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Abstract
Enveloped viruses, in general, have several transmembrane proteins and glycoproteins, which assist the virus in entry and 
attachment onto the host cells. These proteins also play a significant role in determining the shape and size of the newly 
formed virus particles. The lipid membrane and the embedded proteins affect each other in non-trivial ways during the course 
of the viral life cycle. Unraveling the nature of the protein–protein and protein–lipid interactions, under various environ-
mental and physiological conditions, could therefore prove to be crucial in development of therapeutics. Here, we study the 
M protein of SARS-CoV-2 to understand the effect of temperature on the properties of the protein-membrane system. The 
membrane-embedded dimeric M proteins were studied using atomistic and coarse-grained molecular dynamics simulations 
at temperatures ranging between 10 and 50 °C. While temperature-induced fluctuations are expected to be monotonic, we 
observe a steady rise in the protein dynamics up to 40 °C, beyond which it surprisingly reverts back to the low-temperature 
behavior. Detailed investigation reveals disordering of the membrane lipids in the presence of the protein, which induces 
additional curvature around the transmembrane region. Coarse-grained simulations indicate temperature-dependent aggre-
gation of M protein dimers. Our study clearly indicates that the dynamics of membrane lipids and integral M protein of 
SARS-CoV-2 enables it to better associate and aggregate only at a certain temperature range (i.e., ~ 30–40 °C). This can have 
important implications in the protein aggregation and subsequent viral budding/fission processes.
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Introduction

A deadlier form of severe acute respiratory syndrome 
(SARS) virus reappeared in 2019 and was named as 
SARS-CoV-2 (WHO 2021). The virus is highly contagious 
and detrimental to the respiratory tissues and ancillary 
organs of humans (Hu et al. 2021). The Covid19 pandemic 
caused by SARS-CoV-2 has so far resulted in a large num-
ber of fatalities and numerous casualties are still being 
reported around the world (WHO 2021; Hu et al. 2021). 
Similar to other coronaviruses, it encodes four major struc-
tural proteins; spike (S), membrane (M), envelope (E), and 
nucleocapsid (N). The S protein is the main interaction site 
for the human receptor, Angiotensin Converting Enzyme 2 
(or ACE-2), the N protein associates with the RNA present 
in the viral genome, the M and E proteins are found on the 
lipid envelope and help in assembly and release (Hu et al. 
2021; Mittal et al. 2020).

The viral M protein is one of the most abundant struc-
tural proteins distributed on the surface of the viral 
envelope. It associates with the S, E, and N proteins and 
directs the virus assembly and aids in the budding process 
(Schoeman and Fielding 2019). During synthesis, S, E, 
and N proteins are translated and inserted into the Endo-
plasmic Reticulum (ER) of the host cell, from where it is 
transferred to the Golgi complexes with the help of the M 
protein (Siu et al. 2008; Nguyen and Hogue 1997; Haan 
and Rottier 2005; Haan et al. 1999; Escors et al. 2001). 
The E and M proteins trigger the virion budding, where 
the nucleocapsid is already present in an enclosed form. 
The S proteins are subsequently incorporated on these 
virions. These large vesicles are then released from the 
host cells through exocytosis. Thus, the M proteins play 
a crucial role in the viral assembly and release (Schoe-
man and Fielding 2019; Wong and Saier 2021; Tseng et al. 
2010). The co-expression of M and E proteins alone is 
sufficient to trigger the formation of virions as observed 
in insect cells (Vennema et al. 1996a; Baudoux et al. 1998; 
Bos et al. 1996). However, the majority of the research 
on SARS virus has so far focused exclusively on the S 
proteins (Padhi et al. 2021). While the extensive research 
has led to successful development of a number of effective 
vaccines, one of the fastest in medical history, our knowl-
edge on the role and importance of other structural pro-
teins and their interaction still remains inadequate. Only 
recently, there have been some noticeable attempts along 
this line: both toward modeling the other integral protein 
structures and assessing their validity in molecular simula-
tion (Heo and Feig 2020; Monje-Galvan and Voth 2021; 
Mandala et al. 2020; Collins et al. 2021). In this work, we 
focus our attention on the integral M protein. We investi-
gate the nature of protein–protein and protein–membrane 

interactions and investigate the effect of temperature on 
them.

An intriguing aspect of the viral particle formation pro-
cess is the ability of the virus to exhibit pleomorphism. 
Pleomorphism is an example of extreme natural variations 
that allow changes in size and shape of enveloped Viruses 
such as influenza A virus or arenavirus (Stevenson and Bid-
dle 1966; Harris et al. 2006; Hosaka et al. 1966; Murphy 
and Whitfield 1975). The coronaviruses are not an excep-
tion to this phenomenon (Murphy and Whitfield 1975; Neu-
man et al. 2006). However, the tolerance to pleomorphism 
depends on the structural proteins present on the viral enve-
lope. Extreme conditions might result in failed assembly of 
virions or might lead to the formation of non-infectious viral 
particles. Although such variations (Schoeman and Fielding 
2019) have been reported in the literature, very few studies 
have been carried out to understand how the overall virus 
structure is shaped (Stevenson and Biddle 1966; Harris et al. 
2006; Hosaka et al. 1966; Murphy and Whitfield 1975; Neu-
man et al. 2006). Another important factor in the viral parti-
cle assembly is the number of M proteins in the membrane. 
It has been observed that a greater number of M proteins 
generate larger viral particles (Siu et al. 2008; Nguyen and 
Hogue 1997; Neuman et al. 2011a).

The coronavirus family M proteins share a high level 
of structural and functional similarity. The structure of M 
protein comprises a membrane-bound domain, an amino 
terminal, which is the ectodomain, and a carboxy terminal 
domain, which is toward the nucleocapsid or endodomain 
(Kuo et al. 2016). The M proteins largely accumulate in the 
Golgi apparatus or the ER (Wong and Saier 2021). Apart 
from associating with the N, S, and E proteins, the M protein 
is capable of associating with itself forming oligomers. For 
the development of a functional viral particle, the M protein 
should be able to successfully associate with the N and E 
proteins (Neuman et al. 2011a; Kuo et al. 2016). Hence, 
knowledge of the dynamics and behavior of the M protein 
is crucial in the understanding of the formation of the virus 
particle.

A distinct feature of the coronavirus envelope is its ani-
onic nature (Basso et al. 2016; Wilsona et al. 2004; Verdiá-
Báguena et al. 2012). The membrane in enveloped viruses 
enables them to sustain high environmental temperatures 
compared to that of non-enveloped viruses (Tuladhar et al. 
2012). Reports by Polozov et al. show the existence of gel 
phase of lipids at temperatures below 22 °C, which is inde-
pendent of the protein content in the membrane. This rub-
bery, gel-like state of the influenza lipid molecules on the 
envelope helps them withstand low temperatures and also 
helps in the airborne transmission of the virus (Polozov et. 
al. 2008). Although the basic characteristic of the phospho-
lipid bilayer can be independent of the protein that is embed-
ded in the viral lipid envelope, it is interesting to study how 
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the lipid bilayer membrane and M protein together influ-
ence the size and shape of the virion particles at different 
temperatures.

The global pandemic caused by SARS-CoV-2 has been 
observed at varied temperature conditions, ranging from 
mere 8–10 °C in China to high ~ 40 °C in sub-tropical coun-
tries like India (Bukhari and Jameel 2020; Wu et al. 2020). 
Earlier studies have shown the influence of temperature 
on the structural properties of S proteins (Rath and Kumar 
2020). Although extensive studies on drug development, 
mutation, and dynamics of SARS-CoV-2 protein are being 
carried out globally, it is important to understand how the 
architecture of the pleomorphic coronavirus, shaped by the 
M proteins, is affected by variations in temperature (Padhi 
et al. 2021; Cui et al. 2020). Toward this, we first investigate 
the properties of SARS-CoV-2 membrane protein embed-
ded in a lipid bilayer using atomistic molecular dynamics 
(MD) simulations. Subsequently, we employ coarse-grained 
(CG) MD simulation to investigate the aggregation behavior 
of proteins on relatively larger membrane–protein systems. 
Our results suggest that the dynamics of the transmem-
brane domain of the M protein is mostly governed by the 
state of the lipid membrane, while the ectodomain exhibits 
distinct dynamics in the physiological temperature ranges 
(~ 30–40 °C). However, the presence of M protein does not 
seem to affect the nature of the model anionic membrane. 
Results from CG MD simulation suggest that the proteins 
cluster and form stable aggregates only beyond a certain 
temperature threshold, an observation that can be attributed 
to the gel phase of the membrane at lower temperatures. Fur-
thermore, while a single M protein dimer can impart local 
deformations, clustering of M protein dimers does not seem 
to generate any large-scale deformation in the membrane, 
which indicates the possible role of other integral proteins 
along with M protein in the viral budding/fission process. 
The rest of the paper is organized as follows. We discuss 
the details of the atomistic and CG simulations in “Materi-
als and Methods” section. In “Results and Discussion,” we 
discuss the important results from the study. We conclude 
in “Conclusion” section along with a brief discussion on the 
scope of the work and possible future directions.

Materials and Methods

Atomistic Simulations of an M Protein Dimer 
in a Model Anionic Membrane

The M protein model was obtained from the structures 
deposited by Feig’s lab (Heo and Feig 2020). In their 
work, the protein structure was predicted using inter-
residue distance prediction-based modeling using trRo-
setta, where out of 10 predicted models, the lowest energy 

conformation was considered for subsequent studies. 
AlphaFold models were also used along with trRosetta 
models as initial structures for machine learning. This was 
followed by MD simulation-based refinement. In a recent 
study, Monje-Galvan and Voth (2021) have compared the 
two models of M protein from Feig’s lab based on their 
stability and the lipid sorting pattern around them. They 
found that while both the conformations are stable in water 
as well as in a complex bilayer, the lipid sorting pattern 
and the resulting membrane deformation profile around 
them are markedly different. In this study, we have used 
the open conformation model of the M protein (Heo and 
Feig 2020; Monje-Galvan and Voth 2021). In our study, 
a lipid bilayer membrane constituting DPPC and DPPG 
lipids in the ratio of 7:3, embedding a single M protein 
dimer, was built using CHARMM-GUI builder (Jo et al. 
2008). The initial coordinates of the lipids were gener-
ated by the membrane builder tool of CHARMM-GUI. 
Water molecules and neutralizing ions (NaCl) were subse-
quently added to the system, such that the initial box was 
10 × 10 × 13 nm in the X, Y, and Z directions, respectively. 
The total number of atoms in the system was 133,479, 
with 210 DPPC and 90 DPPG lipids, and 29,273 water 
molecules. The CHARMM36 force-field was used for pro-
tein and lipid molecules (Brooks et al. 2009) and TIP3P 
model for water (MacKerell et al. 1998). The assembled 
components were minimized and equilibrated to facilitate 
the individual components to relax and evolve during the 
production run. The input files for the initial equilibra-
tion were generated using CHARMM-GUI. Restraints 
are differentially added to the protein, membrane bilayer, 
water, and ions separately in each step of the equilibra-
tion, which included positional harmonic restraints to the 
protein backbone, sidechains, and ions; repulsive planar 
restraints to prevent water from entering the membrane 
and planar restraints to hold the lipid head groups in 
position along the Z axis with the buried lipid tails. The 
force on these restraints is gradually reduced in stepwise 
fashion (Sunhwan et al. 2008). Two initial NVT (constant 
volume, temperature) and four NPAT (constant pressure, 
area, temperature) equilibrations were performed before 
generating production trajectory. 0.5-µs-long production 
simulations were performed for subsequent analyses. The 
simulations were performed at five different temperatures, 
10 °C, 20 °C, 30 °C, 40 °C, and 50 °C using GROMACS 
5.0 molecular dynamics simulation software (Lee et al. 
2016; Abraham et al. 2015).

Principal component analysis (PCA) transforms the inher-
ent dynamics of protein from a high dimension to a low 
dimension by capturing the predominant modes of the pro-
tein dynamics. In PCA, a covariance matrix is built based on 
the protein atom coordinates and the matrix is subsequently 



344	 S. L. Rath et al.

1 3

diagonalized. Both the steps can be represented by using the 
following equations:

where xi and xj are the atomic coordinates, and the brackets 
indicate the ensemble average.

The symmetric covariance matrix C can be diagonal-
ized by solving the eigenvalue problem using the following 
equation:

where A represents the eigenvectors, and λ represents the 
eigenvalues (David and Jacobs 2014; Rath and Senapati 
2014). The eigenvectors indicate the directions of protein 
motion in configurational space and the corresponding eigen 
values indicate the mean square fluctuation in the motion 
along these vectors. The eigenvalues are ranked according to 
their contributions, where the first few eigenvectors are usu-
ally capable of capturing the majority of the protein dynam-
ics (David and Jacobs 2014; Rath and Senapati 2014). In this 
work, PCA calculations were performed on the CA atoms 
of the full protein trajectories using Gromacs analysis tools, 
in order to capture the global free energy landscape of the 
protein. The distribution obtained from the first and sec-
ond principal component was then used to calculate the free 
energy using the gsham module of GROMACS (Abraham 
et al. 2015). The energy is computed as − kBTln P(PC1, PC2), 
where P(PC1,PC2) is the distribution probability of the struc-
tures at different temperatures. When reporting errorbars, 
the average of two analysis windows and the related standard 
deviation were calculated.

Coarse‑Grained Simulations of the M Proteins 
in Membrane

Coarse-grained (CG) simulations were carried out using 
Martini 2.2 (Qi et al. 2015) amino acid, Martini 2.0 (David 
and Jacobs 2014) lipids and non-polarizable water mod-
els (Hsu et al. 2017), and Gromacs 5.0 simulation package 
(Lee et al. 2016). We used the Martini Bilayer builder (Best 
et al. 2012) for generating two CG systems, embedding 8 
and 64 dimeric M proteins, respectively, in a model bilayer. 
Subsequently, solvent (CG water) and neutralizing Na+ and 
Cl− ions were used to build bilayer-protein systems simi-
lar to the previous all-atom simulations. The box size for 
the 8-dimer system was 40 × 40 × 13.5 nm , and the total 
number of CG beads was 180,231, including 3423 DPPC 
and 1467 DPPG lipids, and 112,172 water beads. Simi-
larly, for the 64-dimer system, the simulation box size was 
85 × 85 × 13.5 nm and the total number of CG beads was 
827,816, constituting 14,791 DPPC and 6339 DPPG lipids, 

Cij = ⟨(xi − ⟨xi⟩).(xj − ⟨xj⟩)⟩,

ATCA = �,

and 493,141 water beads. The important system details are 
summarized in Table S1.

The all-atom simulations were carried out using 
CHARMM36 force-field  (Jo et  al. 2008),  whereas that 
for CG simulations used Martini 2.2 (Qi et al. 2015). The 
parameters for proteins, lipids, and ions were prepared using 
the standard protocol (described earlier) of CHARMM-GUI 
for bilayer simulations (Klauda et al. 2010; Wu et al. 2014; 
Venable et al. 2013). After the initial minimization over 
1 ns, equilibration was carried out in the NVT ensemble 
by gradually reducing the dihedral restraints. Subsequently, 
equilibration was carried out in the NPT ensemble. Produc-
tion runs of 0.5 µs duration, in the NPT ensemble, were 
carried out in the temperature range between 10 and 50 °C 
(Table S1). All analyses were carried out using Gromacs 
analysis programs. Pymol (Lilkova, et al. 2015) and VMD 
(Humphrey et al. 1996) were used for visualization and gen-
erating structures. We use the open-source tool g_lomepro 
(Bhaskara et al. 2019) to compute the curvature profile of 
the lipid membrane, which is integrated as an analysis suit 
in Gromacs. This tool uses a grid-based algorithm [a modi-
fied version of GridMAT-MD (Allen et al. 2009)] to map 
the lipid atoms on a bilayer membrane and the embedded 
proteins to two 2D grids, corresponding to each leaflet in 
the bilayer. Spatial derivatives at each grid point of the sur-
face are then calculated and used to compute the mean and 
Gaussian curvatures using geometric methods (Smith 2004; 
Lee 1997). Furthermore, spectral filtering is used to capture 
specific modes in membrane curvature. Here, we focus our 
attention on the mean curvature values. We also compute the 
area per lipid (APL) and thickness using g_lomepro.

Results and Discussion

The SARS-CoV-2 membrane (M) protein is 222-residue 
long and is embedded in the lipid bilayer. The N-terminal 
of the M protein is exposed to the external surface of the 
viral capsid and is in the form of a β sheet (Schoeman and 
Fielding 2019; Neuman et al. 2006). Previous studies have 
hinted toward a negatively charged viral lipid bilayer (Wil-
sona et al. 2004). Therefore, in this work, we have used a 
7:3 ratio of DPPC: DPPG lipids which had also been used as 
pulmonary surfactant models and model membrane bilayers 
in earlier literatures (Morrow et al. 2007; Roy et al. 2014). 
While DPPC is a neutral lipid, DPPG carries a net negative 
charge. Similar composition of DPPC and DPPG has been 
earlier reported in pulmonary surfactants and hence used in 
this study as a model system (Allen et al. 2009). Although it 
is well known that the gel-to-crystalline transition tempera-
ture for both DPPC and DPPG lipids is around 41 °C (Lee 
1997; Morrow et al. 2007; Riske et al. 2009) it is yet to be 
elucidated whether the presence of M protein in the anionic 
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membrane modulates the relative temperature withstanding 
capabilities or brings about noticeable biophysical changes.

Individual SARS-CoV-2 Membrane proteins resemble a 
Greek amphora. Structurally, the M protein is organized into 
a small N-terminal ectodomain, three membrane spanning 
transmembrane regions and a large carboxy terminal endo-
domain (Fig. 1) (Murphy and Whitfield 1975). While the 
monomer–monomer interactions are reported to take place 
at the transmembrane region, M protein interactions with 
the S, E, and N proteins generally take place at the carboxy 
terminal domain. The M proteins are usually present as a 
dimer linked near the transmembrane region (Neuman et al. 
2006, 2011a).

Two forms of the M protein have been reported (Neuman 
et al. 2006). The first form is in an elongated conformation, 
where the protein is capable of interacting with the nucleo-
protein and imparting curvature to the membrane structure: 
reportedly 5–6 degrees per M protein dimer. The second 
compact form has very distinct boundaries and generally 
forms protein aggregates but does not help in the membrane 
curvature. It is possible that one form can be converted to 
another and vice versa under suitable environmental condi-
tions (Neuman et al. 2006 Aug; Roy et al. 2014). The Feig 
lab (Heo and Feig 2020) has also reported two structures 

of the M protein: one based on the trRosetta method and a 
further refined structure using AlphaFold models. The two 
structures differ based on the orientation of the extra-mem-
brane N-terminal region with respect to the transmembrane 
region. In this work, we use the former model of the M pro-
tein where the N-terminal domains remain in an open state.

To assess if the system has attained stability, we 
checked for the Root Mean Square Deviation (RMSD) 
of the full protein at the different temperatures over the 
simulation time (Fig. S1), which showed a slow drift over 
time during the simulation time. If only CA atoms are 
used and the terminal residues were excluded, the systems 
were observed to be largely stable after 150 ns (Fig. S2). 
The RMSDs at 30, 40, and 50 °C were found to be rela-
tively higher than those at 10 and 20 °C. Next, we com-
pared the Root Mean Square Fluctuation (RMSF) of the 
CA atoms of the protein at various temperatures (Fig. 2). 
The average RMSFs indicate that the protein dynamics 
remained overall consistent at different temperatures. Dis-
tinct peaks were found for residues 9–47 at temperatures 
40 and 50 °C. The peak corresponds to the outermost 
part of the transmembrane helix toward the C-terminal. 
Comparatively lesser but noticeable changes were also 
observed for the remaining two helices lying close to the 

Fig. 1   Structure of membrane-
bound SARS-CoV-2 Membrane 
protein dimer. Monomers are 
shown in cyan and magenta in 
cartoon representation, lipid 
bilayers in CPK representa-
tion, and neutralizing sodium 
ions are shown as yellow vdW 
spheres
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N-terminal. While the overall RMSFs were similar, sol-
vent-exposed C-terminal loops around residues 180–190 
and 203–220 displayed higher flexibility. Interestingly, 
the transmembrane helix flexibility is directly correlated 
to membrane properties such as diffusivity, fluidity, etc. 
(Kono 2002; Himeno et al. 2014).

We access the overall temperature effects on the mem-
brane–protein system in terms of (1) the structure and 
dynamics of a single M protein dimer, (2) the charac-
teristics of the lipid membrane, (3) the ability of the M 
protein dimer in generating membrane curvature, and (4) 
the clustering behavior of multiple M protein dimers.

Effect of Temperature on Individual M Protein 
Dimers

To investigate the effect of temperature on the structure 
of the M protein dimer, we calculated the distribution of 
a pair of distances between the two monomeric units. The 
CA atoms of residue LYS15 and THR169 were considered 
as reference sites (see Fig. 3). LYS15 lies toward the end 
of the first helix and stays buried in the lipid membrane, 
while THR169 lies on the C-terminal β strands and is far 
from the influence of the membrane. The distance between 
the two reference sites on each monomeric unit was com-
puted over the production trajectory at every temperature, 
and the 2-dimensional (2D) probability distribution of these 
two distances were calculated. In Fig. 3, we show these 2D 
distributions at various temperatures, where X-axis repre-
sent the distance between LYS15 sites (hereafter, referred 
as d15), Y-axis represent the distance between the THR169 
sites (referred as d169) of the two monomers, and the color-
bar indicate the probability. The ranges of both the axes and 
the colorbar are kept the same so as to better compare the 
distributions at various temperatures.

The transmembrane part of the protein dimer is restricted 
in the gel-like lipid membrane at low temperature. With 
increasing temperature, the lipids in the membrane become 
more disordered (discussed below) and the flexibility of the 
transmembrane domain increases so as to allow it to sam-
ple different conformations. As evident, the 2D distribution 
at 10 °C is almost circular around a central high probabil-
ity value of 3.2 nm and 3.05 nm along d15 and d169 axes, 
respectively. This indicates single narrow peak distributions 
along the individual axes, which might indicate a meta-
stable conformation of the transmembrane domain, rather 

Fig. 2   Effect of temperature on the Root Mean Squared Fluctuation 
(RMSF) of M Protein. RMSFs of the M protein monomers (mean of 
both dimers) at different temperatures indicating the overall stability 
of the systems

Fig. 3   Effect of temperature on 
the inter-monomer distances 
in the extrinsic and intrinsic 
domains of the M protein. 2D 
distribution of inter-monomer 
distances between a set of refer-
ence sites in the two domains 
of the M protein at different 
temperatures, indicating the 
correlated dynamics of the two 
domains
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than a stable one, owing to the low temperature. We observe 
that d15 peaks at < 3.1 nm at 20 °C and around 2.9 nm at 
30 and 40 °C. The distribution along d169, which changes 
very little between 10 and 30 °C (< 1 nm), becomes wide at 
40 °C and beyond, indicating large thermal fluctuations of 
the extrinsic domains. At 50 °C, d15 peaks around < 3.1 nm 
(similar to that at 20 °C) with a shoulder at 2.9 nm (simi-
lar to the peak positions at 30 and 40 °C), and d169 peaks 
around > 2.9 nm. However, the distribution is quite broad 
owing to large thermal fluctuations and the peak is rather 
shallow as compared to those at other temperatures (see the 
color bar). The distribution at 50 °C is wide enough to cover 
all probable distances in d15 and d169 that are accessible at 
the lower temperatures. The motion of the protein subunits 
at high temperature, thus, seems to be governed by the ther-
mal fluctuations rather than indicating any functional motion 
of the protein. On the other hand, the distribution at 30 °C 
seems to indicate a stable protein conformation with sharp-
est narrow peaks along both axes and a well-defined motion 
of the N-terminal domains at 40 °C. To further understand 
the implication of the increased thermal fluctuation in the 
functional motion of the various protein domains, we sub-
sequently performed the PCA.

For getting more clarity of the dynamics, the part of the 
protein embedded in the membrane was not considered for 

the PC analysis (Fig. 4a). It was found that the first few 
eigenvectors were sufficient to describe the motions of the 
protein. Figure 4 shows the free energy landscape of the 
first two principal components using the CA atoms of the 
extrinsic domain of the M protein. The energy is computed 
as − kBTln P(PC1, PC2), where P(PC1,PC2) is the distribution 
probability of the structures at different temperatures. While 
the protein explored an extended phase space in (PC1, PC2) 
at 10, 20, and 30 °C, the minimum energy states were rather 
well defined at 40 and 50 °C. As observed from Fig. 4, 
the ∆G of the most populated conformation at 10, 20, 30, 
40, and 50 °C was found to be 18.1, 16.6, 15.2, 20.2, and 
19.1 kJ/mol, respectively. The time evolution of the first and 
second principal components [Fig. S4 (a, b)] showed fre-
quent transitions in dynamics over the simulation time with 
increasing temperature. We compared the PC plots obtained 
from different time chunks during the last 50 ns of the simu-
lation time, at 10 and 50 degrees, where the system is at 
equilibrium. Comparison of the ∆G values obtained from 
the PCA distribution along the first and second eigenvectors 
taken at different time intervals during the last 50 ns of the 
simulation shows an average ∆G value of 7.55 ± 0.86 kcal/
mol and 6.69 ± 0.34 kcal/mol at 10 and 50 °C, respectively 
[Fig. S4 (c, d)], thus, implying consistent protein energetics. 
At 30 °C, along with a wide and shallow distribution of the 

Fig. 4   Free Energy landscape of M protein from PCA. The free 
Energy landscape of a extrinsic domain of M protein (highlighted 
in red cartoon) at b 10 °C, c 20 °C, d 30 °C, e 40 °C, and f 50 °C. 

The red color in the colorbar depicts the most stable conformations of 
the protein. The free energy profile is the most extended at 30 °C and 
indicates a sharp transition from 30 to 40 °C
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conformations, the ∆G value was found to be the lowest. In 
contrast, a narrow distribution with a high ∆G value was 
seen for the protein at 40 °C, thus indicating a sharp transi-
tion from 30 to 40 °C. From the PCA plots, it is clear that 
at 30 °C, the extrinsic domain of protein is very dynamic. 
On the other hand, a stable conformation was observed at 
40 °C that was different from the ones at 10, 20, and 50 °C, 
clearly indicating the difference in protein dynamics over the 
physiological temperature range. However, at higher temper-
atures, although the protein does not undergo any secondary 
structure change, the increased thermal motion might influ-
ence the dynamics of the extrinsic domain of the protein and 
correspondingly the free energy basins. We made a compara-
tive study of the lowest energy conformation of the protein at 
the temperatures and observed that the flaps of the extrinsic 
domain were more open at 30 and 40 °C, confined at 10 and 
20 °C and very close to each other at 50 °C (Fig. S3). In 
contrast to the extrinsic domain, the PCA calculation of the 
membrane-embedded region was very pronounced where 
one can observe the gradual increase in dynamics of the 
intrinsic region as the temperature increases. While at 10 °C 
the protein was confined, gradually its flexibility increases 
with temperature and it becomes extremely dynamic and 
flexible at 50 °C (Fig. S5). Such a gradual change can be 
attributed to the membrane interaction of the intrinsic 
region, which should also be affected by temperature. There-
fore, it is worthwhile to investigate the effect of temperature 
on the lipid membrane that embeds the M protein.

Effect of Temperature on the Embedding Lipid 
Membrane

Next, we investigated whether the lipid membrane, in the 
presence of the M protein, shows patterns similar to ear-
lier observed anionic lipid membranes or does it have the 
inherent capacity to withstand high temperatures in the 
presence of protein as reported in the case of Influenza and 
other related viruses (Polozov et al. 2008). To monitor this, 
we computed for the lipid tail order parameter, also known 
as the deuterium order parameter, SCD, which measures the 

orientation and ordering of the membrane lipid tails with 
respect to the bilayer normal. The order parameters at differ-
ent temperatures show the ordering of the lipid hydrocarbon 
tails. It is computed as the ensemble and time average of the 
second-order Legendre polynomial:

The order parameters at different temperatures show the 
ordering of the lipid hydrocarbon tails. SCD is measured in 
deuterium NMR experiments as

where θ represents the instantaneous angle between the CD 
bond and the bilayer normal. The angular brackets denote 
time and ensemble average. In simulation, θ is measured as 
the angle between the CH bond and the bilayer normal. The 
more the membrane is fluid-like, the lesser the tail ordering. 
The SCD values of the two lipid tails (averaged over all the 
lipids in the system and over the production trajectory) are 
shown in Fig. 5a as a function of backbone carbons. The 
average SCD values of the two hydrocarbon tails (averaged 
over all the tail atoms) are shown in Fig. 5b as a function 
of temperature. As expected, the SCD values decreased with 
temperature indicating increased disorderedness of the lipid 
tails. At 10 °C, the highest SCD value was found to be around 
0.4 which decreased with increasing temperature becoming 
negligible at 50 °C. The transition temperature of DPPC 
and DPPG phospholipids from gel to a liquid crystalline 
state (Tc) has been found to be 41 °C (Himeno et al. 2014). 
The sharp decrease in the SCD values beyond 40 °C clearly 
captures this transition in our simulation. This also indi-
cates that the presence of a single M protein dimer does not 
affect the intrinsic melting characteristics of the membrane 
lipids. However, to accurately assess the effect of multiple 
M protein dimers and precisely determine the transition tem-
perature of these lipids in the presence of the M protein, 
one has to perform atomistic simulation of model membrane 
with multiple M protein dimers and sample the temperature 
space in closer intervals, which is beyond the scope of the 
current work.

SCD =

⟨
3 cos2 � − 1

2

⟩
,

Fig. 5   Effect of temperature on 
lipid order. a Deuterium Order 
parameters (SCD) of the two 
lipid tails at various tempera-
tures indicating the relative loss 
of ordering at high tempera-
tures. b Average SCD values of 
the two tails as a function of 
temperature
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While SCD values indicate the ordering of the individual 
lipids, the relative ordering of the lipids in the bilayer can 
be captured in terms of the APL and bilayer thickness. 
Figure 6 indicates the effect of temperature on these two 
quantities. It was found that the APL increases with tem-
perature, while the thickness decreases. Similar to the 
trend observed in SCD, the change in APL and thickness is 
most prominent in the 40–50 °C window, again indicating 
the melting transition of the lipids. The experimentally 
reported APL value for pure DPPC bilayer at 50 °C is 0.64 
nm2 (Nagle and Tristram-Nagle 1469; Wang et al. 1858; 
Neuman et al. 2011b), while that of DPPG at 50 °C is 0.67 
nm2 (Pan et al. 2012; Andersen and Koeppe 2007). Thus, 
as expected, for a mixed DPPC/DPPG membrane with a 
transmembrane M protein dimer, the calculated APL val-
ues in our simulations are systematically larger than a pure 
DPPC bilayer (Leekumjorn and Sum 2006). Bilayer thick-
ness of pure DPPG membrane at 50 °C is reported to be 
3.55 nm (Andersen and Koeppe 2007). It is reported to 
be 3.43 nm for pure DPPC bilayer at 42 °C (Phillips et al. 
2009) and 4 nm at 47 °C (Jesus and Allen 1828). Similar to 
APL, the observed thickness values in our simulation are 
systematically larger than the corresponding pure compo-
nent lipid systems. The increase in thickness can be attrib-
uted to the presence of the transmembrane domain of the 
M protein dimers which, owing to the hydrophobic mis-
match between the bilayer and the transmembrane region 
of the protein dimer, can locally increase the membrane 
thickness (Jesus and Allen 1828; Grau et al. 2017). Addi-
tionally, a larger bilayer thickness, in general, indicates 
more ordered lipids, and therefore, there is a possibility 
that the M protein dimers induce ordering in the neighbor-
hood lipids. However, we have not explored this aspect of 
protein–membrane interaction in this study and plan to do 
that in a comparatively larger membrane.

Next, we examine the ability of the M protein dimer in 
generating membrane deformation. The mean curvature 
profile of the atomistic membrane at 10, 30, and 50 °C is 
shown in Fig. 7 top panel. Here, we focus on the membrane 
leaflet that contains the N-terminal region of the M-dimer 
and the mean curvature is calculated w.r.t. the membrane 
mid-plane, i.e., a positive mean curvature indicates the mem-
brane to bend outward, while a negative mean curvature 
indicates the membrane to bend inwards w.r.t. the mid-plane. 
The middle and the bottom panel show top and side view 
of representative membrane configuration along with the 
position of the protein dimer. The bilayer is represented as 
grid points based on which the curvature and thickness cal-
culations are performed, where the grids correspond to the 
lipid head groups. The bilayer grids are colored based on the 
membrane thickness, where the color red represents lower 
membrane thickness and the color blue represents higher 
thickness values. The mean curvature and thickness profiles 
are calculated over the last 10 ns trajectory using g_lomepro. 
In the g_lomepro analysis, the curvature values are scaled by 
a factor of 100 for better representation, and a high q-filter 
value of 1 is used. We found the extrinsic N-terminal domain 
to impart a high negative mean curvature to the membrane, 
thus bending the membrane inwards. A similar observation 
of M protein-induced local membrane deformation has been 
made in another recent study (Collins et al. 2021).

The magnitude of this bending is high at 10 and 30 °C, 
but almost half of that at 50 °C, which can be attributed 
to the increased disorderedness of the lipids and thermal 
fluctuations. Along with the high negative curvature at the 
dimer position, we also found other regions with negative 
and positive curvatures. The thick transmembrane region 
of the protein dimer comprises long helical domains that 
are bent w.r.t. the membrane normal (see Fig. 1). Such a 
structure, owing to the hydrophobic mismatch, can locally 

Fig. 6   Effect of temperature on the characteristics of lipid membrane. Change in a area per lipid and b local membrane thickness as a function of 
temperature
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perturb the lipid ordering and generate curvature. A closer 
look at the membrane snapshot indicates locally disor-
dered small lipid domains even at 10 and 30 °C, which in 
the absence of the protein is expected to be in a gel-like 
ordered state. Around these small regions, the membrane 
exhibits lower thickness and thus seems bent inwards 
(negative mean curvature). The regions with ordered lipids 
exhibit high thickness and thus a positive mean curvature. 
Due to large thermal fluctuations, the lipid membrane is 
fully disordered at 50 °C, and the variation in mean curva-
ture and thickness profile is less drastic as compared to the 
low-temperature case. The extent of membrane deforma-
tion in our study is comparable to that reported in another 
recent study (Collins et al. 2021). However, we must add 
that our system size is rather small to rule out any finite 
size effects, and therefore, we analyzed the mean curvature 
in the presence of multiple M dimers in CG simulation 
(discussed later).

Effect of Temperature on Protein Aggregation

Considering the pleomorphic nature of the Coronaviruses, 
the conformation of the M protein and the dynamics of the 
membrane lipids at different temperatures might impact the 
shape of the virions formed. Previous studies have reported 
that under confinement, the M proteins are more prone to 
aggregation (Hemati et al. 2021). To understand if tempera-
ture influences M protein aggregation, CG MD simulations 
were performed using MARTINI 22 on a larger system 
consisting of 8 membrane protein dimers (16 monomers) 
embedded on a lipid membrane (see “Materials and Meth-
ods” section for technical details, see next section for model 
validation). The final conformation of the proteins at each 
temperature is shown in Fig. 8. At 10 and 20 °C, we did not 
observe any aggregates within the simulation time scale. 
This could be attributed to the high degree of ordering of the 
membrane lipids as shown in Fig. 8b. At 30 °C, formation of 

Fig. 7   Correlation between membrane curvature and thickness. The 
top panel indicates the curvature profile of the membrane at 10, 30, 
and 50 °C, with the colorbar representing the mean curvature values: 
yellow indicates negative and dark green indicates positive curvature. 
Middle panel: the corresponding thickness profile indicated in color-

bar: red indicates thinner regions and blue indicates thicker region. 
Bottom panel: snapshots of the membrane–protein system with mem-
brane color coded based on the bilayer thickness (same as middle 
panel). Disordering of lipids can be seen with increasing temperature
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M-dimer clusters was observed within 100 ns time period, 
further aggregation took place within 300 ns beyond which 
no more protein clusters could be observed. At 40 °C, the 
proteins started forming clusters within the initial few nano-
seconds after which steady aggregations took place at 200 ns 
and 250 ns, respectively. Barring two dimers, all the remain-
ing protein dimers aggregated to form a single cluster com-
prising 12 proteins. At 50 °C, a very fast aggregation pattern 
was observed and two separate clusters could be noticed.

The rate of formation of aggregates directly depends on 
the ordering of the membrane, which allows migration of 
protein molecules. At 50 °C, due to the large disordering 

of membrane lipids, the aggregates were able to form very 
quickly (Table S1) (Fig. 9). This also implies that irrespec-
tive of the noticeable conformational flexibility of the M 
protein at 10 and 20 °C (Fig. 3), the formation of protein 
clusters is largely governed by the ordering of the mem-
brane. In conclusion, we observe that clustering of M protein 
dimers readily occurs only beyond 30 °C.

To further clarify our observations on clustering of M 
protein dimers and the resulting membrane deformation, we 
carried out CG simulation involving 64 dimers on a lipid 
bilayer. We compared the RMSD and RMSF of M protein 
dimers in CG and atomistic simulations at 30 °C in Fig. 

Fig. 8   Effect of temperature of aggregation of M proteins. CG sim-
ulations of eight M protein dimers (magenta) embedded in a lipid 
membrane (green) at various temperatures, indicating the cluster-

ing pattern of the proteins at various temperatures a top view, b side 
view. Note the relative ordering/disordering in lipids in (b) as a func-
tion of temperature
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S6 (a, b), which agree well with each other. The Radius of 
gyration (Rg) of the M proteins [Fig. S6 (c)] was found to 
be around 2.7 nm, in agreement with the observations by 
Collins et al. in atomistic simulations (Collins et al. 2021). 

In this part of the work, we specifically focused on the clus-
tering behavior at 30 and 40 °C and the resulting membrane 
curvature. We show the final membrane conformation and 
the resulting mean curvature profile in Fig. 10.

While we could not observe all the dimers clustering 
to form a single large cluster during the time scales of the 
simulation, the effect of the partially formed clusters on the 
membrane curvature was evident. We did not observe any 
large-scale membrane deformation; however, the presence 
of such transient clusters could impart noticeable local cur-
vature. As reported by Monje-Galvan and Voth (2021) and 
Collins et al. (2021), M protein alone can induce membrane 
deformation around it and we too observed the same in our 
atomistic simulation. The observations in our CG simula-
tion, additionally, indicate that a large number of M proteins 
can cluster and collectively impart a local curvature to the 
membrane. Without such a collective behavior, there would 
be small deformation around each protein in which case, 
one would observe transverse fluctuation in the membrane, 
but no noticeable local deformation. However, as mentioned 
earlier, this deformation itself is rather small. This observa-
tion suggests that M protein alone may not be capable of 
generating large curvatures that can trigger budding/fission 

Fig. 9   The effect of temperature on the dynamics of protein aggrega-
tion. The total number of protein clusters formed at different tempera-
tures during the 500 ns CG simulations

Fig. 10   The effect of M protein 
aggregation on membrane 
curvature. The top panel shows 
the top and side views of repre-
sentative membrane snapshots 
with 128 M protein monomers 
at 30 °C and 40 °C. The bottom 
panel shows the corresponding 
mean curvature of the mem-
brane indicating prominent local 
curvatures
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events and other integral proteins might play a crucial role, 
as shown in earlier studies (Vennema et al. 1996b; Mortola 
and Roy 2004). However, owing to their aggregation capa-
bility, the M protein might facilitate the curvature generat-
ing process. We will focus on investigating this collective 
mechanism in our future work.

Conclusion

Out of the four different structural proteins of the SARS-
CoV-2 virus, the M protein is the most abundant and widely 
distributed. It associates with the S, E, and N protein and 
also with other M proteins and directs the virus assembly 
and aids in the viral release. The pleomorphic nature of 
the coronaviruses allows them to change the particle size 
and shape, which also depend on the structural proteins of 
the SARS-CoV-2, especially the M protein. Hence, under-
standing the dynamics and behavior of the M protein is very 
important to understand the formation of the virus particle. 
Although the variations have been reported in the literature, 
very few studies have been carried out to understand how 
the overall virus structure is shaped.

We performed atomistic and coarse-grained (CG) simu-
lation on ionic DPPC/DPPG lipid membranes embedding 
M protein dimers to understand the effect of temperature 
on the behavior of both the protein and the membrane, and 
their mutual interactions. The atomistic simulation on sin-
gle M protein dimers indicated that the conformation and 
dynamics of the M protein depend strongly on temperature, 
as expected. As both DPPC and DPPG lipids exhibit a transi-
tion temperature of 41 °C, the transmembrane domain was 
found to be flexible between 30 and 50 °C, where the trans-
membrane and extrinsic domain of the proteins could sam-
ple various conformations. PCA performed on the extrinsic 
N-terminal domain of the protein dimer further indicated 
that the free energy landscape of the dimer goes through 
significant change over this temperature range. The energy 
landscape at 40 °C was found to exhibit some well-defined 
basins indicating the possibility of functionally important 
dynamics that occurs over the physiological temperature 
range. The thermal motions of a protein are influenced by 
external conditions such as temperatures and vicinity with 
adjoining molecules, but the functional motion of M Pro-
tein can be described as the functionally active forms such 
as short-bent or long-extended conformations. The long-
extended structures are more prone to bind to other mem-
brane proteins but the short-bend forms do not associate 
with other protein molecules. While we were able to partly 
observe the long-extended conformation at 40 °C via the 
Thr169-169′ and Lys15-Lys15′ distribution, it was clear with 
the PCA calculations.

While the structure and ordered/disorderedness of lipids 
seem to play a crucial role in dictating the structure and 
dynamics of the embedded protein dimer, the overall nature 
of the lipid membrane was not much affected by the pres-
ence of the protein. The order parameter, APL, and bilayer 
thickness all showed signatures of the transition temperature 
beyond 40 °C. However, we could observe the overall bilayer 
thickness to be affected by the protein, which can be attrib-
uted to the hydrophobic mismatch between the lipid bilayer 
and the protein transmembrane region. We also observed 
some interesting interplay of protein–membrane interac-
tion in the mean curvature profile of the membrane. While 
the protein locally induced negative mean curvature, it also 
induced appreciable positive and negative curvature around 
it. With increasing temperature, these fluctuations die down. 
Our observations, thus, suggest that the protein might lead to 
ordering/disordering of the neighborhood lipids, which fur-
ther induces local curvature. However, to characterize such 
ordering, a systematic analysis of the lipid dynamics has to 
be performed in order to identify local ordered/disordered 
regions and their correlation with the protein. Moreover, 
our system might be small to clearly capture any large-scale 
undulations and finite size effects might also have some 
effects. Finally, while the PCA and statistical distributions 
indicate important qualitative trends, quantitative predic-
tions would require much longer simulations over multiple 
replicas, which is beyond the scope of the present work. 
The qualitative trends, however, should remain comparable.

To better understand the effect of temperature on protein 
clustering and the resulting membrane curvature, we per-
formed CG simulations. Simulations on 8 protein dimers 
indicated that protein clustering happens only at 30 °C and 
beyond, and the rate of clustering increases with increasing 
temperature. This again should be attributed to the gel-like 
ordered phase of the lipid membrane. Simulations on 64 
protein dimers at 30 and 40 °C further indicated the effect of 
protein clustering on membrane curvature. While the dimers 
failed to form a single large cluster during the simulation 
time scales, the partially formed clusters could induce appre-
ciable local membrane curvature. However, the scale of the 
deformation was far from that expected in a case where one 
can expect budding. As M proteins of SARS virus are impli-
cated in virus budding, it was unclear if M protein alone is 
capable of leading to such large-scale deformation. In our 
study, we find this to be not feasible, which agrees with the 
earlier studies on viral particle formation (Vennema et al. 
1996b; Mortola and Roy 2004). It will, therefore, be interest-
ing to investigate the deformation profile of lipid membrane 
in the presence of both M and E proteins.

As we observe the most interesting changes in the pro-
tein–membrane system happening close to the physiologi-
cal temperature range, we believe that the clustering of 
M protein dimers and the resulting change in membrane 
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curvature might be an important factor in the viral activity. 
However, as the viral membrane consists of various other 
proteins as well, the behavior of M protein dimers in the 
presence of other proteins can provide crucial information 
on their mutual role in the viral life cycle. Recently, such a 
study has been performed (Collins et al. 2021), which aims 
at understanding the role of M and E proteins in generating 
membrane curvature. They found the M proteins to coop-
eratively generate membrane curvature, while E protein 
kept the membrane relatively flat. An important aspect in 
the membrane–protein study is the model membrane which 
should closely represent the viral membrane. In this line, 
the study by Monje-Galvan and Voth (2021) shows the dif-
ference in the lipid sorting pattern and the membrane defor-
mation profile around different structures of the M protein. 
Along this line, it will be interesting to extend our study 
to understand the effect of temperature on cooperative pro-
tein–protein and protein–membrane interactions on complex 
model membranes in the presence of both M and E proteins. 
Although, the selection of the number of M proteins in this 
study was relatively subjective in this study, considering the 
exact M protein density in the viral envelope would provide 
more accurate insights into the protein dynamics. Addition-
ally, CG MD simulation can enable the study of large-scale 
protein–membrane systems, which can provide crucial infor-
mation on the aggregation behavior of the proteins and their 
effect on the lipid membrane.
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