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Abstract:

SARS-CoV-2 and other coronaviruses pose a major threat to global health, yet treatment efforts
have largely ignored the process of envelope assembly, a key part of the coronaviral life cycle.
When expressed together, the M and E proteins are sufficient to facilitate coronavirus envelope
assembly. Envelope assembly leads to budding of coronavirus particles into the ER-Golgi
intermediate compartment (ERGIC) and subsequent maturation of the virus, yet the mechanisms
behind the budding process remain poorly understood. Better understanding of budding may
enable new types of antiviral therapies. To this end, we ran atomistic molecular dynamics (MD)
simulations of SARS-CoV-2 envelope assembly using the Feig laboratory’s refined structural
models of the M protein dimer and E protein pentamer. Our MD simulations consisted of M protein
dimers and E protein pentamers in patches of virtual ERGIC membrane. By examining how these
proteins induce membrane curvature in silico, we have obtained insights around how the budding
process may occur. In our simulations, M protein dimers acted cooperatively to induce membrane
curvature. By contrast, E protein pentamers kept the membrane planar. These results could help
guide the development of novel antiviral therapeutics which inhibit coronavirus budding.

Introduction:

The global COVID-19 pandemic has highlighted the need for diverse ways of responding
to infectious disease. Though vaccines, diagnostics, and treatments have all helped combat SARS-
CoV-2, the pandemic continues to wreak havoc across our world. Furthermore, the looming threat
of coronavirus variants which might counter vaccine efficacy remains concerning. While much
has been learned about the biology of SARS-CoV-2, some aspects of its life cycle still represent
areas of mystery. It is of paramount importance to develop new tools for fighting coronaviruses,
so gaining improved understanding of understudied parts of the SARS-CoV-2 life cycle may open
valuable doors.

In order to form infectious particles, coronaviruses must undergo a process known as
envelope assembly. This process facilitates budding of nucleocapsid-containing particles into the
ERGIC. When expressed together without the help of any other coronavirus proteins, the M and E
proteins are sufficient to allow budding of virus-like particles (VLPs) which resemble those
produced by wild-type coronaviruses.>* The exact mechanisms by which the M and E proteins
contribute to budding remain unclear. Some have proposed that coronavirus M proteins
oligomerize into a matrix layer to induce membrane curvature,>® though more recent data on
SARS-CoV-2 has indicated that its M proteins do not form a matrix layer.” The role of the E
protein in budding is also poorly understood, though it is thought to interact with the M protein in
some way and perhaps coordinate envelope assembly.®®9 It should be noted that the M protein is
roughly 300 times more abundant in the ERGIC than the E protein.l® Expression of the
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nucleocapsid N protein has also been shown to greatly enhance the yield of budding VLPs
compared to when only the M and E protein are present.!* By contrast, the famous S protein is not
strictly required for coronavirus budding, though it is incorporated into the VLPs when expressed
alongside M and E.2 Because of their vital role in budding, the M and E proteins represent key
components of the coronavirus life cycle.

Therapeutics targeting SARS-CoV-2 have largely ignored the budding process. This is
unfortunate since the E and M proteins tend to be highly conserved across many coronavirus
species.!? Drugs which target budding might therefore act as pan-coronaviral treatments. So far,
computational drug repurposing efforts have identified a variety of existing medicines with
potential bioactivity against the SARS-CoV-2 papain-like protease, main 3C-like protease, and
RNA-dependent RNA polymerase (RdRp), helicase, 3’-to-5’ exonuclease, 2’-O-ribose
methyltransferase, endoRNase, and spike-ACE2 interface.!® Using these computational
approaches as a foundation, the most successful drug repurposing treatments have involved
compounds targeting the RdRp, the proteases, and the spike-ACE2 interface.!* Monoclonal
antibody therapeutics have focused on the spike protein as a result of its exposure on the surface
of SARS-CoV-2 particles.™®>® Though some interest has been shown in blocking the E protein’s
ability to act as an ion channel,*"® it is unclear as to whether this would interfere with budding
itself or with some other aspect of SARS-CoV-2 physiology.® To date, there are no therapeutics
which disrupt coronavirus budding.

Molecular dynamics (MD) simulations can help to better understand biological
phenomena, yet there has not been much work involving MD and coronavirus budding. Monje-
Galvan and Voth recently performed MD simulations which characterized the movements of
single M protein dimers and E protein pentamers in virtual ERGIC membrane.'® This revealed
various insights around individual M dimers and E pentamers, including that the M protein dimer
can introduce local deformations in the membrane. However, their study did not investigate how
multiple interacting M dimers and E pentamers might influence membrane curvature, which is
important for understanding SARS-CoV-2 budding. Yu et al. reported a coarse-grained MD
investigation of the completed SARS-CoV-2 virion, which included numerous M, E, and S
proteins.?® Though the study did involve all of the three structural proteins, it focused on the
completed spherical virus, so the roles of the structural proteins in budding were not examined.
There remains a need for MD simulations of the budding process which interrogate how multiple
SARS-CoV-2 structural protein complexes may work to facilitate budding.

We utilize atomistic molecular dynamics simulations to investigate the roles of the M and
E protein complexes in budding. Because of the lack of complete crystal structures of the M and
E proteins, we use the Feig laboratory’s predicted structural models of the M protein dimer and E
protein pentamer.2! We construct membrane patches with lipid composition mimicking that of the
mammalian ERGIC and insert M protein dimers and E protein pentamers into the virtual
membranes. Our investigation uses six systems: a membrane-only system (mem), a system with a
single E protein pentamer in membrane (1E), a system with four E protein pentamers in membrane
(4E), a system with a single M protein dimer in membrane (1M), a system with four M protein
dimers in membrane (4M), and a system with three M protein dimers and one E protein pentamer
in membrane (3M1E). We observe that the 4M system exhibits strong cylindrical curvature, with
M protein dimers working cooperatively. By contrast, the rest of the systems show minimal
curvature, including the 3M1E system. We observe that E protein pentamers keep the membrane
relatively planar. Our results suggest that blocking the actions of the M protein dimers might serve
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as a viable route for antiviral therapeutics that target budding. We hope that our results may guide
the first steps towards the development of therapeutics which disrupt the budding process.

Results:

Atomistic simulations of the six systems (mem, 1E, 1M, 4E, 4M, and 3M1E) were
performed using GROMACS and visualized using VMD. All six systems were solvated using
explicit water molecules and ions. Mem was run for 887 ns, 1E was run for 1256 ns, 4E was run
for 971 ns, 1M was run for 1102 ns, 4M was for 955 ns, and 3M1E was run for 468 ns. From our
observations in VMD, we noted that that the 4M system gained a substantial degree of curvature
over the course of the simulation (Fig. 1A), while other systems such as mem had much less
curvature (Fig. 1B). We characterized protein dynamics by using the software MDanalysis?? to
perform root-mean-square deviation (RMSD) (Fig. 2A-E) and radius of gyration (Rg) (Fig. 3A-E)
calculations for all of the proteins across the five systems which contained proteins. To
characterize membrane curvature, we first split our trajectories into 100 ns subintervals (0-100 ns,
300-400 ns etc.) and used the g_lomepro software package®® to compute 2D time-averaged
curvature heatmaps (Fig. 4A-F) and 3D time-averaged curvature plots (Fig. 5A-F) for selected
subintervals over the six systems. These analyses allowed us to interrogate the mechanisms of
SARS-CoV-2 budding.

A
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Figure 1 Representative side-view snapshots of (A) the high level of curvature in the 4M system
at 800 ns and (B) the lack of curvature in the mem system at 800 ns.

RMSD calculations revealed some key differences between the M and E proteins. The E
proteins consistently reached higher RMSD compared to the M proteins (Fig. 2A-E). This is likely
due to the flexible hinge regions connecting the cytosolic a-helices to the transmembrane a-helices.
When we visualized the E proteins in VMD, we observed that their cytosolic a-helices tended to
undergo free rotations about their flexible hinge regions, leading to a wide array of configurations
(Fig. 3A). When we visualized the M proteins in VMD, we did not qualitatively observe as much
flexibility in their cytosolic domains (Fig. 3B). The lack of flexibility in the M proteins may
facilitate retention of their wedgelike shape, which could help induce membrane curvature. We
tentatively suggest that the less restricted motion of the E protein cytosolic a-helices could play a
role in sequestering M proteins to coordinate budding. As such, the differences in flexibility
between the M protein and E protein cytosolic domains may provide hints as to their functional
mechanisms and possible ways of disrupting those mechanisms.
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Figure 2 RMSD over time for (A) the 1E simulation, (B) the 4E simulation, (C) the 1M simulation,
(D) the 4M simulation, and (E) the 3M1E simulation.
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Figure 3 Representative snapshots of protein configurations. (A) The configurations of each of
the E protein pentamers in the 4E system at 900 ns. For clarity, the E proteins are shown with their
cytosolic domains pointing towards the viewer. (B) The configurations of each of the M protein
dimers in the 4M system at 900 ns. For clarity, the M proteins are shown from the side.

Ry calculations supported similar conclusions about the M proteins and E proteins (Fig.
4A-E). The Ry values of the M proteins remained relatively constant over their time courses. For
all of the M protein dimers across the 1M, 4M, and 3M1E systems, the Rq values were roughly the
same. The Rgq values of the E proteins tended to decrease slightly over their time courses. Between
individual E protein pentamers across the 1E, 4E, and 3M1E systems there was greater variability
among the Rq plots. These data support the notion that the M protein dimers have relatively rigid
conformations while the E protein pentamers may have looser structures. The reason that the E
proteins might exhibit such loose structures is likely due to the previously mentioned flexible
hinges between their transmembrane and cytosolic domains. As mentioned, the relative rigidity of
the M proteins may help them retain their wedgelike shape when inducing membrane curvature.
These Ry data corroborate the results of the RMSD data and offer clues as to how the M and E
proteins may function in SARS-CoV-2 budding.
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Figure 4 Rq over time for (A) the 1E simulation, (B) the 4E simulation, (C) the 1M simulation,
(D) the 4M simulation, and (E) the 3M1E simulation.

We employed the g_lomepro software® to generate 2D time-averaged mean curvature
heatmaps of all six systems (Fig. 5A-F) as well as 3D plots of the same data (Fig. 6A-F). For the
1E system, we generated mean curvature averaged over 0-100 ns and over 1100-1200 ns (Fig. 5A,
Fig. 6A). Only small amounts of curvature are visible in any of the 1E heatmaps or 3D plots. For
the 4E system, we generated mean curvature averaged over 0-100 ns and over 800-900 ns (Fig.
5B, Fig. 6B). Only small amounts of curvature are visible in any of the 4E heatmaps or 3D plots.
For the 1M system, we generated mean curvature averaged over 0-100 ns and over 900-1000 ns
(Fig. 5C, Fig. 6C). In the upper leaflet of the membrane, the 1M system shows a small region of
curvature corresponding to the single M protein dimer. The region of curvature appears in the 0-
100 ns time period but is more pronounced over the 900-1000 ns time period. Even alone, M
protein dimers may exhibit geometric properties which can induce kinks in the membrane. For the
4M system, we generated mean curvature averaged over 0-100 ns and over 800-900 ns (Fig. 5D,
Fig. 6D). In the 0-100 ns period, only a small amount of curvature is present. Over the 800-900 ns
period, strong curvature can be seen. The curvature profile seen in the 4M system heatmaps and
3D plots likely corresponds to the curve of the membrane seen in snapshots of the 4M system. For
the 3M1E system, we generated mean curvature averaged over 0-100 ns and over 300-400 ns (Fig.
5E, Fig. 6E). Several scattered bulges are visible in both the 0-100 ns and 300-400 ns periods,
probably corresponding to the M protein dimers. However, the kind of cooperative activity seen
in the 4M system does not appear to occur in the 3M1E system, possibly due to the shorter
timescale of the simulation. For the mem system, we generated mean curvature averaged over 0-
100 ns and over 700-800 ns (Fig. 5F, Fig. 6F). Very little curvature is visible in any of the mem
heatmaps or 3D plots. These data indicate that E proteins likely do not induce substantial curvature,
that isolated M proteins create small bulges in the membrane, and that many M proteins together
can act cooperatively to induce larger amounts of curvature.
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Figure 5 Mean curvature heatmaps of the upper and lower membrane leaflets as averaged over the
indicated 100 ns time periods for (A) the 1E simulation, (B) the 4E simulation, (C) the 1M
simulation, (D) the 4M simulation, (E) the 3M1E simulation, and (F) the mem simulation.
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Figure 5 Mean curvature 3D plots as averaged over the indicated 100 ns time periods for (A) the
1E simulation, (B) the 4E simulation, (C) the 1M simulation, (D) the 4M simulation, (E) the SM1E
simulation, and (F) the mem simulation.

Discussion:

Our atomistic MD simulations revealed insights around the likely roles of M and E proteins
in the budding of SARS-CoV-2. In our simulations, multiple M proteins induced membrane
curvature in a cooperative fashion. E proteins did not induce substantial membrane curvature and
even appeared to interfere with the cooperative actions of M proteins in the 3M1E system.
Furthermore, the M protein dimers showed consistently lower RMSD values and less variable Rq
values than the E protein pentamers, indicating that the M proteins had more overall rigidity. These
insights may help steer the design of therapeutics which could interfere with coronavirus budding.

Through our RMSD and Rq calculations, we found lower levels of flexibility in the M
protein dimer structures as compared to the E protein pentamers. This may have arisen from the
unstructured hinge regions linking the cytosolic and transmembrane a-helices of the E proteins.
By comparison, the cytosolic domains of the M protein dimer structures were large globular
structures consisting mostly of B-sheets, so steric hindrance may have kept those domains from
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moving as freely as the cytosolic a-helices of the E proteins. We suggest that the wedgelike shape
of M protein dimers coupled with their stiffness may help them to sculpt the host membrane
towards curvature. This is evident from the small bulges introduced by M protein dimers in the
1M and 3M1E systems and from the strong overall curvature seen with the cooperative actions in
the 4M system. Differences between M proteins and E proteins may facilitate distinct functions.

We showed in silico how SARS-CoV-2 may induce membrane curvature at an atomistic
scale. In our 1M and 3M1E simulations, small bulges appeared around the regions where M protein
dimers were located. This suggests that even individual M protein dimers possess the necessary
geometry to introduce kinks into the host membrane. In our 4M simulation, the four M protein
dimers worked together to induce strong curvature in the membrane. Because coronaviruses are
known to produce large numbers of M proteins in the ERGIC membranes of infected cells,'® we
hypothesize that this cooperative effect might increase further in the biological reality, leading to
enough curvature to encapsulate the RNA genome and associated nucleocapsid of the virus. The
lack of consistent curvature in the 1E, 4E, and 3M1E simulations indicates that the E protein likely
does not directly facilitate membrane curvature during SARS-CoV-2 budding. However, since
experimental results indicate that E proteins are essential for budding coronaviruses,>* the E
protein still probably plays another important role in budding. One possibility is that the E protein
introduces a planar region into the membrane’s overall curvature, eventually creating a viral
envelope with a larger radius of curvature than would be possible with only the M proteins. That
said, the actions of the E proteins might occur over longer scales of space and time than were
possible in our models. Our simulations suggest that M proteins are responsible for the membrane
curvature observed in coronavirus budding.

Based on the results of our simulations, we propose that the M protein dimer may represent
a valuable target for drugs intended to treat COVID-19 and other coronavirus diseases. Due to the
high level of conservation of the M protein across different types of coronaviruses,*? we postulate
that a drug affecting the M protein might have a broad degree of efficacy. Some possible
mechanisms for such drugs include disruption of the wedgelike geometry of the M dimer, complete
destabilization of the interface between the two M protein monomers, or blockage of the
cooperative activity among multiple M protein dimers. The latter might involve designing drugs
which interfere with interactions between the cytosolic domains of distinct M dimers.
Pharmaceuticals which target the M protein could provide a powerful approach by which to
mitigate the effects of coronaviral infections.

Methods:

Six MD simulations of M and E proteins in lipid membrane were used in this study. All of
the simulations were carried out at atomic resolution using GROMACS 2019.4.2* Structures of the
E protein pentamer and M protein dimer were obtained from the Feig laboratory’s predicted
models.?! Six initial configurations were constructed: a membrane-only system (mem), a system
with a single E protein pentamer in membrane (1E), a system with four E protein pentamers in
membrane (4E), a system with a single M protein dimer in membrane (1M), a system with four M
protein dimers in membrane (4M), and a system with three M protein dimers and one E protein
pentamer in membrane (3M1E). To mimic the biological ERGIC, the membrane composition used
for all six systems was as follows: 57% POPC, 25% POPE, 10% POPI, 2% POPS, 6%
Cholesterol.?* All the systems were solvated using explicit water molecules and ions. The
CHARMM3E6 force field® was used for all lipids, ions, and proteins, while the TIP3P?® model was
implemented for the water molecules. All hydrogen atoms were constrained with the LINCS
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algorithm,?” and long-range electrostatics were evaluated with particle-mesh Ewald summation.?
All simulations used 2 fs time step with Leap-Frog integrator?® and a 1.4 nm cutoff for all of the
interactions. A standard energy minimization procedure was performed using the steepest descent
method.*® For each simulation, a small NPT equilibration run was performed followed by a
production run using a Nose-Hoover thermostat®! at 300K and a Parrinello-Rahman barostat®? at
1 atm. The lengths of the production runs were as follows: 887 ns for mem, 1256 ns for 1E, 971
ns for 4E, 1102 ns for 1M, 955 ns for 4M, and 468 ns for 3M1E. These computational approaches
facilitated completion of the simulations.

Analyses of the results of the simulations included RMSD, Rg, and time-averaged mean
curvature of the membranes. MDanalysis?? was used to calculate RMSD and Rq while g_lomepro®
was used for the membrane curvature calculations. Each protein’s RMSD was calculated at 0.1 ns
intervals by comparing its conformation at a given time step to a reference conformation consisting
of the initial equilibrated structure. To correct for the effects of proteins undergoing translations
and rotations during the simulation runs, RMSD was adjusted by translating with a vector t and
rotating with a matrix R. In this way, only the changes in the proteins relative to their initial
reference structures were included in the final RMSD outputs. The RMSD was calculated using
the coordinates of all of the a-carbon atoms in the given protein where x describes the coordinates
in the current conformation, x,..¢ are the coordinates of the reference conformation, and n is the
number of a-carbon atoms in the protein.

n
1
RMSD = ;ZI(R X 4 ) — Xyl
i=1

Similarly, Rq was calculated for the a-carbon atoms of each protein at 0.1 ns intervals to analyze
changes in the compactness of the proteins. Rg was computed using the displacement vector r
between a given protein’s center of mass and each a-carbon of that protein. These calculations
were weighted by the mass m of the atom in question.

Z?:l m;|r;|?
& xm;

For membrane curvature calculations, the g_lomepro? software package was used to calculate
mean curvature as averaged over the frames of the 0-100 ns time periods for all six simulations.
This software was also used to calculate mean curvature for selected later time periods in each
simulation. These included 1100-1200 ns for 1E, 800-900 ns for 4E, 900-1000 ns for 1M, 800-900
ns for 4M, 300-400 ns for 3BM1E, and 700-800 ns for mem. Performing quantitative analyses
helped us to decipher insights from our simulations.
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