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Abstract

The spike (S) protein is a trimeric, membrane-anchored fusion protein that enables
coronaviruses, such as the SARS-CoV-2, to recognize and fuse with their hosts’ cells. While
the prefusion and postfusion structures of the ectomembrane domain of the spike protein are
available, the corresponding organization of its transmembrane domain is obscure. Since the
transmembrane and ectomembrane domains of fusion proteins are conformationally linked, an
understanding of trimerization and transmembrane conformations in the viral envelope is a
prerequisite to completely understand viral fusion by the spike protein. To address this, we
computationally explored the self-assembly of the SARS-CoV-2 spike transmembrane domain,
starting first by determining the membrane boundaries of the spike transmembrane helix. Using
atomistic molecular dynamics simulations, we found the spike protein transmembrane domain
to be plastic, and the transmembrane helix to be very dynamic. The observed movements of
the helix changed the membrane embedded sequence, and thereby affected the conformational
ensemble of the transmembrane assembly in Martini coarse grained simulations, even flipping
the super-helical handedness. Analysis of the transmembrane organization of the spike
transmembrane helix provided rich insights into the interfaces utilized to self-associate.
Moreover, we identified two distinct cholesterol binding regions on the transmembrane helix
with different affinities for the sterol. The cholesterol binding pockets overlapped with regions
involved in the initiation of transmembrane protein-protein interaction. Together, the results

from our multiscale simulations not only provide insight into understudied trimeric helical
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interfaces in biomembranes, but also enhance our understanding of the elusive transmembrane
conformational dynamics of SARS-CoV-2 spike and more generally of viral fusion proteins.
These insights should enable the inclusion of the conformations of the spike protein

transmembrane domain into the prevalent models of virus fusion.

Significance

Enveloped viruses rely on fusion proteins, called spike proteins in coronaviruses, to infect cells
by fusing the virus envelope with the host cell membrane. The transmembrane domain (TMD)
of the coronavirus spike protein is critically involved in successful viral fusion and other
aspects of the virus lifecycle, but is poorly studied. Using multiscale molecular dynamics
simulations of the SARS-CoV-2 spike TMD, we explore its conformational dynamics and self-
assembly in different lipid environments. The results provided here improve our understanding
of transmembrane stabilization of spike trimers, which are indispensable for viral infection.
Exploiting this knowledge to destabilize spike trimers should facilitate design of

transmembrane domain targeted viral fusion inhibitors.

Introduction

The fusion of two biological membranes is a thermodynamically favorable but kinetically
limited process which is catalyzed by fusion proteins during viral fusion (1-3). Fusion proteins
are divided into three classes, I to III. The spike (S) protein of coronaviruses is a class I fusion
protein, a division it shares with other well established fusion proteins like hemagglutinin (HA)
and envelope protein (Env/Gp160) from influenza virus and human immunodeficiency virus
(HIV), respectively (4). Spike proteins are the first point of contact between coronaviruses and
their host cells. Molecular recognition is followed by fusion of the viral envelope to the host
plasma membrane and requires concerted action from all the domains of fusion proteins (5).
The general features of viral fusion are well formulated based on decades of research and are
understood to be variations on a common theme (6, 7). In coronaviruses, viral fusion is
triggered upon binding of the fusion protein soluble domains to the host receptor(s) (8).
Cleavage at the S1/S2 site primes the metastable, folded prefusion conformation of the spike
protein for fusion (9). This new transient conformation, known as the prehairpin intermediate,
exposes the fusion peptide and makes it accessible to engage with the host membrane.
Irrespective of which virus they belong to, all the studied fusion proteins, including the spike

protein, are believed to transition through a trimeric prehairpin structure that bridges the virus
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and the host lipid bilayers (9, 10). Thereafter, the C-terminal HR2 coiled-coil domain, which
is closer to the viral envelop, disassembles to refold in an antiparallel manner over the long
extended trimer, forming a six-helix bundle often referred to as the fusion core (11). This
refolding and reorientation pulls the two membranes together and facilitates fusion, ending
with the fusion protein in a hairpin-like postfusion conformation with its fusion peptide and

transmembrane domain in the same membrane (3).

A large body of evidence backs the important role of the fusion protein transmembrane domain
(TMD) in successful completion of viral fusion (10). Classical mutagenesis experiments have
established that a sequence-specific, proteinaceous, transmembrane anchor capable of
spanning the entire envelope bilayer is a prerequisite for viral entry into cells (12). Despite its
critical role in the process of viral fusion, the prefusion conformation of the TMD as well as
the changes it undergoes during the process of fusion remain unknown. The dynamics of the
TMD have been recalcitrant to experimental characterization partly because the fusion process
takes only tens of seconds to complete (13). However, even the stable conformations of the
trimeric TMD in the context of a bilayer have only recently been determined for well-studied
viruses like HIV and influenza virus (14, 15). Fresh attempts towards visualizing the
transmembrane domains of these viruses have made it possible to test and refine existing

hypotheses of viral membrane fusion and improve vaccine candidates (11, 16, 17).

SARS-CoV-2 is a novel coronavirus which has caused the COVID-19 pandemic. The issues
that remain unaddressed on established fusion proteins also apply to the SARS-CoV-2 fusion
protein, better known as the spike protein, because structural efforts have focused on its soluble
region (18-20). Our understanding of the transmembrane dynamics of the spike glycoprotein
continues to be rudimentary because the structural information is partial towards the stable and
symmetric soluble oligomeric assemblies (21, 22). No information about the transmembrane
domain of any coronavirus is available either due to the design of the construct studied or
because of experimental limitations (18-27). Even the juxtamembrane domains are absent or
at best, poorly resolved in the characterized structures. Prior studies of the coronavirus
prefusion spike have modelled a generic trimeric coiled TMD to simulate a membrane
anchored spike, but overlook the transmembrane dynamics (28, 29). This disregard is
unfortunate given that juxtamembrane and transmembrane mutants of SARS-CoV are unable
to optimally infect host cells, emphasizing the importance of organization and dynamics of the
TMD of the coronavirus spike protein in facilitating viral fusion and providing an opportunity

for therapeutic intervention (30-33). Moreover, knowledge of the coordinated reorganization
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of the TMD following the rearrangements of the soluble domains should enable the generation

of a more comprehensive model of viral fusion.

Given that neither do we have structural information about the arrangement of SARS-CoV-2
spike TMD in the lipid bilayer, nor the effects of the surrounding lipid environment on its self-
assembly is known; we examined the self-association of the spike protein TMD in a model
lipid bilayer. To this end, we first located the membrane boundaries for the TMD using
atomistic simulations. We found that the diffusing transmembrane domain exhibited bobbing
motions in the bilayer and readily underwent bending and tilting, resulting in concomitant
changes of the residues at the membrane-water interface. The most frequently occurring helical
conformations were selected and coarse-grained simulations were performed without the
restraints of structured, trimeric ectomembrane domains, to assess the inherent intramembrane
self-association potential of the helical conformations of the TMD. The coarse-grained
approach permits the characterization of ensembles of structures as homotypic interactions
emerge between monomeric helical transmembrane peptides. Both symmetric and asymmetric
trimers were obtained, with the ensemble being influenced by the exact membrane-embedded
helical sequence. Even the extent of trimerization observed, was dependent on the
transmembrane sequence. Consequently, we identified the residues that promoted self-
assembly of the SARS-CoV-2 spike transmembrane helices. Furthermore, given the presence
of a cholesterol binding sequence motif on the TMD, we investigated the binding of cholesterol
with spike transmembrane helices and found it to interfere with the process of helical
trimerization. Collectively, these results offer a step forward in understanding the spike
transmembrane dynamics that accompany fusion of the viral envelope to the host plasma

membrane.

Methods

Modeling the transmembrane domain

The segment corresponding to Ser1196-Ser1249 was chosen to be simulated because S1196
marks the last residue of the soluble SARS-CoV-2 spike which is included in most structures
in the protein data bank (PDB). The sequence Pro1213-Cys1236 was modelled with ideal o-
helical backbone torsion angles and the rest of the amino acids were designed as random coil,
using PyMOL (v2.3.3; Schrodinger). The N- and C- termini of the helix were charge
neutralized by amidation at the carboxyl end, while a neutral amino group was modelled at the

N-terminus. This structure was embedded in a POPC (1-palmitoyl-2-oleoyl-
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glycerophosphatidylcholine) bilayer using the membrane builder of CHARMM-GUI (34),
solvated in TIP3P water and neutralized by increasing the ionic concentration. The four
components: one copy of the 54 amino acid residue transmembrane domain, 203 lipid
molecules, 0.15 mM KCI and 22,966 water molecules were assembled in a box of 8 nm x 8 nm
x 14.5 nm designed to accommodate the long stretched ectomembrane residues, resulting in an

initial configuration comprising 97,083 atoms (Figure S1).
Atomistic simulation of the single transmembrane domain

The initial configuration was sequentially equilibrated with gradual relaxation of position
restraints on heavy atoms, first with 5000 steps of steepest descent and subsequently using the
time resolved md integrator. The bonds involving hydrogen atoms were constrained with
LINCS (35). Particle mesh Ewald (PME) summation (36) was used for treatment of long range
electrostatics and the van der Waals interactions were cut off at 1.2 nm. Temperature was
maintained at 30°C by coupling the system to Berendsen’s thermostat (37) using a time
constant (7¢) of 1 ps. Semi-isotropic pressure on the system was controlled with the Berendsen
barostat (37), set at 1 bar with a coupling constant (7p) of 5 ps. The integration step for this
equilibration phase was kept at 1 fs. The final 0.5 ns equilibration was done using a 2 fs step
free of any position restraints. The production run differed in the choice of algorithms that
manage energy conservation, Nose-Hoover thermostat (38, 39) to control the temperature
(30°C, 7t = 1 ps) and Parinello-Rahman barostat (40) to maintain the pressure (semi isotropic,
1 bar; 7p = 5 ps). Three replicates with randomized initial atomic velocities were performed for

500 ns each (Table S1).
Coarse-grained self-association simulations

Self-assembly simulations were performed for transmembrane segments of various lengths
using the Martini force field (41, 42). We started from either an atomistic structure derived
from the all atom simulations and converted it to its coarse-grained approximation using the
martinize script or from an idealized a-helix. The DAFT protocol (43) was utilized to generate
randomly rotated helices embedded in pure POPC bilayers or a POPC membrane doped with
30% cholesterol. All the helices were placed equidistant from each other with 6.5 nm between
them and their periodic images. Standard Martini 2.2 parameters were used to describe all the
particles. The starting conformations were energy minimized with 500 steps of steepest descent
and 100 ps of NPT with a 20 fs time step to bring temperature and pressures to their set value.

Temperature was maintained at 310 K by the v-rescale thermostat (44) coupled with a


https://doi.org/10.1101/2021.06.07.447334
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447334; this version posted June 7, 2021. 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-NC-ND 4.0 International license.

temperature constant of 1 ps. Pressure was maintained semi-isotropically by the Berendsen
barostat algorithm (37) set to 1 bar. Coulombic interactions were cut-off beyond 1.2 nm and
the Lennard-Jones potential was decreased smoothly to zero between 0.9 and 1.2 nm.
Production runs were performed for the time as mentioned in Table S1 with the force field

standard time step of 20 fs (45).

All the simulations were performed using GROMACS 4.6.7 (www.gromacs.org) on our high
performance computing cluster. VMD (University of Illinois (46)) was used to visualize the
trajectories and render the graphics. The analysis was performed using inbuilt Gromacs
routines and PyLipID (https://github.com/wlsong/PyLipID, (47)) for cholesterol interactions.
DSSP (48) was used to assign secondary structure in the simulations. Clustering of structures

was done throughout using g_cluster using the Doura et al algorithm (49).

Results

Determination of the membrane-embedded helical segment

Membrane spanning helices are usually 21-25 predominantly hydrophobic residues long and
are flanked by charged residues on both termini to signal the translocase-driven partitioning of
these helices into biomembranes (50, 51). The spike transmembrane domain (TMD) is
distinctly different in this regard, having a long stretch of 33 amino acids between two lysine
residues (Figure 1A). This TMD has a characteristic N-terminal enrichment of aromatic
residues, especially Trp (32), which we call the tryptophan-rich aromatic conserved stretch
(TRACS). The TRACS is similar to an analogous juxtamembrane region observed in other
enveloped viruses, referred to as the MPER (membrane proximal external region) (16). The N-
terminal TRACS leads into small and hydrophobic amino acids, followed by polar residues
and a lone lysine, which is surrounded by many cysteine residues of unknown function. Several
algorithms that predict secondary structure, and those that predict transmembrane helices,
could not unambiguously identify a C-terminus with a charged anchoring residue (Figure 1A
& S1). In order to independently and confidently ascertain membrane boundaries for the
transmembrane region of the spike, we performed unrestrained atomistic simulations. Starting
from the last residue of the SARS-CoV-2 spike without a coordinate in the PDB - Ser1196, one
copy of a 54 amino acid long segment (Ser1196-Ser1249) which included the putative 33
residue long TMD was simulated in a model POPC bilayer using classical atomistic molecular

dynamics (MD) simulations (Figure S1).
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Three replicate 500 ns simulations of membrane-embedded TMD yielded very different
trajectories. The helix was highly dynamic as it readily tilted up to 55° during the course of the
simulation and sometimes bent. Despite the bending, the angle of tilt of the TM helix from the
membrane normal was largely anti-correlated with the distance of the N-terminal Tyr1215 from
the center of the bilayer (Figure 1B & 1C), further substantiated by the conformations shown
(Figure 1C). The tilting of the helix was accompanied by bobbing motions of the helix as the
a-carbon atom of Alal226 at the helix center moved as much as one nm with respect to the
bilayer midplane (Figure S2). Moreover, the simulated polypeptide gained and lost secondary
structure at both the termini of the helix (Figure 1D, S3-S5). Using DSSP to quantify secondary
structure, we found that the TRACS often lost helical secondary structure and became
disordered, and seldom pushed the snorkeling Lys1211 (Figure S6) beyond the range of the
lipid headgroups (Figure S4B). The non-consensus predicted helical regions around the N-
terminal Glu1202 residue also gained helicity during the course of the simulation (Figure 1D).
The C-terminus of this 54 residue peptide, predicted to be palmitoylated at one of the Cys
residues (52), stayed close to the lipid headgroups despite the absence of this modification in
our simulation (Figure 1E). The dynamics of the helical peptide created packing defects in the
membrane, such that the phosphorus atoms from the phosphate groups on the lipid headgroups
moved nearly 2 nm per leaflet along the axis of the membrane normal, despite the simulation

box being centered to avoid translational artifacts (Figure 1E).

Since the simulations showed that the sequence composition and conformation of the TM helix
can vary dynamically, we employed root mean square deviation (RMSD) analysis to extract
some stable conformations of the TM helix and chose one dominant conformation from each
of the three replicates (Figure S7). These three conformations had the following TM segments:
Pro1213-Cys1236, Tyr1215-Ser1239 and Lys1211-Met1237. The Pro1213-Cys1236 segment
remained helical across the three replicate simulations and was the most rigid of the three
conformations considered (Figure S8). Therefore, we coarse grained this sequence first and
examined its ability to associate into trimers, the arrangement of the soluble, S1 part of the

prefusion spike protein of the SARS-CoV-2 (21, 22).
Transmembrane helices assemble into symmetric and asymmetric trimers

The Martini force field has been widely used to investigate oligomerization in membranes (53).
Being coarse-grained, it accelerates the kinetics of the system by providing a smoothened

energy landscape to facilitate studying the emergence of homotypic interactions among


https://doi.org/10.1101/2021.06.07.447334
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.07.447334; this version posted June 7, 2021. 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-NC-ND 4.0 International license.

monomeric helices (53). Moreover, the force field does not allow secondary structure to change
over the course of the simulation (42), a feature which we used to our advantage to examine
the differences in the association of TM helices formed by stretches of residues shifted in
sequence. First, we modelled the 25 amino acid sequence, Trp1212-Cys1236, as an ideal a-
helix, T1, and examined its potential to self-assemble into trimers (Figure 2A). 100 replicates
of trimerizing simulations were set up and each replicate was simulated for 4 ps. The last frame
of the 100 trajectories revealed that 53% ended as trimers while the remaining 47% showed a
dimeric stoichiometry (Figure 2B). Interestingly, we continued to see dynamics and instability
even upon trimerization, which can be seen from clustering the last 50 ns of all the successfully
trimerized trajectories differing at 5 A RMSD (Figure S9). Two of the most populated
conformational clusters were dramatically different from each other, with one being a
symmetric trimer and the other, an asymmetric trimer (Figure 2C & 2D). The symmetric trimer
employed homotypic interactions between the hydrophobic residues occupying one face of the
helix and had a slight left-handed supercoil (Figure 2C & S10). In contrast, the asymmetric
trimer used the GxxxG motif (54-56) to form a homodimer on which the third helix can dock,
forming van der Waals interactions with the many hydrophobic residues (Figure 2D & S11).
The other highly populated clusters displayed a range of conformations that were intermediate
between the compact, symmetric trimer and the expanded, asymmetric trimer (Figure S12).
Notably, the N-terminal conserved Trp residues (30, 31, 57) that comprise the TRACS did not
participate in the homotypic organization as seen in the proximity maps where N-terminal
interactions are conspicuously absent (Figure S10 & S11). Furthermore, all clusters were
observed to be more compact at the C-terminus than at the N-terminus, except the symmetric

coil which was compact at both termini (Figure 2D & S12).
Three overlapping motifs facilitate the organization of transmembrane assembly

We repeated our trimerization simulations with two more constructs, T2 (Tyr1215-Cys1241)
and T3 (Lys1211-Met1237), both derived from the all atom simulation results (Figure S7).
The T2 and T3 helical transmembrane constructs were composed of 27 residues offset by 4
residues in sequence (Figure 3A). These simulations helped us delineate the role of the highly
conserved TRACS in the trimerization of the helices as only T3 contains the TRACS. T2
simulations yielded 63 out of 100 simulations that were trimeric in the end while T3 trimerized
in only 21 of the 100 simulations (Figure 3B). More importantly, T2 simulations displayed
reduced dynamics as only 2 major structural ensembles were observed after clustering the last

50 ns of all the trimeric simulations following the same methodology as used in T1. (Figure
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3C & S13). The most populated cluster of the T2 simulations was a symmetric trimer which
was very similar to that seen with the T1 sequence, with a near identical interaction surface,
but extended by one helical turn at the C-terminus (Figure 3D & S14). This extended
interaction surface and the absence of the bulky Trp residues of the TRACS at the N-terminus
of T2 reduced the left-handed supercoiling and improved the packing of the helices when
compared to T1 (Figure 3D).

Unlike T2, which showed an increase in trimerization over T1, T3 showed a reduction. Also,
trimers seen in T3 were again highly variable and dynamic as the last 50 ns from 21 simulations
grouped into 8 major clusters (Figure 3C & S15). In order to understand if the sequence of T3
by itself could diminish trimerization, we systematically considered multiple alternate factors,
including the length of T3, its starting conformation and the size of the simulation box. T2 and
T3 are both 27 residues in length, suggesting length alone is insufficient to explain the
reduction in trimerization. Analysis of the most populated trimer in T3 (Figure S16) indicated
that the trimer had straight helices despite the bent starting conformation of T3 (Figure S17).
The strength of the backbone dihedral restraints in the Martini force field (Kssss = 400 kJ mol
!, ref (42)) is comparable to lipidic interactions and especially weaker at the ends of the helix,
purely by definition (58), hence slightly bent helices can be straightened during the course of
the simulation and facilitate the formation of trimers with straight helices, like in T3 (Figure
S17). Another difference between the T1, T2 and T3 simulations was the simulation box size
which differed to accommodate 6.5 nm between the helices (Figure S18). The simulation box
was the largest in T3, and smallest in T1 (Figure S18), a trend that does not match the increase
in trimerization seen for T2. Considering the value of the diffusion constant (Figure S19), it is
unlikely that helical collisions were significantly reduced for the largest T3 simulation box.
Moreover, even reducing the diffusion constant by half does not affect the propensity to
trimerize (Figure S24). While we cannot explicitly rule out the unknown contribution of an
increase in lipid to peptide ratio for reduced trimerization in T3, the above observations suggest
that sequence is a more significant factor in the reduced trimerization of T3. Particularly, the
aromatic residues of the N-terminal TRACS in T3 which preferred to interact with lipids rather
than their peptide neighbors, failed to convert proximity into association beyond dimers as

discussed next.

The most populated trimeric assembly observed in T3 was reminiscent of a consecutive right-
handed and left-handed dimer converging on a central helix (Figure S16). Motivated by this
and the large population of dimers in T3 (70%; Figure 3A), we decided to investigate the
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dimerization of helices. We simulated two sequences, D1 (Trp1214-Cys1236) and D2
(Trp1212- Leul234) offset by two residues (Figure 4A). These showed nearly 50% and 40%
dimerization, respectively (Figure 4B). Strikingly, the two resulted in visually different dimers
resembling the two interfaces of the T3 trimer. The two dimeric ensembles were mirrored in
their super-helical handedness, which is remarkable as D1 and D2 are offset by only two amino
acids. D1 displayed classical right-handed dimers stabilized by the GxxxG motif formed by
Gly1219 and Gly1223 (Figure 4C & S20). The D2 sequence showed a left-handed dimer
stabilized by extensive van der Waals contacts along the interaction surface utilizing the
LxxVIxxT segment (Figure 4D & S21). Thus, these dimerizing simulations helped us delineate
the two interaction surfaces in the spike TMD trimers. One interface was formed by the GxxxG
motif, while the other was formed by the stretch of predominantly B-branched hydrophobic
residues, LxxVIxxT that occupied one face of the helix (Figure 4E). These interfaces could
combine in two ways into a symmetric or an asymmetric structure as schematically shown in
Figure 4E. Another GASright motif (55) formed by Alal222 and Alal226 facilitated many
intermediate conformations (e.g. Figure S12) and so increased the instability in the system.
Reassuringly, the two interfaces identified in these dimerization simulations were also

observed in the T3 simulation that ended with dimeric stoichiometry (Figure S22).

Cholesterol interaction discriminates between the length of CoV TM helices in the membrane

and utilizes the same residues involved in helical self-assembly

Having simulated and analyzed the trimerization of the spike TMD in POPC lipid, we next
addressed the role of lipid environment on these interactions. The lipids in the virus envelope
are derived from the host membranes and so their lipid composition depends on the membrane
that a virus buds from (59). Unlike other well-studied class I enveloped viruses (HIV,
Influenza), coronaviruses such as SARS-CoV-2 do not assemble at the plasma membrane, but
at ERGIC (Endoplasmic Reticulum-Golgi intermediate compartment) (60). So, its envelope is
expected to be similar to the ERGIC membrane, although there has not been a thorough
experimental characterization of the coronavirus lipidome. Nevertheless, apart from ~70%
phosphatidylcholine (59), the coronavirus envelope should have between 8 and 10%
cholesterol originating from a pre-Golgi compartment (61). On the other hand, the plasma
membrane which the SARS-CoV-2 envelope fuses with upon infection, can have up to 40-50%
cholesterol (61). In addition, the spike TM helix carries a cholesterol binding sequence, i.e. the

inverted cholesterol recognition amino acid consensus (CRAC) motif (62), also called CARC,
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at the N-terminus. Hence, we decided to repeat our trimerization simulation in the presence of

an intermediate cholesterol content of 30 mol%.

The same T1, T2 and T3 were used and 50 replicates of each were simulated for 4 ps per
trajectory (Table S1). While T1 seemed indifferent to the lipid environment as it associated
equally well in the presence and absence of cholesterol, T2 and T3 both displayed a 30%
reduction in trimerization (63% to 44% for T2 and 21% to 14% for T3) (Figure SA). This
result was surprising because only T3 carried the full CARC motif and so, had the sequence
more likely to respond to cholesterol in the bilayer. But counter to our expectations, we found
that T2 and T3 both interacted with cholesterol to a similar degree (Figure 5B & S23).
Analyzing the residue specific contacts made by cholesterol with the monomeric helices
resolved this confusing result. We found that the main site for cholesterol interaction was not
the predicted CARC motif, but rather was located at the C-terminus half of the helix (Figure
5C), consistent with a recent experimental observation (63). Further, we did not find significant
differences between the diffusion of the T1, T2 or T3 helices (Figure S24), the time to first
interaction (Figure S25) or even the number and duration of interacting cholesterol molecules
per helix (Figure S26). Overall it seems that the length of the helix (25 residue long T1; 27
residue long T2 and T3) and not the sequence distinguishes the effect of cholesterol on self-
association of the spike TMD. However, more work is required to completely understand the

effects of cholesterol with respect to the spike TMD.

Cholesterol makes extensive van der Waals interactions from both its o and B faces (64) to
dock on to the surface of the TM helix in our simulations. Frequently observed modes of
cholesterol binding at the C-terminus and N-terminus are compiled in Figure S29 and Figure
S30, respectively. Despite the fact that the cholesterol binding region on the helix (Figure 5C)
overlaps with the location of self-association (Figure 4E), the final structures in the two lipidic
milieus are comparable (Figure S27 & S28). However, by occluding the C-terminal half of the
helix (Figure SC & S26), cholesterol modulates the initial events that occur upon the first
encounter of TM helices by preventing the C-terminus from initiating self-association. Thus,
unlike in pure POPC (Figure 6A), the N-terminal residues initiate self-association in the
presence of cholesterol (Figure 6B). The C-terminal preference for cholesterol in isolated
helices persists even after trimerization (Figure S31). This preference has implications for the
instant when fusion occurs and cholesterol molecules from the host plasma membrane begin

equilibrating with the viral envelop, as discussed in the next section.
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Discussion

Dimerization of a-helices is frequently observed in natural membrane proteins and has been
the system of choice to understand the self-association of both bitopic and multi-pass
transmembrane domains (TMDs) (65). On the other hand, trimerization is primarily observed
for B-barrel proteins on mitochondrial or prokaryotic membranes. Virus fusion proteins are one
group where transmembrane helices naturally trimerize (10). Trimeric association of viral
transmembrane helices has previously been shown to be important for stability and maturation
of the fusion proteins, and mutations that interfere with TM oligomerization alter the structure
of the fusion protein (66, 67). Using extensive simulations of the transmembrane domain of the
SARS-CoV-2 spike, we found that it can form trimers, but these trimers exist in multiple
conformations. We also discovered the underlying interactions that stabilize these trimeric

conformations.

Transmembrane domains of fusion proteins, including spike protein, are known to exist in a
monomer-trimer equilibrium when studied in isolation from the soluble domains (67, 68). Our
atomistic simulations of the monomeric helix demonstrate it to be immensely flexible and
dynamic. The TM helix was sometimes observed to lose structure at the ends and become
perpendicular to the membrane while at other times, we noticed it to tilt up to 55° bury more
residues in the membrane. These motions of the helix induced disturbances in the lipid bilayer,
due to hydrophobic matching (69). The TRACS at the N-terminal membrane-water interface
was more dynamic than the comparatively stable C-terminus and made more frequent
excursions into the surrounding water. Together, the dynamics of the monomeric helix
combined with the sequence at the N-terminus may be important for destabilizing the viral
envelope, thereby reducing the kinetic barrier to fusion (3). This result is reminiscent of recent
observations from the HIV where broadly neutralizing antibodies actually bind the MPER to
prevent it from slipping into the membrane and inducing membrane fusion (16). This suggests
that binders to the TRACS, which is analogous to HIV MPER, may be useful for pausing
cellular entry of SARS-CoV-2. Also, given the high sequence conservation of TRACS (31,

32), such binders may work across the coronavirus family.

One of the main trimeric conformations that we encountered in our coarse-grained simulations
is a symmetric trimer (Figure 3D). This threefold symmetric conformational ensemble,
assembled from monomeric helices, likely represents the resting state of the prefusion trimer,

since the membrane ectodomain of the spike protein also exhibits three-fold symmetry. This
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trimer was stabilized by an extended interface along one face of the helix (Figure S32) that
remained unchanged despite simulating different constructs which were shifted in sequence.
Such robustness towards the symmetric trimer should aid in keeping the transmembrane
domain of the spike protein quiescent, before fusion initiates. Thus, we postulate that
oligomerization of the transmembrane domain in the resting prefusion state could work to
dampen transmembrane dynamics before the process of fusion begins from the RBD at the N-

terminus of the spike protein.

We could tease apart two overlapping dimerization interfaces that contribute to the
trimerization of the spike transmembrane helix (Figure 4E). One of the two interfaces is the
classical GxxxG stabilized right-handed dimer (54, 55, 65, 70). This classical motif is
overrepresented in the membrane helix sequence space and is probably the most well studied
dimerizing interface (56, 71, 72). It is characterized to be stabilized by a mix of hydrogen
bonding and van der Waals interactions (72). The other interface that we observe is a stretch
of hydrophobic residues (LxxIVxxT) that extends throughout one face of the transmembrane
helix. Such long hydrophobic stretches have previously been shown to stabilize transmembrane
dimers (65, 73, 74). Apart from together participating in stabilizing the symmetric trimer, these
two interfaces also associate in a different manner in our simulations, by forming an
asymmetric trimer which we observe as the second most prominent ensemble in our
simulations (Figure 2D). Moreover, many of our simulations resulted in an intermediate
structure with the C-terminus more compact and closer to the three-fold symmetric trimer than
the open and splayed N-terminus. This intermediate state is stabilized by another GASright
motif, AxxxA, which occurs in the middle of the spike transmembrane helix. Structural
association through this second GxxxG-like motif becomes more prominent when the N-
terminal aromatic Trp residues (in the TRACS), that favor interactions with the surrounding
lipid rather than forming homotypic protein-protein interactions, are inserted in the membrane.
Such an analysis contributes to our understanding of transmembrane helical interfaces in virus
membranes, which can also be generally used to engineer transmembrane trimers using dimeric

interfaces.

Although the symmetric TMD trimer seems naturally representative of the trimeric resting
prefusion state, we posit that the asymmetric trimer that we observe is also biologically
significant. Between the symmetric prefusion and postfusion conformations, fusion proteins
cross an intermediate state where the symmetry is lost (6, 75). This intermediate conformation

which is thought to arise from the prehairpin intermediate, displays asymmetry close to the C-
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terminal coiled-coil repeat while it collapses to the postfusion state. Owing to the proximity of
the C-terminal coiled coil repeat and the TMD, it is plausible that the asymmetric

transmembrane trimer locally facilitates such a transition of the spike protein.

Our simulations also lead to an understanding of the influence of cholesterol on the interacting
transmembrane helices. Even with the addition of 30% cholesterol which is much higher than
expected in the coronavirus envelope, we do not observe a major change in the final structural
ensembles when compared with those observed in the absence of the sterol, despite finding a
cholesterol interaction surface on the SARS-CoV-2 spike TM helix. This is because cholesterol
does not interact with the spike TM helix through the CRAC motif. However, the population
of helical trimerization in T2 and T3 reduces in the presence of cholesterol. Additionally, since
the cholesterol interaction surface engages the same residues that also partake in self
association, the initiation of association is affected. In terms of the process of fusion, where the
lipid mixing between the viral envelope and the host membrane is just beginning, cholesterol
from the plasma membrane is expected to diffuse into the viral envelope. At this stage,
competition with inflowing cholesterol could weaken the transmembrane oligomer and
promote the overall conformational changes that occur in the soluble domains of the spike
protein during fusion. Additionally, we observe that insertion of TRACS into the membrane
(T3) also leads to reduced trimerization by favoring the dimeric stoichiometry. Furthermore,
the dimers were either left-handed or right-handed which could also help in unwinding the

transmembrane assembly.
Caveats

There is a dearth of experimental data on the composition of the coronavirus envelope. For our
simulations, we used only phosphatidylcholine (POPC) lipid which has a single unsaturation
in one of the lipid tails. POPC has been shown to be the most abundant lipid comprising up to
70% of phospholipids in a model coronavirus (59) and also has been used as a model lipid for
long. Although common for enveloped viruses like influenza and HIV (76, 77), our POPC and
cholesterol ratio is an averaged approximation for the various environments that the
transmembrane domain of the SARS-CoV-2 would likely experience. Further, the curvature of
the viral envelope could have a bearing on transmembrane conformations but is not studied
here. Given the sequence of the TRACS, a tantalizing possibility is the Prol1213 residue

sandwiched between the two Trp residues, exists in a cis conformation which was not
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considered here. Finally, the other domains of the spike protein, not included in the simulations

here may influence the equilibrium ensemble of conformations of the transmembrane domain.

Conclusions

We performed unrestrained multiscale MD simulations to study the dynamics and self-
assembly of the single helix in the SARS-CoV-2 spike TMD. Starting from the amino acid
sequence of a 45 residue peptide, corresponding to the TMD embedded in a model lipid
membrane, we performed atomistic MD simulations in order to resolve predicted ambiguities
in the boundaries of the transmembrane helix. We found that the peptide dynamically tilted
with respect to the membrane normal with mainly the N-terminal residues bobbing in and out
of the membrane. Three of the most frequently accessed conformations of the TM helix that
were observed, differing in their length and shifted in sequence were then coarse grained using
the Martini force field to investigate their potential to self-associate in membranes. We found
that both the length and the sequence of the TM helix influenced the populations (degree of
trimerization) and the structures of the trimeric ensembles. Specifically, the N-terminal TRACS
with its aromatic Trp residues seemed to prefer lipid interactions over protein-protein
interactions. Broadly, two kinds of trimers, symmetric and asymmetric, were obtained. These
used the classical GxxxG motif and an extended hydrophobic stretch LxxVIxxT as the primary
interaction surfaces, in addition to an AxxxA motif that served to increase the dynamics in the
system. We also tested the effects of membrane cholesterol on this trimerization. Instead of
binding to the inverted CRAC (CARC) motif in the TM helix, cholesterol preferred the C-
terminal half of the helix, utilizing the same residues that were involved in protein-protein
interaction. Together, these simulations should motivate hypotheses on how spike TMD
trimerization dynamics enable viral fusion. They should also facilitate the design of

fusion inhibitors targeted to bind the TMD and subdue its dynamics critical to viral fusion.
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Figure 1: Atomistic simulations of the spike transmembrane domain (TMD). The domain organization
of the SARS-CoV-2 spike protein (A). S1 part of the spike, comprising of SS (signal sequence), NTD (N-terminal
domain) and RBD (receptor binding domain), is soluble and binds to the cellular receptor - ACE2. The TM (Trans-
membrane) domain anchors the fusion machinery of the virus, encompassing the FP (fusion platform) and the HRs
(heptad repeats), to the viral envelop. The sequence shown underneath was simulated atomistically to determine the
membrane resident portion of the spike protein TMD. A schematic guide (B) shows how the helical tilt is anti-corre-
lated with the distance of Tyr1215 from the membrane midplane across the replicate simulations (C). Two snapshots
(300 ns & 500 ns) each from the three replicates are shown above (DSSP color scheme; Tyr1215, green) to substanti-
ate the same. Representative 50 ns DSSP analysis is provided (D) to highlight the plasticity of secondary structure
observed across the simulated sequence. The dynamic TMD disturbs membrane packing such that the phosphate
group (gray) ranges over 2 nm on both leaflets, sandwiching the core hydrophobic segment Leu1218 to Thr1231 (vio-
let) (E). Also, the C-terminal residues tend to remain closer to the membrane (terminal residues in red). (Color
figure available online)
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Figure 2: Dynamics continue despite trimerization. Coarse-grained trimerizing simula-

tions of the spike transmembrane domain were performed with 100 replicates for 25 residue T1
(A). Nearly 50% of the simulations ended in trimers (B). The last 50 ns of all the successful trim-
erizing simulations could be clustered at 5 A RMSD into either a symmetric (C) or asymmetric
(D) trimer. The interaction surface for both is shown in yellow. (Color figures available online)
We subtracted 1200 from the residue numbers in the helical wheel for brevity.
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Figure 3: Sequence displaced TM helices also utilize the same residues to interact.
Sequences of T2 and T3, both 27 residue helices (A) were used to ascertain the role of the con-
served N-terminal aromatic residues. T2 trimerized more than T1, while T3 showed a reduction
(B) to the extent that 9% of the simulations ended with monomeric helices. The TM helices T1,
T2 and T3 differ in not just their ability to trimerize but also how dynamic the trimers are, with
T1 and T3 showing greater diversity of trimers than T2 (C). The cluster with the largest number
of structures in T2 showed a symmetric trimer with an interaction surface similar to that of the
T1 symmetric trimer, but extended by one helical turn at the C-terminus. (Coloring scheme as
before, color figures available online)
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Figure 4: Dimerization simulations reveal the basal association interfaces. Two
sequences, D1 and D2 (A) were used to delineate the interaction surfaces available for self-asso-
ciation. D1 associates 10% more than D2 (B). Clustering the final 50 ns of the simulations, like
before, reveals that D1 uses the GxxxG motif (C) to dimerize and D2 uses the extended hydro-
phobic surface (D). These two dimers also exhibit mirrored handedness (interaction surface
shown in orange). We summarize the results from all the self-association simulations and high-
light the two interaction surfaces (red & green) (E) that can be schematically shown to interact
in two very different ways (F) to give a symmetric and an asymmetric trimer. (Color figures
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Figure 5: Cholesterol interacts more with the C-terminus of the spike TM helices.
The three helical sequences were simulated in the presence of cholesterol to test the role of the
lipid environment on self-association. While the propensity to trimerize remained unchanged
for T1 (A), both T2 and T3 registered a 30% reduction compared to the results in pure POPC.
The radial distribution function of cholesterol around monomeric helices (B) indicates its bind-
ing to both T2 and T3. This is only possible if the N-terminal CRAC motif (only present in T3)
does not show a strong preference for binding cholesterol. This is exactly what we see upon ana-
lyzing residue wise cholesterol binding (C). Cholesterol spends more time closer to the C-termi-
nal residues.
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Figure 6: Cholesterol alters the emergence of homotypic interactions. A representa-
tive snapshot of the initiation of first self-association in POPC membranes (A) and in those con-
taining cholesterol (B). The presence of cholesterol in the membranes changes the initiation of
self-association by binding the C-terminus, effectively occluding the protein-protein interac-
tion. Despite this initial difference, the final structures are comparable in the two lipid environ-
ments (Figure S27 & S28).


https://doi.org/10.1101/2021.06.07.447334
http://creativecommons.org/licenses/by-nc-nd/4.0/



