistry, Chicago Center for Theoretical Chemistry, Institute for Biophysical Dynamics, and
James Franck Institute, The University of Chicago, Chicago, lllinois, USA

*Materials and Structural Analysis Division, Thermo Fisher Scientific, Eindhoven, The Netherlands

*Correspondence to brohawn@berkeley.edu

Abstract

SARS-CoV-2 encodes four structural proteins incorporated into virions, spike (S), envelope (E), nucleocapsid
(N), and membrane (M). M plays an essential role in viral assembly by organizing other structural proteins
through physical interactions and directing them to sites of viral budding. As the most abundant protein in the
viral envelope and a target of patient antibodies, M is a compelling target for vaccines and therapeutics. Still,
the structure of M and molecular basis for its role in virion formation are unknown. Here, we present the cryo-
EM structure of SARS-CoV-2 M in lipid nanodiscs to 3.5 A resolution. M forms a 50 kDa homodimer that is
structurally related to the SARS-CoV-2 ORF3a viroporin, suggesting a shared ancestral origin. Structural
comparisons reveal how intersubunit gaps create a small, enclosed pocket in M and large open cavity in
ORF3a, consistent with a structural role and ion channel activity, respectively. M displays a strikingly
electropositive cytosolic surface that may be important for interactions with N, S, and viral RNA. Molecular
dynamics simulations show a high degree of structural rigidity and support a role for M homodimers in
scaffolding viral assembly. Together, these results provide insight into roles for M in coronavirus assembly and
structure.
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Introduction

Coronaviruses encode four structural proteins that are incorporated into mature enveloped virions: the
transmembrane spike (S), membrane (M), and envelope (E) proteins and the soluble nucleocapsid (N)
protein'. S proteins protrude from the virion, creating the eponymous corona in electron micrographs, and
mediate fusion of viral and host cell membranes. E proteins form cationic viroporins that promote viral
assembly and modulate the host immune response. N is an RNA-binding protein that packages the viral RNA
genome. M organizes the assembly and structure of new virions and is essential for virus formation®. M is the
most abundant membrane protein in the viral envelope and anti-M antibodies are found in plasma of patients
infected with SARS-CoV-2 and other coronaviruses®''. Based on its functional importance and
immunogenicity, M has been proposed as a target for coronavirus vaccines or therapeutics.

In infected cells, M mediates virus assembly and budding by interacting with all other structural proteins and
directing their localization to the ER-Golgi intermediate compartment (ERGIC)"'>7'°. M is proposed to interact
with E through its transmembrane region and S and N through a cytosolic C-terminal region'®'°. ER export
and Golgi localization sequences in M determine its subcellular localization and M, in turn, modulates
localization and posttranslational processing of S to promote virion assembly'®%. Across a wide range of
coronaviruses (including SARS-CoV-2, SARS-CoV-1, MERS, mouse hepatitis virus (MHV), infectious
bronchitis virus, and transmittable gastroenteritis virus), M is required for minimal virus-like particle (VLP)
formation in transfected cells'*?'-2*. M is insufficient for VLP formation alone, however, and co-required
components vary in different systems. SARS-CoV-2 VLP formation requires M co-expression with S or N2,
M has further been implicated in modulating host antiviral innate immunity. M inhibits the innate immune
response by interfering with MAVS-mediated signaling and interferon production®26. In mouse models of
infection, M expression results in lung epithelial cell apoptosis in vitro and in vivo and may contribute to lung
injury and pulmonary edema found in severe disease®.

Despite its essential role in viral assembly and implication in pathogenesis, the molecular determinants of M
function remain largely unknown. MHV M was proposed to adopt long and compact structures that differentially
facilitate membrane bending and recruitment of other structural proteins based on low resolution tomographic
analysis™. Intriguingly, a structural and evolutionary relationship between SARS-CoV-2 M and the accessory
viroporin ORF3a was reported®’ based on predicted homology to our experimental ORF3a structures®. The
manner in which distinct functional roles for M and ORF3a can be achieved in the context of a shared
architecture remains to be determined. Here, we report the cryo-EM structure of SARS-CoV-2 M in lipid
nanodiscs and perform molecular dynamics simulations to provide insight into M structure, function, and
dynamics.

Results

We determined the structure of SARS-CoV-2 M in lipid nanodiscs. Full-length M was expressed in Spodoptera
frugiperda (Sf9) cells with a cleavable C-terminal GFP tag. Gel filtration chromatography of protein extracted in
DDM/CHS detergent shows M runs predominantly as a single species consistent with a 50 kDa homodimer.
We do not observe evidence of specific higher order oligomerization at low concentrations by fluorescence size
exclusion chromatography or at higher concentrations in large scale purifications (Fig. S1). SARS-CoV-2
ORF3a, in contrast, assembles into stable homodimers and homotetramers under similar conditions?®.

We reconstituted homodimeric SARS-CoV-2 M in nanodiscs made from the scaffold protein MSP1E3D1 and
lipids (DOPE:POPC:POPS in a 2:1:1 ratio) and determined its structure by cryo-EM (Figs. 1, S2, Table 1). The
maijority of M (189 of 222 amino acids per subunit) was de novo modeled in the cryo-EM map (Figs. 1, S2).
The N-terminus (amino acids 1-16) and C-terminus (amino acids 205-222) are not resolved in the map and
were not modeled. Loops connecting transmembrane helices (amino acids 36-42 and 71-78) are the least well
resolved regions of the structure. The relatively weak density is consistent with a lack of stabilizing interactions
between these and other M regions and likely indicates they adopt a range of conformations among particles
used to generate the final map.
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M is ~70 A tall when viewed from the membrane with a ~40 A transmembrane spanning region and ~30 A
cytosolic domain (CD) extending into the intracellular solution (Fig. 1). Each subunit contains an extracellular or
lumenal N-terminus, three transmembrane helices (amino acids 17-36, 43-71, and 79-105) connected by short
linkers, and a beta-strand rich C-terminal cytosolic domain. We note that AlphaFold and RoseTTAFold
predicted M structures diverge substantially from the experimental structure (Fig. $3)**%. In the predicted
structures, TM1s are swapped between subunits in addition to differences in the relative positions of
transmembrane and cytosolic domains.

Viewed from above, TM1-3 from each subunit is positioned along a flattened ellipse with a long major (~50 A)
and short minor (~16 A) axis. Within each subunit, TM2-TM3 are closely juxtaposed and tightly packed while
TM1-TMZ2 are more distant and loosely connected. The two subunits assemble along their long axis, with TM1
from one protomer forming extensive interactions with the TM2-TM3 unit of the second protomer. As they
project towards the cytoplasm, the three transmembrane helices twist counterclockwise and splay outwards in
the inner leaflet, creating an expanded ellipse with ~55 A and ~40 A axes at the intracellular leaflet.

The transmembrane region is connected to the cytosolic domain through a tight turn-helix-turn segment
comprised of residues 106-116. Within the cytosolic domain, each protomer chain forms a pair of opposing -
sheets packed against one another in an eight stranded B-sandwich (Fig. 1B,D). The outer sheet is formed by
strands B1, B2, 6, the N-terminal half of 37, and the C-terminal half of 38. The inner sheet is formed by
strands B3, B4, B5, the C-terminal half of 7, and the N-terminal half of 8. The inner sheets from each
protomer interact through a large (~690 A? buried surface area per chain) and complementary interface with
residues L138, V139, V143, L145, F193, A195 contributing to a hydrophobic core surrounded by additional
polar interactions.

Using Dali*' to compare the M structure to all experimentally determined protein structures returns SARS-CoV-
2 ORF3a?® as the only structural homolog with a shared fold. Superposition of the two viral proteins reveals a
similar fold topology and homodimeric assembly with an overall RMSD of 4.4 A. Isolated transmembrane and
cytosolic domains from individual protomers are better superimposed (RMSD = 2.7 A and 2.5 A, respectively)
(Fig. 2). Substantial differences in M and ORF3a structure are observed in three regions: TM2-TM3, the
transmembrane-cytosolic domain junction, and the cytoplasmic domain interface. TM1s of M and ORF3a are
well superimposed, but TM2-TM3 of M are splayed further out into the membrane and are less twisted about
the two-fold symmetry axis to create a flatter and tighter interaction surface. The angle between TM3 and the
cytosolic domain is ~25° more acute in M. The cytosolic domains of M are rotated ~15° away from the
symmetry axis relative to ORF3a, shifting the cytosolic domain interface between subunits further from the
membrane.

What are the consequences of the structural rearrangement in M relative to ORF3a? Association of subunits in
the M homodimer creates a polar and, presumably, water-filled pocket, reminiscent of the polar cavity created
between subunits in ORF3a. However, the included volumes are different in several key respects (Fig. 3). First,
the M pocket is ~% smaller with an enclosed volume of ~840 A® compared to ~1300 A® in ORF3a. Second, the
M pocket is completely sealed by protein to the surrounding membrane and cytoplasm; no openings large
enough for water passage are observed connecting the pocket and protein exterior. In contrast, ORF3a
displays three pairs of tunnels connecting its internal cavity to the membrane and cytoplasm (two are displayed
in Fig. 3). Third, the position of the M pocket and ORF3a cavity are different. In M, the gap between subunits is
confined to the region between cytosolic domains because transmembrane helices from opposing subunits
form tight interactions across the entire lipid bilayer. In ORF3a, the gap extends from the region between
cytosolic domains to approximately halfway across the membrane because transmembrane helices are less
tightly associated across the membrane inner leaflet.

Another major difference in M and ORf3a structures is shown in Figure 4. The cytosolic domain of M is
strikingly electropositive across nearly the entire exposed surface. Electropositive character is contributed by
seventeen basic amino acids in three surface patches. The first covers the wide face of the cytosolic domains
and consists of eight residues (R44, H125, R131, R146, H148, H155, R158, and R198). The second covers
the narrow face of M and consists of four residues (R101, R105, R107, and R174). The third covers the
underside of M and consists of five residues (K162, K166, K180, R186, and R200). ORF3a, in contrast,
presents mixed electrostatic character with electropositive patches closer to the membrane and
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electronegative patches towards the cytoplasm. Such uniform electropositivity across the M cytosolic surface
could facilitate the close juxtaposition of M present at high concentration in viral envelope with the negatively
charged viral RNA genome.

The large, complementary, and hydrophobic interface between transmembrane and cytosolic regions of
subunits in the M structure suggests a structurally rigid core. However, a previous tomographic study of MHV
suggesting that M adopts distinct long and compact structures'®, M’s structural homology to the viroporin
ORF3a?"?8 and the dissociation of cytosolic regions shown in predicted SARS-CoV-2 M structures®® suggest
the possibility that M is capable of undergoing large-scale structural rearrangements. Motivated by this
discrepancy between the predicted dynamics of M and our experimental findings, we performed molecular
dynamics (MD) simulations to gain insight into the potential for conformational changes in M.

We equilibrated M in a lipid environment and ran an all-atom MD simulation for 1.6 uys. Overall, we did not
observe substantial conformational rearrangements in M during the simulation (Fig. 5A,B). Superposition of the
experimental and final M structure following the simulation shows minor deviations through most of the protein
(overall RMSD of 2.5 A) (Fig. 5A). The largest difference is a shift in TM1 up towards the extracellular/lumenal
side by approximately half a helical turn, enabled by rearrangement of the TM1-TM2 linker (Fig. 5A). This
relatively subtle movement is consistent with weaker density for the TM1-TM2 linker in the cryo-EM map and
fewer packing interactions for TM1 than TM2 or TM3. Per residue deviations ranged from ~ 1-4 A and, aside
from the movement of TM1, were similar between subunits and largest in the TM2-TM3 linker, transmembrane
to cytosolic region connection, and loops connecting strands in the cytosolic domain. Minimal structural
deviation was observed during the simulation within or between subunits as judged by the number of close Ca
contacts, the angle between transmembrane and cytosolic regions, the distance between transmembrane
regions, or the distance between cytosolic domains (Figs. 5D-H). Consistent with limited movement of the
transmembrane region and a lack of evidence for lipid binding in the cryo-EM structure, no obvious enrichment
of specific lipids around M was identified following simulation (Fig. S4). Finally, the internal M pocket remained
similar in size and sealed from the surrounding solution throughout the simulation (Fig. 51,J). We conclude that
under these conditions M adopts a largely stable structure with minimal dynamic conformational rearrangement
at physiological temperature.

Discussion

The structure of the SARS-CoV-2 M protein that we have obtained by cryo-EM reveals a homodimeric fold that
is structurally homologous to the nonselective Ca®* permeable cation channel of SARS-CoV-2, ORF3a. As with
3a, each subunit of M contains three transmembrane helices and a C-terminal beta sandwich domain.
However, the structure differs from ORF3a in several key ways that provides insight into how these structurally
similar proteins can fill drastically different apparent roles in the coronavirus life cycle.

When viewed from the plane of the membrane, M is considerably wider and flatter than ORF3a, due to
differences in transmembrane helix packing and a rotation about the central axis of the cytosolic domain.
Among the consequences of this flattening out of M are distinct differences in the dimer interface across the
membrane, where M shows a tighter dimer interface closer to the membrane outer leaflet as well as a gap
between cytosolic domain subunits that forms an enclosed pocket lined by polar residues. In ORF3a,
transmembrane regions are less closely opposed and a gap between subunits extends from halfway across
the membrane to halfway down the cytosolic domains. The result is a larger cavity that is open to the
membrane and cytoplasm. Mutations in the ORF3a cavity alter ion channel activity, consistent with the cavity
forming part of the conduction path. Tight subunit association may therefore be important for the structural role
of M, while loose subunit association that creates a large open cavity may be essential for the viroporin activity
of ORF3a.

In further contrast to ORF3a, which was seen to form stable tetramers through electrostatic interactions
between neighboring dimers, we see no evidence that M forms higher order oligomers under similar
experimental conditions. Surface characteristics of the M dimer lend credence to the possibility that M exists
solely as a dimer in the membrane—one striking feature of the M C-terminal beta sandwich domain is the
presence of three sizable patches of positive charge that dominate its solvent exposed surface. Molecular
dynamics simulations of M show that the dimer is stable and does not readily adopt alternate conformations at
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physiological temperature over the 1.6 ps trajectory. Taken together, these data suggest a purely structural
role for M, whereby M mediates morphological changes in host cell membranes not through forming networks
of M dimer-dimer interactions or through large-scale conformational changes, but rather through interactions
with other SARS-CoV-2 structural proteins and perhaps negatively charged lipid headgroups or viral RNA.

M has also been shown to play a crucial role in viral assembly through protein-protein interactions with other
coronavirus structural proteins such as N and S. Spike proteins are incorporated into coronavirus virions via
interactions between the cytosolic tail of S and the cytosolic domain of M, however the precise details of this
interaction are unknown'®. In SARS-CoV-2, M and N or S are the minimal components required for forming
VLPs when expressed heterologously in cells?®*?*, Several recent studies have suggested that the C-terminal
domain of N is the site of interaction between SARS-CoV-2 M and N, but as with S a precise binding site has
not been established®?*?, It is possible that M and N interactions are mediated by favorable electrostatic
interactions between negatively charged residues of the N CTD and one or more of the basic patches identified
on the surface of the cytosolic domain of M. Through the sheer abundance of M dimers found in the membrane
of SARS-CoV-2 virions, M and N together might facilitate VLP formation via a mechanism similar to the Gag
precursor of HIV, where the high concentration of M C-terminal domains at the cytoplasmic membrane surface
recruit and organize many N proteins that together physically extrude a membranous bud.

At present the World Health Organization puts the confirmed number of COVID-19 cases worldwide at nearly
530 million. Over the last two years the SARS-CoV-2 virus has undergone many mutations that have been
extensively documented through sequencing efforts worldwide®. Despite this, the M protein sequence has
remained virtually unchanged—a testament to the critical role that M plays in viral replication and assembly>°.
Furthermore, while only 20 amino acids in length, the N-terminus of M has been found to be highly
immunogenic in COVID-19 patients®'!. M has also been shown to modulate innate immune response and
could contribute to lung injury often seen in severe cases®>?. Given its clear importance in the coronavirus life
cycle and pathogenicity, M presents an attractive target for therapeutics or vaccines. While M is well conserved
across Coronaviridae (Fig. S5), it shows particularly high conservation between SARS-CoV-1 and SARS-CoV-
2, with a sequence similarity of 90.54%, highlighting its potential as a therapeutic target for emergent
coronaviruses in the future.

Figure 1 - Structure of SARS-CoV-2 M in lipid nanodiscs

(a) 3.5 A resolution cryo-EM map of SARS-CoV-2 M in MSP1E3D1 nanodiscs viewed from the membrane.
One subunit is colored pink, and the second subunit is colored blue. Density corresponding to the lipid
nanodisc is shown transparent. (b,c) Model of M viewed (b) from the membrane in two rotations and (c) from
the extracellular or lumenal side. (d) Cartoon schematic of an M monomer with secondary structure elements
indicated.

Figure 2 - SARS-CoV-2 M and ORF3a proteins are structurally homologous.

(a) Overlay of M and ORF3a structures. M is colored with one subunit pink and the second subunit blue and
ORF3a is white. (b) Overlay of a single subunit indicating major conformational rearrangements.

(c) Overlay of isolated transmembrane and cytosolic domains from each protein.

Figure 3 — An enclosed polar pocket between cytosolic domains in M.

(a) M shown as a cartoon and (b) surface with enclosed pocket volume calculated with CASTp®* shown as a
blue surface. The enclosed pocket in M is formed between cytosolic domains and is sealed to the surrounding
solution by protein. (c,d) Same as (a,b), but for SARS-CoV-2 ORF3a. The cavity in ORF3a begins closer to the
lipid bilayer, extends approximately halfway across the membrane, and is open to surrounding solution and
lipids through muiltiple openings?.

Figure 4 — An electropositive cytosolic surface in M.

(a,b) Views of the wide and narrow faces of (a) M and (b) ORF3a colored according to electrostatic surface
potential from red (electronegative, -10 ko Tec") to blue (electropositive, +10 kpTec™). (c) Views of three
electropositive surface patches on M cytosolic domains with basic residues labeled and shown as sticks with
blue nitrogen atoms.

Figure 5 — Molecular dynamics simulation of M.
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(a) Overlay of M cryo-EM structure (colored in pink and blue) and final structure (in white) following 1.6 us all
atom molecular dynamics simulation. (b) Overall RMSD between simulated and initial structure during
simulation. (c) Root mean square fluctuation of protein residues in the simulation. Orange and yellow colors
correspond to individual M protein chains. (d) Number of C-alpha contacts between two monomers. (e)
Structural representation of distances and angles used for calculations in (f-h). (f) A188-R107-173 angle plot for
each monomer. One monomer has slightly higher values than the other. (g) Center of mass distance between
173 residues at the top of the TM2-TM3 linker. (h) Center of mass distance between A188 residues at the base
of the cytosolic domains. (i) Mean radius of the enclosed pocket in M over the simulation trajectory versus
distance along the symmetry axis. At its widest positions, the pocket is wide enough to accommodate two
water molecules. (j) Minimum hole radius vs. the frame number in the simulation. The lack of substantial
changes in radius indicates a stable pocket size and shape that does not open to solution during the
simulation.

Figure S1 — Purification and reconstitution of M

(a) Fluorescence size exclusion chromatogram of M expressed in insect cells and extracted in DDM/CHS. (b)
Size exclusion chromatogram of M expressed in insect cells and extracted and purified in DDM/CHS. (c) Size
exclusion chromatogram of M reconstituted into MSP1E3D1 lipid nanodiscs. Samples were run on Superose 6
columns. Blue bars indicate pooled fractions.

Figure S2 — Cryo-EM processing and validation.

(a) Representative micrograph, (b) selected 2D class averages, (c) angular distribution of particles used in final
refinement, (d) Fourier shell correlation (FSC) relationships, and (e) local resolution estimated in CryoSPARC
colored as indicated on the final map. Side, top, and bottom views are shown.

Figure S3 - Comparison of experimentally determined and predicted M protein structures.

(a) Overlay of the experimental and AlphaFold2 predicted M structures®. (b) Overlay of experimental and one
RoseTTAfold predicted M structure®. Major differences are observed in chain topology in the transmembrane
region and relative orientation of transmembrane and cytosolic domains.

Figure S4 — Analysis of pocket size and lipid interactions from molecular dynamics simulation.

(a) Equilibrated M structure in lipid membrane consisting of DOPE:POPS:POPC in a 2:1:1 mass ratio. (b) Final
M structure of the simulation shown with the pocket colored red where the radius is too small for a water
molecule, green where it can accommodate a single water molecule, and blue where it can accommodate two
water molecules. (c) Lipid sorting patterns. Darker regions indicate higher density of the lipids. Black color is
the average location of the M-dimer. No obvious pattern of enrichment is observed.

Figure S5- Sequence alignment of M proteins across Coronaviridae

(A) Alignment of forty-two M protein sequences colored by conservation in a ramp from white (not conserved)
to dark blue (highly conserved). Accession numbers are indicated. Sequences were selected from
representative species from each Coronavirus subgenus. Secondary structure from SARS-CoV-2 M is drawn
above the alignment.

Methods

Cloning and protein expression

The coding sequence for SARS-Cov-2 M protein (Uniprot PODTC5) was synthesized (IDT, Newark, NJ) and
cloned into a vector based on the pACEBAC1 backbone (MultiBac; Geneva Biotech, Geneva, Switzerland)
with an added C-terminal PreScission protease (PPX) cleavage site, linker sequence, superfolder GFP
(sfGFP) and 7xHis tag, generating a construct for expression of M-SNS-LEVLFQGP-SRGGSGAAAGSGSGS-
sfGFP-GSS-7xHis*’. MultiBac cells were used to generate a Bacmid according to manufacturer’s instructions.
Sf9 cells were cultured in ESF 921 medium (Expression Systems, Davis, CA) and P1 virus was generated from
cells transfected with Escort IV reagent (MillaporeSigma, Burlington, MA) according to manufacturer’'s
instructions. P2 virus was then generated by infecting cells at 2 million cells/mL with P1 virus at a MOI ~0.1,
with infection monitored by fluorescence and harvested at 72 hours. P3 virus was generated in a similar
manner to expand the viral stock. The P2 or P3 viral stock was then used to infect Sf9 cells at 4 million
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cells/mL at a MOI ~2-5. At 72 hours, infected cells containing expressed M-sfGFP protein were harvested by
centrifugation at 2500 x g for 10 minutes and frozen at -80°C.

Protein purification

Infected Sf9 cells from 1 L of culture (~15 mL of cell pellet) were thawed in 100 mL of Lysis Buffer containing
50 mM HEPES, 150 mM KCI, 1mM EDTA pH 8. Protease inhibitors (Final Concentrations: E64 (1 uM),
pepstatin A (1 ug/mL), soy trypsin inhibitor (10 pg/mL), benzamidine (1 mM), aprotinin (1 pg/mL), leupeptin
(1pg/mL), AEBSF (1mM), and PMSF (1mM)) were added to the lysis buffer immediately before use.
Benzonase (4 ul) was added after the cell pellet thawed. Cells were then lysed by sonication and centrifuged at
150,000 x g for 45 minutes. The supernatant was discarded, and residual nucleic acid was removed from the
top of the membrane pellet using DPBS. Membrane pellets were scooped into a dounce homogenizer
containing extraction buffer (50 mM HEPES, 150 mM KCI, 1 mM EDTA, 1% n-Dodecyl-3-D-Maltopyranoside
(DDM, Anatrace, Maumee, OH), 0.2% cholesteryl hemisuccinate Tris salt (CHS, Anatrace, Maumee, OH) pH
8). A stock solution of 10% DDM, 2% CHS was dissolved and clarified by bath sonication in 200 mM HEPES
pH 8 prior to addition to buffer to the indicated final concentration. Membrane pellets were then homogenized
in extraction buffer and this mixture (150 mL final volume) was gently stirred at 4°C for 1.5 hours. The
extraction mixture was centrifuged at 33,000 x g for 45 minutes and the supernatant, containing solubilized
membrane protein, was bound to 4 mL of Sepharose resin coupled to anti-GFP nanobody for 1.5 hours at 4°C.
The resin was then collected in a column and washed with 10 mL of buffer 1 (20 mM HEPES, 150 mM KCI, 1
mM EDTA, 0.025% DDM, 0.005% CHS, pH 7.4), 40 mL of buffer 2 (20 mM HEPES, 500 mM KCI, 1 mM EDTA,
0.025% DDM, 0.005% CHS, pH 7.4), and 10 mL of buffer 1. The resin was then resuspended in 6 mL of buffer
1 with 0.5 mg of PPX protease and rocked gently in the capped column for 2 hours. Cleaved M protein was
then eluted with an additional 12 mL of wash buffer, spin concentrated to ~1 mL with Amicon Ultra spin
concentrator 10 kDa cutoff (Millipore), and loaded onto a Superose 6 increase column (GE Healthcare,
Chicago, IL) on an NGC system (Bio-Rad, Hercules, CA) equilibrated in buffer 1. Peak fractions containing M
protein were then collected and spin concentrated prior to incorporation into nanodiscs.

Nanodisc Formation

Freshly purified M protein in Buffer 1 was reconstituted into MSP1E3D1 nanodiscs with a mixture of lipids
(DOPE:POPS:POPC at a 2:1:1 mass ratio, Avanti, Alabaster, Alabama) at a final molar ratio of 1:4:400 (
M:MSP1E3D1:lipid).

20 mM solubilized lipid in lipid dilution buffer (20 mM HEPES, 150 mM KCI, pH 7.4) was mixed with additional
DDM/CHS detergent and M protein at 4°C for 30 minutes before addition of purified MSP1E3D1. This addition
brought the final concentrations to approximately 10 uM M protein, 40 uM MSP1E3D1, 4 mM lipid mix,10 mM
DDM, and 1.7 mM CHS. The solution with MSP1E3D1 was mixed at 4°C for 15 minutes before addition of 150
mg of Biobeads SM2. Biobeads (washed into methanol, water, and then Nanodisc Formation Buffer) were
weighed after liquid was removed by pipetting (damp weight). This final mixture was then gently tumbled at 4°C
overnight (~ 12 hours). Supernatant was cleared of beads by letting large beads settle and carefully removing
liquid with a pipette. Sample was spun for 10 minutes at 21,000 x g before loading onto a Superose 6 increase
column in 20 mM HEPES, 150 mM KCI, pH 7.4. Peak fractions corresponding to M protein in MSP1E3D1 were
collected, 10 kDa cutoff spin concentrated and used for grid preparation. MSP1E3D1 was prepared as
previously described® without cleavage of the His-tag.

Cryo-EM sample preparation and data collection

M in MSP1E3D1 was prepared at a final concentration of 1.3 mg/mL. Concentrated sample was cleared by a
10-minute 21,000 x g spin at 4°C prior to grid preparation. 3.4 ul of protein was applied to freshly glow
discharged Holey Carbon, 300 mesh R 1.2/1.3 gold grids (Quantifoil, Gro3l6bichau, Germany) and plunge
frozen in liquid ethane using a FEI Vitrobot Mark IV (ThermoFisher Scientific) was used with 4°C, 100%
humidity, 1 blot force, a wait time of ~5 seconds, and a 3 second blot time.

Grids were clipped and sent to Thermo Fisher Scientific RnD division in Eindhoven, The Netherlands for data
collection. Grids were loaded onto a Krios G4 microscope equipped with a Cold Field Emission gun (CFEG)
and operated at 300 kV. Data were collected on a Falcon 4 detector mounted behind a Selectris X energy filter.
The slit width of the energy filter was set to 10eV. 7,588 movie stacks containing 1251 frames were collected
with EER (electron event representation) mode>® of Falcon 4 detector at a magnification of 165,000
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corresponding to a pixel size of 0.727 A. Each movie stack was recorded with a total dose of 50e-/A2 on
sample and a defocus range between 0.5 to 1.2 ym.

See Table 1 for detailed data collection statistics.

Cryo-EM data processing

Motion correction and dose weighting were performed on all 7,588 videos using RELION 4.0’s implementation
of MotionCor2 at 0.727 A per pixel. Contrast transfer function (CTF) parameters were fit with CTFFIND-4.1.
Template-free auto-picking of particles was performed with RELION 4.0’s Laplacian-of-Gaussian filter on
movies CTF fit to 5.0 A or better, yielding an initial set of 2,379,507 particles. These particles were then
extracted at a 288-pixel box size and transferred to cryoSPARC v.3.2 for two-dimensional classification.

Iterative rounds of 2D classification resulted in a set of 31,126 particles which were then extracted in RELION
4.0 and their coordinates were used in the Topaz particle-picking pipeline*°. Topaz training, picking, and
extraction yielded 2,376,190 particles which were then subjected to one round of 2D classification in RELION
4.0 to remove obvious noise. The resulting 2,007,561 particles were extracted and then iteratively 2D classified
in cryoSPARC v3.2, resulting in a set of 54,747 ‘good’ particles.

Both the initial auto-picked particle set and subsequent Topaz particle set were lacking in good 2D classes of
side views, so a subset of 13,698 particles from the best side view classes were extracted in RELION 4.0 and
used to train and pick new particles in Topaz. As before, the resulting 2,186,648 particles were subjected to

one round of 2D classification in RELION 4.0 then imported into cryoSPARC v3.2 for further 2D classification.

Good particles from the initial auto-picked particle set and both Topaz particle sets were pooled and duplicates
within 100 A were removed to yield 105,535 particles. These particles were extracted and imported into
cryoSPARC v3.2 for 3 rounds of 2D classification to remove remaining junk. An ab initio reconstruction of the
remaining 69,182 particles was performed to provide an initial volume and a subsequent non-uniform
refinement (C2, 2 extra passes, 16 A initial resolution) produced a map with a 4.0 A overall resolution. This
map was post-processed in RELION 4.0 and used for Bayesian particle polishing.

The resulting ‘shiny’ particles were imported back into cryoSPARC v3.2 for one additional round of 2D
classification. The final 64,966 particles were used to generate a new ab initio and a subsequent non-uniform
refinement (C2, 2 extra passes, 16 A initial resolution, 1.5 adaptive window factor) yielded the final map at 3.5
A nominal resolution.

Modeling, Refinement, and Analysis

cryoSPARC sharpened cryo-EM maps were used to de novo model M using Coot*'. The model was real space
refined in Phenix*? and validated using Molprobity*®. Cavity and tunnel measurements were made with
CASTp*. Comparisons to the structure database were performed with DALI®'. Figures were prepared using
ChimeraX**, Prism, Adobe Photoshop, and Adobe lllustrator software.

Fluorescence Size Exclusion Chromatography (FSEC)

Sf9 cells (~4 million) from the third day of infection were pelleted, frozen, and then thawed into extraction buffer
(20mM Tris pH 8, 150 mM KCI, all protease inhibitors used for protein purification, 1 mM EDTA, 1% DDM).
Extraction was performed at 4°C for 1 hour and lysate was then pelleted at 21,000 x g at 4°C for 1 hour to clear
the supernatant. Supernatant was then run on a Superose 6 Increase column with fluorescence detection for
GFP into 20 mM HEPES pH 7.4, 150 mM KCl, 0.025% DDM, 0.005% CHS.

Molecular dynamics

The initial MD system of M-protein and lipid bilayer was built using CHARMM-GUI Membrane Builder*%. A
20x20 nm lipid bilayer membrane was taken with a mixture of DOPE, POPS and POPC lipids in a 2:1:1 mass
ratio. A fully hydrated bilayer was built around the M protein, centering the transmembrane region close to the
lipid bilayer center. To neutralize the system, a 0.15M KCI salt concentration was used. The simulations were
performed on GROMACS MD simulation package*® with the CHARMM36m force-field*®. An initial minimization
of the system was carried out following six-steps protocols provided on CHARMM-GUI®'. A time step of 2fs
was used with periodic boundary conditions for the simulations. A simulation temperature of 310.15 K was
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maintained with a Nose-Hoover thermostat®*®® and a coupling time constant of 1.0 ps in GROMACS. The
pressure was set at 1bar with a Berendsen barostat® during initial relaxation. For the production runs, the
Parrinello-Rahman barostat was used semi-isotropically with the compressibility of 4.5 x 10° and a coupling
time constant of 5.0 ps®*>®. For the non-bonded interactions a switching function between 1.0 and 1.2 nm was
used. The long-range electrostatics were computed using Particle Mesh Ewald (PME)*’. The LINCS algorithm
was used to constrain hydrogen bonds®®. We performed 1.6 ps production run for the system and used
Frontera (TACC), and Midway2 (Research Computing Center at the University of Chicago) to run these
simulations.

The RMSD of the protein and RMSF per residue (Fig. 5B, C) were calculated using the GROMACS module.
The center-of-mass (COM) distances between two residues (Fig. 5G, H), number of Ca contacts between two
monomers (Fig. 5D), and angles between transmembrane and cytosolic regions (Fig. 5F) were also calculated
using the GROMACS package*®. The analysis of the M pocket was performed using the HOLE program®®
implemented in MDAnalysis®® (Fig. 51, J). In Fig. 5J, each frame was taken at a 4ns time step. The lipid
distribution around the M protein was calculated using the MDAnalysis Python packages® (Fig. S4). Visual
Molecular Dynamics (VMD) and PyMOL were used as visualization software.

Data and reagent availability

All data and reagents associated with this study are publicly available. The final model is in the PDB under
8CTK, the final map is in the EMDB under EMD-26993, and micrographs (original and motion corrected) and
final particle stack are deposited in EMPIAR.
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Table S1 - Cryo-EM data collection, processing, refinement, and modeling data

Data collection SARS-CoV-2 M
PDB 8CTK
EMDB 26993
Total movies 7588
Magnification 165,000 x
Voltage (KV) 300
Electron exposure (e/A?) 50
Defocus range (um) -0.5t0-1.2
Super resolution pixel size (A?) 0.3635
Binned pixel size (A?) 0.727
Processing

Initial particle images (no.) 2,007,561
Final particle images (no.) 64,966
Map resolution Masked (A, FSC = 3.52
0.143)

Symmetry imposed Cc2
Refinement

Model resolution (A, FSC = 0.143 / 3.2/3.5

FSC =0.5)

Map-sharpening B factor (A?) -145

Composition
Number of atoms 3042
Number of protein residues 376
Number of ligands 0

RMS deviations

Bond lengths (A) 0.003

Bond angles (A) 0.690
Validation

MolProbity score 1.47

Clashscore 4.37

Ramachandran plot

Favored (%) 96.24

Allowed (%) 3.76

Disallowed (%) 0
Rotamer outliers (%) 0

Mean B factor (A?)

Protein 42.42
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Cytosolic domain Transmembrane region

Figure 1 - Structure of SARS-CoV-2 M in lipid nanodiscs

(a) 3.5 A resolution cryo-EM map of SARS-CoV-2 M in MSP1E3D1 nanodiscs viewed from the membrane. One subunit is colored pink, and
the second subunit is colored blue. Density corresponding to the lipid nanodisc is shown transparent. (b,c) Model of M viewed (b) from the
membrane in two rotations and (c) from the extracellular or lumenal side. (d) Cartoon schematic of an M monomer with secondary structure
elements indicated.
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Figure 2 - SARS-CoV-2 M and ORF3a proteins are structurally homologous.
(a) Overlay of M and ORF3a structures. M is colored with one subunit pink and the second subunit blue and ORF3a is

white. (b) Overlay of a single subunit indicating major conformational rearrangements. (c) Overlay of isolated transmem-
brane and cytosolic domains from each protein.
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Figure 3 — An enclosed polar pocket between cytosolic domains in M.

(a) M shown as a cartoon and (b) surface with enclosed pocket volume calculated with CASTp?®
shown as a blue surface. The enclosed pocket in M is formed between cytosolic domains and is
sealed to the surrounding solution by protein. (c,d) Same as (a,b), but for SARS-CoV-2 ORF3a.
The cavity in ORF3a begins closer to the lipid bilayer, extends approximately halfway across the
membrane, and is open to surrounding solution and lipids through multiple openings?.
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a SARS-CoV-2 M b SARS-CoV-2 Orf3a

Figure 4 — An electropositive cytosolic surface in M.

(a,b) Views of the wide and narrow faces of (a) M and (b) ORF3a colored according to electrostatic surface potential
from red (electronegative, -10 k, Te_") to blue (electropositive, +10 k Te ). (c) Views of three electropositive surface
patches on M cytosolic domains with basic residues labeled and shown as sticks with blue nitrogen atoms.
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Figure 5 — Molecular dynamics simulation of M.

(a) Overlay of M cryo-EM structure (colored in pink and blue) and final structure (in white) following 1.6 ps all atom molecular dynamics
simulation. (b) Overall RMSD between simulated and initial structure during simulation. (c) Root mean square fluctuation of protein
residues in the simulation. Orange and yellow colors correspond to individual M protein chains. (d) Number of C-alpha contacts between
two monomers. (e) Structural representation of distances and angles used for calculations in (f-h). (f) A188-R107-173 angle plot for each
monomer. One monomer has slightly higher values than the other. (g) Center of mass distance between 173 residues at the top of the
TM2-TM3 linker. (h) Center of mass distance between A188 residues at the base of the cytosolic domains. (i) Mean radius of the
enclosed pocket in M over the simulation trajectory versus distance along the symmetry axis. At its widest positions, the pocket is wide
enough to accommodate two water molecules. (j) Minimum hole radius vs. the frame number in the simulation. The lack of substantial
changes in radius indicates a stable pocket size and shape that does not open to solution during the simulation.
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Figure S1 — Purification and reconstitution of M

(a) Fluorescence size exclusion chromatogram of M expressed in insect cells and extracted in DDM/CHS. (b) Size exclusion chromato-
gram of M expressed in insect cells and extracted and purified in DDM/CHS. (c) Size exclusion chromatogram of M reconstituted into
MSP1E3D1 lipid nanodiscs. Samples were run on Superose 6 columns. Colored bars indicate pooled fractions.
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Figure S2 — Cryo-EM processing and validation.

(a) Representative micrograph, (b) selected 2D class averages, (c) angular distribution of particles used in final refinement,
(d) Fourier shell correlation (FSC) relationships, and (e) local resolution estimated in CryoSPARC colored as indicated on
the final map. Side, top, and bottom views are shown.
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Figure S3 - Comparison of experimentally determined and predicted M protein structures.
(a) Overlay of the experimental and AlphaFold2 predicted M structures®. (b) Overlay of experi-
mental and one RoseTTAfold predicted M structure?. Major differences are observed in chain
topology in the transmembrane region and relative orientation of transmembrane and cytosolic

domains.
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Figure S4 — Analysis of pocket size and lipid interactions from molecular dynamics simulation.

(a) Equilibrated M structure in lipid membrane consisting of DOPE:POPS:POPC in a 2:1:1 mass ratio. (b)
Final M structure of the simulation shown with the pocket colored red where the radius is too small for a
water molecule, green where it can accommodate a single water molecule, and blue where it can
accommodate two water molecules. (c) Lipid sorting patterns. Darker regions indicate higher density of the
lipids. Black color is the average location of the M-dimer. No obvious pattern of enrichment is observed.
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[ SARS-CoV-2_PODTC5 1--- MADS - - NGT I TVEELKKLIEEQMNLY IGFLFLT-WICLBFAYANRNR 44
SARS-CoV-1_P59596 1--- MAD - - - NGT I TVEELKQLILEQWNLV IGFLFLA-WIMLEGFAYSNRNR 43
HCoV-0C43_ARU07613.1 1--- M-SSKPTPAPVY IWTADEA | KFILKEWNESLG | IELF- 1T 1 |[BQYEYTSRSM 49
HKU24_YP_009113029.1 1--- MSGQATTPEP | YSWTADEA | RFLKEWNFSLG I ILLV- 1T |[B@FEYTSRSM 50
HCoV-HKU1_Q5MQC7.1 1--- MNKSF - - - - - LPQFTSDQAVTFLKE FSLGVILLF-ITII FEBYTSRSM 45
Murine_CoV_QJEB4.1 1--- MNSTTQAPQPVYQWTADEA | RFILKEWNFSLG I ILLF-VT 1 |[EB@FEBYTSRSM 50

Betacoronavirus | Bal_Hp-betaCoV_YP_009072443.1 1 NNT I TQEELFKVVKEWNFALG IMLF | -F I TLEGYAYATRSL 45
BetaCoV_Erinaceus/VMC_YP_009513017.1 1 NDTLSQEEV I AV | KDWNFAWS I VFL |- I TAV, 42
Human_betaCoV._2c_Jordan-N3_AHY21475.1 1 MTQLTEAQ | IAV | KDWNFAWSLIFLL- TV, 43
Bat_CoV_HKUS5-2_ABN10890.1 1 NVTLTNDEVLRLVKD| FTWSVVFLL-ITIV| 44
Bat_CoV_HKU4-2_ ABN10854.1 1 NGSLTKDEVVN I | KDWNFSWS | IFLL- 1TV 43
Eidolon_bat_CoV/Kenya/KY24/2006_ADX59469.1 1 NTTFSKEEVFKAVKDWNFAVAILELF-VTIL 44
Rousettus_bat_CoV._YP_009273008.1 1 NGT | PRSEVMAAIRDWNFA I SVVILLF - ITAL 44

L Bat_CoV_HKU9-1_QuX58369.1 1 NNTVPRPEV | AALLKDWNFAVSVILLF- ITVL 45

[ Bat_CoV_CDPHE15_YP_008439205.1 1 NGSVSEEE | | HHLRNWNFGWN | ILT | -F IVV] 42
H_pomona_bat CoV_CHB25_QHA24727.1 1 NDS | PVDQVVEHLRNWNF SWNV I LTV -FLVV, 42
Hipposideros_bat_CoV_HKU10_AFU92125.1 1 NET I PLDQVVEHLRNWNF SWNV I LT | -FLVV, 42
BIRF-AlphaCoV/HuB2013_YP_009199793.1 1 NSTVPVEVVVEHLRNWNF SWNVVLTV-FLVV, 43
Human_CoV 1 NDNCT-GD | VTHLKNWNFEGWNV/ILT | -F IV 41
Lucheng_Rn_rat_CoV._YP_009336486.1 1 - -EFNTSSADGCSACV - AQGCT - - GAGVTSAS | TWHLLNWNFSWSV ILTV-FVSY, 64
Mink_CoV._strain_WD1127_YP_009019185.1 1MEVLLVAATAVLSV IPTSHATNLYC- - - - - LMNTTSVANNTCQN-TNG I C- - DTCINEGNL | WHLMNWNE SWSVLLIL-FITI 84
Bat_CoV_1A_YP_001718608.1 1--- --FIVLCCAFIGVIYA--DNGDNTTAVTPTLP- - PQQIPLKEVMEHLRN| FSWNIVLTV-FLIVM 7
Miniopterus_bat_CoV_HKU8_YP_001718615.1 1--- G1ICACSANGDNTTT-APPTV- - PQS | PVEQVVEHLRNWNF SWNVILTV-FL IV 67

Alphacoronavirus| BiM-AIphaCoV/SAX2011_YP_009199612.1 1--- -MSD- - NSTVPVADV | EHLRNWSFEAWN I LLTL-LIAL 43
Tylonycteris_bat_CoV_HKU33_QCX35163.1 1--- MSSN- - VSTVPVDE | VEHLRNWNFAWN | ILTL-LLLVM 44
BtNv-AlphaCoV/SC2013_YP_009201733.1 1--- MSSS - - NQT | PVTEVVEHLRNWNFAWNV LTV - LLVV] 44
AlphaCoV_Bat-CoV/P.kuhlii_YP_009755893.1 1--- ---NNTT-GSMTS- - NET IPVADV | VHLRN| FAWNV ILTV-FLVVF 51
Porcine_epidemic_diarrhea_virus_AJD09513.1 1--- NGS | PVDEV | QHLRNWNF TWN | LTV - LLVYV] 42
Scotophilus_bat_CoV_512_YP_001351687.1 1--- NQSVPVEEV | KHLRNWNF SWN I I LT | -LLVYV, 43
Rhinolophus_bat_CoV._HKU2_ATN23892.1 1--- NNTVPVTEVLEHLRNWNFSWN I ILTV-F 1AV, 44
Human_CoV_NL63_AFO70499.1 1--- NSSVPLSEVYVHLRNWNFSWNL ILTV-F IVV, 42
NL63-related_bat_CoV_YP_009824970.1 1--- NDT | SKEEVYHHLLNWNFAWN | VLTV - 1 1 1V] 42
Common_shrew_CoV/ Tibet-2014_ATP66786.1 1--- SNCTSNEV I VOTILKEWNF T INIVLLL-VLAV, 44

L Canine_CoV_ULF47972.1 1--- ASCFNGGDL | WHLANWNESWS | IILIV-FITV, 57

[ Wigeon_CoV_HKU20_YP_005352873.1 1--- LIVFIVIIWALGI I 32
Bulbul_CoV_HKU11-934_YP_002308481.1 1--- VIVE LI IWALGAI 47

i Porcine_deltaCoV_ULM77954.1 1--- I'IVFIAI IWALGV I 32

Deltacoronavirus | 1 - oV, HKUT3-3514_YP_002308506.1 1--- 1IVFIIEIWALGY | 32
White-eye_CoV_HKU16_YP_005352840.1 1--- VIVELI1IWALGV I 32

L Night_heron_CoV._HKU19_YP_005352865.1 1--- LIVFIIEIWALGF | 32

Gammacoronavirus [ Avian_IBV._partridge/GD/S14/2003_AAT70776.1 1 MSNKT - NCTLDSEQAILLFKEYMLF ITAFLLF-ITIL 45
Duck_CoV_AE088932.1 1 MSDGTG- - - -NCTLSTQQAAELFKEYMLF ITAFLLF-LTIL 46

T™3 1

[ SARS-CoV-2_PODTC5 45 VTLACFVLARY- - -YRIN-WITGG I AlJAMACLVGLM TN ILLNV-PLHET I LTRPLLES 136
SARS-CoV-1_P59596 44 VTLACFVLAAV- - -YRIN-WVTGG I AI/AMAC | VGLM TNILLNV-PLRET I VTRPLMES 135
HCoV-0C43_ARU07613.1 50 ITIIETTENCY- - -YALN-NVYLGLSIVFT IVAT IM TNNLMC | - DMKETMY VR I 1 ED 141
HKU24_YP_009113029.1 51 LTI ILVIENCV- - -YALN-NVYLGFSIVFAIVSIIM TNNLMC | - DMK@RMF VR I 1 ED 142
HCoV-HKU1_Q5MQC7.1 46 LTITETIENCF---YALN-NAFLAFSIVFTIISIVI TNNLMC | - DMKEKMFVRBV | ED 137
Murine_CoV_Q9JEB4.1 51 LT I VLCIENCV - - -YALN-NVYLGFSIVFT IVS | M TNNLMCT - DMKETVYVRP|I 1 ED 142

Betacoronavirus| Bat_Hp-betaCoV_YP_009072443.1 46 LTFACFVLAA I - - - YHVN-VVFMGFAITFA | IVGCM TNRLLNV-AIRBTMYTRBLQED 137
BetaCoV._Erinaceus/VMC_YP_009513017.1 43 -YPIN-LVSQI ISGLLAAVSVFM TNCLLNV-PIGEBTTVVRBLVED 134
Human_betaCoV._2c_Jordan-N3_AHY21475.1 44 -YPID-LASQI ISGIVAAVSAMM TNCLLNV-PFG@TTVVRBLVED 135
Bat_CoV_HKUS-2_ABN10890.1 45 -YPID-LASQI ISGILAATSCAM| SNCLLNV-PIGEBTTVVRRBLVED 136
Bat_CoV_HKU4-2_ABN10854.1 44 -YP1S-1LSSQl 18GILAAICAVM SNCLLNV-PIGETTVVRBLVED 135
Eidolon_bat_CoV/Kenya/KY24/2006_ADX59469.1 45 -YPIN-KVAEGFAIAFAC ITALM TNMLLNV-PF IGRTVTRPI LND 136
Rousettus_bat_CoV/_YP_009273008.1 45 -YPIN-DVAFGFA[ITFACISSIM TNMLLNV-PLIBRTVTRPI LAD 136

L Bat_CoV_HKU9-1_QUX58369.1 46 -HP IN-SVAFGFAIAFACISGIM TDML INI-PLLERTVTREI I SD 137

[ Bat_CoV_CDPHE15_YP_008439205.1 43 -FNVN-WVFFAFS | LMACVTGVL! TDT ILAT-TVLEBRTVYLBLPAA 136
H_pomona_bat CoV_CHB25_QHA24727.1 43 -FNVN-WGFFAFSILMAC ITLVL TDAILTL-SVFEBRQVSFPB I IVA 136
Hipposideros_bat_CoV._HKU10_AFU92125.1 43 -FGNN-WTMFAFS | LMAC ITLVL! TDAI ITL-SVFBRQVS IPALVA 136
BtRF-AlphaCoV/HuB2013_YP_009199793.1 44 LVLALS/IFDSWAS - FGVN-WVFEAFSIILMSC I TLVL! TDA | ITL-SVFBRQVS IBT IVV 137
Human_CoV 42 LVLALS/IFDTWAN-WDSN-WAFVAFSLLMAVSTLVM VNA I TVT-TVLEBQTYYQP I QQA 135
Lucheng_Rn_rat_CoV._YP_009336486.1 65 IL IV IALT/IFDA IET- FKQERYVMEGFSHALGVVTL I L TNA | ICV-SVMBRN I TTRTPVS 159
Mink_CoV/_strain_WD1127_YP_009019185.1 85 F | LVLALT/IFNAYSE - YTNSRYVMFGFSVAGSVLTFVL TNA I LCL-NAVEBNRFVLBILNGA 179
Bat_CoV/_1A_YP_001718608.1 72 1L LVLALS/IFDAWST - FGQK - WMFAFSTVMACTTLVL! TDAIITI-SVF@KTVAIBVLVP 165
Miniopterus_bat_CoV_HKU8_YP_001718615.1 68 LVLALS/IFIDAWAS - FGVN-WTFFAFS I[VMACT T LML! TDAV I TL-SVFBK IVAIBVMTP 161

Alphacoronavirus| BIM-AlphaCoV/SAX2011_YP_009199612.1 44 CV IALSITNAWAD - FNVN-WAYEG ISIFMLVVTLVL TDS | IVF-SVYBTTYS BV IQA 137
Tylonycteris_bat_CoV_HKU33_QCX35163.1 45 VVLALSVENAYAN-FNIS-WGKETVSI IMACVTLVL TDA I ITL-NVFBRTVAVBV ITA 138
BtNv-AlphaCoV/SC2013_YP_009201733.1 45 TVLALSHFNAWAE - FNVN-WVMESFS I IMACVTFVL TDA I ITL-NVFERTVAIBVITA 138
AlphaCoV._Bat-CoV/P.kuhlii_YP_009755893.1 52 TVFALSVFEDCYVN-FNYN-WGMFAVS Il | MACATF VL TDAI ITL-SVFBRQVA IRV ITA 145
Porcine_epidemic_diarrhea_virus_AJD09513.1 43 LVLALSLFDAWAS - FQVN-WVFFAFS I|LMAC | T LML! TDALLTT-SVMBRQVC IBLLGA 136
Scotophilus_bat_CoV_512_YP_001351687.1 44 LVLALS[ITFDAWAS - FNVN-WVFFAFS I|LMACVTAVL! TDS ILSV-SVLERHVCLEI LGA 137
Rhinolophus_bat_CoV._HKU2_ATN23892.1 45 LV IALS/IFNAYAD-FGVN-WWFESFSI/LMLV I TLVL! TDA AV | -SVFBRSYS IBMPVA 138
Human_CoV_NL63_AFO70499.1 43 LVLALS/IFDCFVN-FNVD-WIFFGFSILMS | ITLCL TNA I 1S1-QVYBHNYYLBVMAA 136
NL63-related_bat_CoV._YP_009824970.1 43 LVFALSIEDCVVN-FNSN-WVFFAFSLLMSF ITGVV] TNAV ISV-HVLEBFQYVQRVLAV 136
Common_shrew_CoV_Tibet-2014_ATP66786.1 45 LTAALGVYNAYVN-YGSN-WLFFAFSIVLAVVSL IFLLM NTTF ILCV-DSKDLSHCLEIHNI 138

L Canine_CoV_ULF47972.1 58 IVLALTIIEINAYSE - YVVSRYVMEGFSVAGA | VITF | LIl I M TNA I LCV-SALBRSYVLBLEGV 152

[ Wigeon_CoV_HKU20_YP_005352873.1 33 FTLVVTIWTAVDKGSEPT-SALF | |AVIFSVLTFVSWAK SRLLACMLDNS@ IMHAVBILDYL 128
Bulbul_CoV_HKU11-934_YP_002308481.1 48 FTLVVTIWAAVNHGNSKT - DAVF | 18V I FAVLTFCTWLK SRLLAG MDPMENWRC | Bl DHM 143

Deltacoronavirus| Porcine_deltaCoV_ULM77954.1 EERY FTLVVTIWTAVDR-SSKK-DAVE I VST | FAVLTF I SWVK SRLLAG IMDPMETWRC | Bl DHM 127
Munia_CoV_HKU13-3514_YP_002308508.1 33 1 FTLVVTIWTAVENGSKPG-GAVE | IAILlVFA I LTLLSWLR] SRLLAG MDSMENWRC | Bl DHM 128
White-eye_CoV_HKU16_YP_005352840.1 331 FTLVVTIWAAVDNGSNKT-GAVF | I8V I FAVLTF LSWLR] SRLLAG IMDPLENWRC | Bl DHM 128

L Night_heron_CoV_HKU19_YP_005352865.1 33V FTLVVTIWTAVDNGAQPS-SAVE | IAlI FA I LTFV I LK TRLLVCA | DGMENVKCARBVDHL 128

Gammacomnavirus[AvfarL/sVJanr:dge/GD/s14/2003,AAT70776.1 46 F LNIAVGIISCI---YPPN-TGGLVAAIILTVFACLSFVG SNAVGS | LLTNBQQCNFA IESV 138
Duck_CoV_AE088932.1 47 F LNIAIGVISCI---YPPD-TGGLVAA[ILTVFACLSFLG SNAVGS | LLTNBQQCNFA IESV 139

B3 B4 B5 B6 B7 [

[ SARS-CoV-2_PODTC5 137 ELV/IGAV | LREHER | ABHHLGR- CD | KDIEUBKE | AT SRTLSYJKL - - -GASQRVAGDSGFA- - ABISRYR IBNYKLNTD-HSSSSDN I AELVQ- 222
SARS-CoV-1_P59596 136 ELVIGAV | | REHERMABHSLGR- CD | KDLPKE | TMATSRTLSYMKL - - -GASQRVGTDSGFA- - AYNRYR IBNYKLNTD- HAGSNDN | ALLVQ- 221
HCoV-0C43_ARUO7613.1 142 YHTLEVT | I REHEY 1 QB I KLG IGYSLADLBAYMSMAKYTHLCTNMKR- - - GFLDR I SDTSGFA - - VMVKFKVEBNYRLPSTQKGSGMDTALLRNN | 230
HKU24_YP_009113029.1 143 YHTLTVT | IRGHEY 1 QB I KLGTGYTLSDLPAYVTMAKVTH I CTMKR- - - AFLDK IGD I SGFA- - VMVKSKVEINYRLPSSQKGNGMDTALLRNNV 231
HCoV-HKU1_Q5MQC7.1 138 YHTLTATV | REHEY | QBVKLGTGYTLSDLPBVYVTMAKVQVLCTMKR- - - AFLDKLDVNSGFA- - VFVKSKVEBINYRLPSS - KPSGMDTALLRA - - 223
Murine_CoV_Q9JEB4.1 143 YHTLTAT | | REHEYMQBVKLGTGFSLSDLPAYVTMAKVSHLCTMKR - - - AFLDKVDGVSGFA - - VFIVKSKVEINYRLPSN-KPSGMDTALLR I - 228

Betacoronavirus | BaLHP-betaCoV_YP_009072443.1 138 TAVIIVATVARBVAVFABHKLGR- ADLESLBNE | TMATSRTLSYFKM- - - SRKVN IGVGSGVA- - TMLRYKVEINHRVPNA - RASEDQEDLLVVS - 223
BetaCoV._Erinaceus/VMC_YP_009513017.1 135 STSVIAVVTNBYEKMABMHFGQ- CDYSRLBTE | TMAKPNVL IALKM- - - VKRQDYGVNSGVA - - | M HRYKABINYRRPPV - VVDE - ELALLRA- 218
Human_betaCoV_2c_Jordan-N3_AHY21475.1 136 STSVTAVVTNEBHEKMABMHFGA - CDYDRLBNEVT KPNVLIALKM- - -VKRQSYGTNSGVA IMHRYKABNYRSPP | -TADI -ELALLRA- 219
Bat_CoV_HKUS5-2_ABN10890.1 137 STSVTAVVTDBYHKMABMHFGA - CDFQRLBSEVTMAKPNVL IALKM- - - |KRQAYGTNSGVA - - | IHRYKABINYRRPP | - 1QDQ-ELALLRA- - 220
Bat_CoV_HKUA4-2_ABN10854.1 136 STSVTAVVNDBHEKMABMHFGR - CDYDRLPME | TMAKPSVL IALKM- - - VKRQSYGTNSGVA- - | FHRYKABINYRRPT | - [QDE-ELALLRA- - 219
Eidolon_bat_CoV/Kenya/KY24/2006_ADX59469.1 137 SAALQFFVLRBQVQF DBF | LGK - CAPQEMPEVVTMAKASSLVWIKK - - - ALTRTVGPKSGVV - - Vi | KFKVENHRVQNA - NDDDGQL AMF LA - 221
Rousettus_bat_CoV_YP_009273008.1 137 SPAVQF L | LREDIRFEBFNLGQ- CRPGEMPDTVTMAKAAS LHWYKK - - - ALTRA IGKESA | | - - VM I KYKVENHRVQNA - REDGDT | AMF I A- 221

L Bat_CoV_HKU9-1_QJX58369.1 138 SPAVQFL | IRBERFDEBFTLGR- CDPGDMRD I VT | ARPNS LH KR---ALTRNIGTRSAIL--VMIKYKVENHRVQNT - TEDGDRLAMFVA - - 222

[ Bat_CoV_CDPHE15_YP_008439205.1 137 PTGVALTLLNETHLVEGBFKVAVGVTVELERDYVVIAKRHTT I | MQRY - - GRSVNVRSNTGWS - - FYVKAKYBDYATTGHSNDKVPDSEVVLHLY 226
H_pomona_bat_CoV_CHB25_QHA24727.1 137 PTG ITLTVLSETHLVEG I KVATGVQVNQLRTYVTMAKANTT | VMQRA - -GRSLNARSNTGWA - - F¥VRSKNEDYSAVASHADSLTDDEK | LHLV 226
Hipposideros_bat_CoV._HKU10_AFU92125.1 137 PTG ITLTVLSBTHLVES | KVATGVQVNQLBTY | TMAKPSTT I V¥QRA - - GRSLNTRSNTGWA - - F¥VRSKNEDYSAVTSSADSLTEDEKELHLY 226
BtRF-AlphaCoV/HuB2013_YP_009199793.1 138 PTG ITLTVLSETHLVES I KVATGVQVSQLBTYLTMAKPFTT I | MJQRA- - GRSVNARSNTGWA - - F¥VRSKNEDYSAVSSHSDSMTEDERVLHLYV 227
Human_CoV 136 PTG ITVTLLSBVIYVDEHRLASGVQVHNLPEYMTMAVPSTT | | SRV - -GRSVNSQNSTGWV - - FVRVKHEDF SAVSSPMSNMTENERELHFF 225
Lucheng_Rn_rat_CoV_YP_009336486.1 160 PTG ITLTLLSBTHYVEBQRAATGVNLDONLBNYVTMAKPGVT I VMHRY - - GKS | RVSTATGWM- - Y¥VKSKABDYSAYSS - GGSLSDQEQLLHMV 248
Mink_CoV/_strain_WD1127_YP_009019185.1 180 PTG ITLTLLSENEYAEBFKVGSGVNVENLBKYVMMATPGNT I VHHQV - - GKSLKAANSTGWS - - Y¥VRAKABDYSTEAR- NDNLSEHEKLLHMV 268
Bat_CoV/_1A_YP_001718608.1 166 PTG ITLTVLSBKIELVES | PVANG | TVGQLBEF VIMAKATTT I | JRRA - - GRSLNAKTQTGWA - - FVRAKNEDYSA IMTMADSFSENERLLHLV 255
Miniopterus_bat_CoV_HKU8_YP_001718615.1 162 PTG ITLT I LSBKILVEG | PVANGVSVTQLBSYVTMAKATTT I IMQRV - -GKSLNAASQTGWA - - FMVRAKNEDYSAVSNPSDSYTDTDRLLHLY 251

Alphacoronavirus| BiMrAIphaCoV/sAX2011_vP_009199612.1 138 PQG ITFTVLSETIELVDE | KVATGVR | EALBQYVTMAKATTT | VFHRV - - GKAVNERTQTGWL - - FFVRSGY@DYAAHSTGTGQMTESEK[LLH I A 227
Tylonycteris_bat CoV_HKU33_QCX35163.1 139 PTG ITLTVLNBQWEL VEEHKVANGVQVNQLBGYVSMAKASTT I VEIQRY - - SRS | NVKSNTGWA - - FlIVRAKNEDF SAVATDNGTMSEKERLLHLYV 228
BtNv-AlphaCoV/SC2013_YP_009201733.1 139 PTG ITLTVLNGQHLVEEYKVANGVQVGQLPSYVTMAKPSTT I | JQRY - - SRS INVRSNTGWA - - FFVRSKNEDF SALATDNETMTERERLLHLY 228
AlphaCoV._Bat-CoV/P.kuhlii_YP_009755893.1 146 PTG ITLTVLNBQWL VEBYKVANGVQVGQLBSYVTMAKRSTT I VMQRY - - SRS I NVKSNTGWA - - FFVRAKNEDF SA | ATDNGTMTEKERLLHLV 235
Porcine_epidemic_diarrhea_virus_AJD09513.1 137 PTGVTLTLLSETHFVEEYKVATGVQVSQLBNF VTMAKATTT I VMGRY - - GRSVNASSGTGWA - - FlIVRSKHEDYSAVSNPSSVLTDSEKVLHLY 226
Scotophilus_bat_CoV_512_YP_001351687.1 138 PTGVTLTLLNGTIELVEGYQVATGVQVNNLEBGYVTMAKASTT | VEQRY - - GRSMNANSSTGWA - - FFVKSKHEDYYAAANPTEVVTDSEK I LHLV 227
Rhinolophus_bat_CoV_HKU2 ATN23892.1 139 PTG ITLT ILSETFFDB I RIATGVQPAHLPBQF VIMAKPGTT | IMTRA- -GRSLNASTNTGWA - - FIVRSKHEDYSALSNSSDNLTENDRELHLY 228
Human_CoV_NL63_AFO70499.1 137 PTGVTLTLLSBVIHLVDEHK | ATRVQVGQLBKYV IMATPSTT | VCDRV - -GRSVNETSQTGWA - - LJVRAKHBDF SGVASQEGVLSEREKLLHL | 226
NL63-related_bat_CoV/_YP_009824970.1 137 PTG ITLTLLNEGNEL | DEFKVASGVQ I SNLBQY LTMAKPNTT I IFERA - - GRSLNATYNSGWV - - FYVKSKFEDYSAA | GTHSNMSDAEKVLHLY 226
Common_shrew_CoV_Tibet-2014_ATP66786.1 139 PSVVVLSCVKEDEVVDEVR | KQHF TRDGLBSKVAMAAPSKTVVYVRDQANFGLGGDGSTFWY - - NMVPRTABINYNARTV - SKNSNDRDD | YHML 229

L Canine_CoV_ULF47972.1 153 PTGVALTLLSENHYAEBFK | AGGMN | DNLBKYVMWAL PSRT IVMTLV - - GKKLKASSATGWA - - Y¥VKSKABIDYSTDTR- TDNLSEQEKELHMY 241

[ Wigeon_CoV_HKU20_YP_005352873.1 129 PTALCPVLVRBKFMLHBQCVAKQMT LSSVPRAF YMATPSHTYHYSL - - - RKTFQDPELPDTATY IMLVEK I SKADLSSV - TTGN- - NAAF YKQF 216
Bulbul_CoV_HKU11-934_YP_002308481.1 144 APVESPVVKHBKBKLHBQELATGVSVTSPRKGLMMVSPSDTFHMTL - - -KKT IESTDDRDLAVL IMQGDRASNAGLHS | - STSSSGNARLYKYV 233

Deltacoronavirus| Poreine_deitaCoV_ULM77954.1 128 AP I LTPVVKHBKIK L HBQE LANG | SVRNPPBQDMV | VSPSDTFHYTF - - - KKPVESNSDPEFAVL | JQGDRASNAGLHT | - TTSKAGDARLYKYM 217
Munia_CoV._HKU13-3514_YP_002308508.1 129 AP | LTPVLKHBREKLHBQQLATGLSVTSPRKSMVEIVTPSDTFHYTL - - - RKT |ESTDDRDLAVL | f(QGDRSSNAALHT | - TTSNSGNAR I YNYL 218
White-eye_CoV._HKU16_YP_005352840.1 129 AP | LAPVVKHBKIIK LHBQELATGVPVTSPBKGM I MVSPSDTFHMTL - - - KKT IESTDDRDLAVL | JQGDRASNAGLHS | - TTSGSGNAREYKY | 218

L Night_heron_CoV_HKU19_YP_005352865.1 129 PTALMPVLVMBRFMLNBQL LMAQQTVQTAPRALYMMTPSQTYHFTL - - - KKTFQDPDFKDTATFCMLVDR I SKADLQSV - TTGS- - NYALYKHL 216

Gammacoronavirus[AV'E”JBV‘pm"dgE/GD/SM/Mag*AAT70776‘1 139 PMVLSP I | KN| GIYCE IQWLAK - CEPDHLRBKD I F CTPDRRNIIRMVQKYTGDQSGNKKRFATFV AKQSVDSGELESV-STSVGSLYT - 225
Duck_CoV_AE088932.1 140 PMVLSP | | KNGAY CEBQWLAK - CEPDHLEKD | FMCTRDRRN | MRMVQKYTGDQSGNKKRFATFVMAKQSVDSGELESV - STSVGSLYT - 226

Figure S5 - Sequence alignment of M proteins across Coronaviridae

(A) Alignment of forty-two M protein sequences colored by conservation in a ramp from white (not conserved) to dark blue (highly conserved). Accession
numbers are indicated. Sequences were selected from representative species from each Coronavirus subgenus. Secondary structure from
SARS-CoV-2 M is drawn above the alignment.
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