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ABSTRACT: During infection the SARS-CoV-2 virus fuses its
viral envelope with cellular membranes of its human host. The viral
spike (S) protein mediates both the initial contact with the host
cell and the subsequent membrane fusion. Proteolytic cleavage of S
at the S2’ site exposes its fusion peptide (FP) as the new N-
terminus. By binding to the host membrane, the FP anchors the
virus to the host cell. The reorganization of S2 between virus and
host then pulls the two membranes together. Here we use
molecular dynamics (MD) simulations to study the two core
functions of the SARS-CoV-2 FP: to attach quickly to cellular
membranes and to form an anchor strong enough to withstand the
mechanical force during membrane fusion. In eight 10 us long MD
simulations of FP in proximity to endosomal and plasma
membranes, we find that FP binds spontaneously to the membranes and that binding proceeds predominantly by insertion of
two short amphipathic helices into the membrane interface. Connected via a flexible linker, the two helices can bind the membrane
independently, yet binding of one promotes the binding of the other by tethering it close to the target membrane. By simulating
mechanical pulling forces acting on the C-terminus of the FP, we then show that the bound FP can bear forces up to 250 pN before
detaching from the membrane. This detachment force is more than 10-fold higher than an estimate of the force required to pull host
and viral membranes together for fusion. We identify a fully conserved disulfide bridge in the FP as a major factor for the high
mechanical stability of the FP membrane anchor. We conclude, first, that the sequential binding of two short amphipathic helices
allows the SARS-CoV-2 FP to insert quickly into the target membrane, before the virion is swept away after shedding the S1 domain
connecting it to the host cell receptor. Second, we conclude that the double attachment and the conserved disulfide bridge establish
the strong anchoring required for subsequent membrane fusion. Multiple distinct membrane-anchoring elements ensure high avidity
and high mechanical strength of FP—membrane binding.
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B INTRODUCTION membrane and the viral membrane into proximity for eventual
During infection, viruses first recognize and then enter their fusion.”™*

target cells. Coronaviruses such as SARS-CoV-2, the virus SARS-CoV-2 has two different routes of entry into the human
responsible for the ongoing COVID-19 pandemic, use their host cell: either directly by fusion with the plasma membrane or
trimeric spike (S) glycoprotein for both tasks. The spike S1 by endosomal escape.””” In the latter pathway, the SARS-CoV-
subunit recognizes the human target cell by binding to the ACE2 2 virion is endocytosed by the host cell after binding to the

receptor, and the S2 subunit then facilitates fusion of the viral
membrane with host cellular membranes.' ™ To initiate fusion,
in analogy to the hemagglutinin (HA) fusion protein of

ACE2 receptor. As the membrane composition and pH of the

endosome change, structural rearrangements may be induced in

influenza, the SARS-CoV-2 S2 subunit is expected to first the S protein that facilitate membrane fusion. The virus then
form one long trimeric coiled coil.* This elongation would bring

the fusion peptides (one per monomer) into the proximity of the Received: May 11, 2021

membrane of the target cell Binding to this membrane Revised:  June 21, 2021

simultaneously anchors the S2 subunit in both the viral Published: July 13, 2021

membrane (via its stalk) and the host membrane (via the FP).
When the S2 subunit subsequently collapses to form a six-helix
bundle in a proposed jack-knife mechanism, this pulls the host
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escapes the endosome before reaching the lysosome, releasing
its RNA into the cytoplasm of the host.”

The FP of SARS-CoV-2 spike was identified as the 40 amino
acid long sequence just C-terminal of the $2'-cleavage site.”' "'
Upon proteolytic cleavage, S sheds its S1 subunit and releases
the FP as the new N-terminus of its S2 subunit.”'>"* Despite the
concerted efforts to study the structure and flexibility of the S
protein,g’H_18 the structure of the FP after contact with the
membrane has so far remained elusive. Nonetheless, mutagenic
studies and electron spin resonance (ESR) experiments have
provided some insight into the structure—function relationship
of the SARS-CoV-1 FP. Using ESR, Lai et al. observed that both
ends of the SARS-CoV-1 FP increased the order parameter of
lipids that were spin-labeled in their membrane interface
region.'” N- and C-terminal fragments of the FP induced this
effect individually; however, the intact FP showed the strongest
effect on lipid order. Notably, no such ordering effect was
observed after mutating the LLF motif in the N-terminal region
of the FP to AAA. Mutation studies by Madu et al. confirmed the
importance of the LLF motif for the fusion activity of the FP."’
Together, these experiments resulted in the idea of a bipartite
fusion platform, with the LLF motif close to the N-terminus
playing a crucial role."” The ability to increase the order
parameter of spin-labeled lipids was also confirmed for the
SARS-CoV-2 FP.*

Given the lack of experimental structural data, we performed
atomistic molecular dynamics simulations (MD) to elucidate
the binding modes of the SARS-CoV-2 FP to the different host
membranes it can encounter during infection. In a first set of
simulations, we placed the FP in proximity to membranes
mimicking the endosome and the outer leaflet of the plasma
membrane. In this way, we could probe the spontaneous binding
of the FP to these membranes. In a second set of simulations, we
studied the mechanical strength of the FP membrane anchor.
Starting with membrane-bound FP, we pulled the FP away from
the membrane until it detached. Theoretical results suggest that
in all binding modes observed here the FP anchoring is strong
enough to support the complete fusion process.”'

B MATERIALS AND METHODS

General Simulation Parameters. MD simulations were
performed with GROMACS 2018.8 or GROMACS 2020.3*
ESllggZ 3the TIP3P water model and the CHARMM36m force

eld.

FP in Water. The FP was extracted from the S protein
prefusion cryo-EM structure (PDB ID: 6XR8)® and used as the
input for the CHARMM-GUI solution builder.** Its C-terminal
end was modeled as a methylamidated C-terminus to account
for the continuation of the peptides. The disulfide bridge
between C840 and C851 was added. The peptide was solvated
with TIP3P water and 0.15 M NaCl

Energy minimization was done by using a steepest descent
algorithm for 5000 steps with restraints as described in Table S1.
Subsequently, the system was equilibrated for 125 ps, with a time
step of 1 fs and Nosé—Hoover temperature coupling”>® with a
reference temperature of 310.15K and the same restraints as
used during the minimization.

Finally, 1 us of production simulation was performed. For this,
the time step was increased to 2 fs, and temperature coupling
was handled by the velocity-rescale algorithm®” coupled to the
protein and the rest of the system individually. Isotropic pressure
coupling was handled by the Parrinello—Rahman algorithm*®
with compressibility K,,, = 4.5 X 1075 bar ™.
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Amphipathic Helix Prediction. To analyze the phys-
icochemical properties of the FP and in particular its
amphipathic helices, we used the HeliQuest web server.”” To
reach the minimum sequence length required for the HeliQuest
analysis, the profiles for AH2 and CTH include one to two
flanking residues on both sides.

Membrane Compositions. We set up simulations of FP
binding to membranes mimicking the endosome and the outer
leaflet of the plasma membrane. We modeled the plasma
membrane following Lorent et al.*> The high cholesterol and
sphingolipid content results in tight lipid packing and a relatively
stiff membrane. Moreover, this membrane has a high
phosphatidylcholine (PC) and a low phosphatidylethanolamine
(PE) content.

The lipid composition of the endosomal membrane was
modeled according to van Meer et al.’"’”* Notably, this
membrane includes the late endosome specific lipid BMP and
lipids with small, negatively charged headgroups.

The detailed membrane compositions are summarized in
Tables S2 and S3.

Membrane Simulations. The unbiased simulations of the
fusion peptide on the different membranes were set up by using
CHARMM-GUI membrane builder,”"** with TIP3P water and
0.15 M NaCl. In both cases the FP was placed in close proximity
to the membrane interface, but not bound to it (shortest atom—
atom distance &5 A). The membranes for the plasma membrane
and the endosomal membrane systems were built symmetrically
with 150 and 160 lipids per leaflet, respectively. All simulations
were minimized for 5000 steps by using steepest descent and
restraints as described in Table S4. Subsequently, both systems
were equilibrated in six steps with decreasing restraints (Table
S4). During equilibration, the temperature coupling was
handled by the Berendsen thermostat®® with a reference
temperature of 310.15 K. Additionally, semiisotropic Berendsen
pressure coupling”® with a reference pressure of 1 bar and
compressibility K, = K, =4.5 X 107 bar~ ' was applied for all but
the first two equilibration rounds. In the production runs, we
again used the velocity-rescale thermostat”” and the Parrinello-
Rahman barostat.”® To create independent replicates, all four
production runs of both systems were initialized with different
random velocities generated according to the Maxwell—
Boltzmann distribution.

Constant-Velocity Pulling. We performed constant-
velocity pulling simulations to probe the mechanical strength
of the membrane anchoring of the intact FP and the isolated
NTH. For the pulling simulations of the NTH, we used two
distinct starting structures taken from the endosomal membrane
simulation run 1 at 2.5 and 3.5 ps. To isolate the strength of the
NTH binding from effects caused by the rest of the FP, we
truncated the peptides after T827 and methylamidated the new
C-terminal end. We increased the box height in the z-direction
to L, = 18.2 nm by first removing all water molecules and ions
and then resolvating the system with water and 0.15 M NaCl
We equilibrated the solvent for 1 ns with heavy restraints on the
peptide and the lipid positions (as in the first equilibration;
Table S4). For each of the two starting structures, we performed
three independent pulling simulations with randomized initial
velocities generated according to the Maxwell-Boltzmann
distribution.

To set up starting structures for pulling on the complete FP,
we began with the structure of the plasma membrane simulation
run 4 at 5.7 ps. To relieve the lateral pressure, we removed five
lipids from the leaflet with the bound FP (2 cholesterol, 1 PLPC,
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Figure 1. Amphipathic helices in SARS-CoV-2 fusion peptide. (a) Alignment of the FP region of human infectious coronaviruses and helix assignment
from the cryo-EM structure (PDB ID: 6XR8,® top) and from our simulation of the peptide in aqueous solution (bottom). The red box in the consensus
sequence at the bottom marks the LLF motif. The fully conserved cysteines are at positions 840 and 851. The alignment was calculated by using Clustal
Omega.35 See Figure S1 for alarger alignment that includes other betacoronaviruses.*® (b) Structural change of the FP in a 1 ys simulation in water and
NaClin cartoon representation (NTH in blue, AH2 in beige, and CTH in green). (c) Amphipathic profiles of NTH (top), AH2 (middle), and CTH
(bottom) from SARS CoV-2 with hydrophobicity H and hydrophobic moment yH calculated with HeliQuest.*

1 PSM, and 1 NSM). We increased the box height to L, = 35 nm
and resolvated the FP and membrane. We then performed an
unbiased MD simulation of this system and initiated 20 pulling
simulations each from the four structures at 0, 1, 2, and 3 s,
respectively.

For NTH and FP pulling, we used the GROMACS 2018.8
(NTH and FP at 0 us) or GROMACS 2020.3 (FP at 1,2,and 3
ps) pull codes.”” To apply an external force, we connected the z
positions of the C-terminal carbon and of a dummy atom using a
weak harmonic spring with a force constant of 10 k] mol™" nm™".
We then moved the dummy atom away from the membrane
center of mass at a constant velocity of 0.03 m s™". We stopped
the simulations when the distance between the centers of mass
of the membrane and the C-terminal carbon exceeded 0.49L,. In
the 4X20 replicate pulling simulations of the FP, this point was
reached between 480 and 500 ns. Table SS$ lists the run times for
the six replicate simulations of NTH pulling.

B RESULTS

FP in Solution Forms Two Short Amphipathic Helices.
To explore the dynamics of the SARS-CoV-2 FP after S1
shedding and upon exposure to the surrounding medium, we
performed MD simulations in aqueous solution, starting from
the structure of the FP in intact S. Sequence and structural
evidence suggests that the FPs of human infectious coronavi-
ruses contain one highly conserved N-terminal amphipathic
helix (NTH), a less conserved second amphipathic helix (AH2),
and the C-terminal helix (CTH) (Figure la,c). The NTH is
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folded in the prefusion cryo-EM structure of the SARS-CoV-2 S
protein resolved by Cai et al.* During a 1 ys simulation of the FP
in water, the two C-terminal residues of the NTH (N824 and
K825) quickly unfolded, and the shorter NTH stabilized (Figure
1a,b). Formed by consecutive residues, the LLF motif is spread
across both faces of the NTH, as the two leucines are part of the
predicted hydrophobic face and the phenylalanine is not. At the
C-terminal end of the FP segment, the EM structure of S shows
three helical segments interrupted by short disordered regions.
In our simulation of FP in aqueous solution, the first segment
expanded to the beginning of the second segment to form a
single continuous helix (AH2), the remainder of the second
segment unfolded, and the third segment retained its helical
structure. These two distinct short helices (AH2 and CTH) are
connected via a short loop. Whereas the amino acid sequence of
CTH is highly conserved and shows no strong amphipathic
properties, AH2 is less conserved but carries a strong
hydrophobic moment (Figure 1c). Notably, AH2 and the
CTH are additionally connected via a fully conserved disulfide
bridge.

NTH Binds Membranes with Its Amphipathic Face. We
reasoned that the two amphipathic helices NTH and AH2 may
insert into the human membranes to anchor the S protein for
membrane fusion. To test this hypothesis, we performed MD
simulations of FPs placed near lipid bilayers. In eight
independent MD simulations of 10 us each, we observed five
spontaneous insertion events of the NTH into the membrane
interface. Four of these events occurred on the endosomal

https://doi.org/10.1021/acs.jpcb.1c04176
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Figure 2. NTH binding to the endosomal membrane. (Left) Distances of the centers of mass of the three helices and the center of mass of the
membrane. The average phosphate position of the bound leaflet is indicated by a gray dotted line. Arrows indicate times for snapshots in right panel.
(Right) Representative snapshots of states bound to the membrane. Colors as in Figure 1 (NTH: blue; AH2: beige; CTH: green). Membrane-inserted
residues are labeled and shown in licorice representation. The upper membrane boundary is indicated by phosphate headgroups of nearby lipids

(orange spheres).

membrane, meaning that all replicate simulations with this
composition ended with the NTH inserted (Table S6). In three
cases the NTH was the part of the peptide that first created a
stable contact. Two other spontaneous insertion events were
mediated by membrane contacts of AH2 and CTH. Notably,
once the NTH bound to the membrane, it remained bound for
the entire duration of the simulations. Only in one of the eight
simulations did the FP not stably insert into the membrane.

In all three cases in which the NTH established the first stable
contact, the binding followed a consistent path. First, F817
penetrated below the phosphate headgroup region of the
membrane, after which the rest of the NTH bound the
membrane with its predicted hydrophobic face. NTH binding
stabilized in two slightly different ways: In three simulations
(Figure 2; runs 1, 2, and 4), F823 flipped its orientation after
being bound to the endosomal membrane for 0.7, 2, and 3 ps,
respectively, so that its aromatic side chain became completely
buried under the lipid headgroup region. This led to an overall
deeper insertion of the NTH, where all three residues of the LLF
motif became deeply burrowed into the membrane. We found
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that once flipped, F823 can transition between a favored deep
insertion state and a shallow state (Figure S2). In run 3, the
NTH stably bound to the endosomal membrane without F823
flipping, and hence the helix remained at the membrane surface.
In this shallower binding state, only the residues of the predicted
hydrophobic face of the NTH inserted into the headgroup
region (Figure 1c), as did the disordered region immediately
downstream of the NTH (V826—A829).

In the simulations with the mimetic of the outer leaflet of the
plasma membrane, we observed one spontaneous NTH binding
event, after CTH and AH2 had already been inserted for more
than S us (Figure 3, run 4). All three helices stayed bound to the
membrane for x0.5 ys until the NTH lost membrane contact.
To relieve the lateral-pressure asymmetry between the two
leaflets caused by inserting a large structure into only the top
leaflet of a finite-size membrane patch, we selected this relatively
short-lived state with all three helices bound, removed five lipid
molecules of the overcompressed leaflet, and restarted the
simulation. In this pressure-relieved mode, all three helices
remained stably bound for the entire simulated time (>3 us,

https://doi.org/10.1021/acs.jpcb.1c04176
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Figure 3. FP binds outer plasma membrane mimetic in different modes. (Left) Distances between the centers of mass of the three helices and the
center of mass of the membrane. The average phosphate position of the bound leaflet is indicated by a gray dotted line. Arrows indicate times for
snapshots in right panel. (Right) Representative snapshots of states bound to the membrane. Colors as in Figure 1 (NTH: blue; AH2: beige; CTH:
green). Membrane-inserted residues are labeled and shown in licorice representation. The upper membrane boundary is indicated by phosphate

headgroups of nearby lipids (orange spheres).

Figure S3a). F823 flipped into the membrane under the
phosphate headgroups after 1.3 us, which led to deeper NTH
insertion.

C-Terminus of the FP Binds via Flexible Elements. In all
our simulations, we observed membrane binding also with the
C-terminal end of the FP. Binding involved AH2, CTH, and
flexible elements flanking AH?2 at both ends. In some cases, these
membrane interactions were relatively short-lived (see, e.g,
Figure 2, run 3); in other cases binding was stable for more than
6 us. Interestingly, some stable interactions were mediated by
only few but tight interactions (see e.g., Figure 3, run 2), whereas
other more extensive interactions were short-lived. The short
hydrophobic stretches that inserted most frequently are
centered around residues 1834, L841, and 1844. As these
residues are located at the borders of AH2 and CTH, their
binding repeatedly led to the insertion also of residues of the
respective neighboring helix. This coupled insertion was
especially common in the case of AH2, which, by this process,
was guided into the membrane interface with its predicted
hydrophobic face. Notably, the CTH and, to a lesser extent,

AH2 in some cases partially unfolded into flexible amphipathic
structures when bound to the membranes (Figure S4).
Inserted NTH Can Withstand High Pulling Forces. We
determined the strength of the membrane anchoring by
subjecting the C-terminus of the FP to mechanical force. This
process mimics the forces experienced by the FP during its
presumed primary function of pulling host and viral membrane
into proximity. In our simulations, we applied force to the C-
terminus of the FP in a direction normal to the membrane. By
pulling the C-terminal end up via a harmonic spring moving at
constant velocity, the force applied to the peptide increases more
or less linearly in time, until peptide segments, and ultimately the
entire peptide, are pulled out of the membrane (Figure 4a). Each
of these events results in a distinct drop in force. By pulling the
bound NTH out of the endosomal membrane, we found that the
binding of the NTH alone can withstand pulling forces between
40 and 65 pN. As shown in Figures 4b and 4c, the applied force
increased as long as the peptide was still in contact with the
membrane. When the peptide lost its last contact with the
membrane, it detached in a sudden transition. Higher forces
were needed to pull the NTH out of the deeply bound state with
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Figure 4. Mechanical strength of FP membrane anchor. (a) Schematic of pulling on the FP by a spring moving at a constant velocity. (b) Force—
extension curves for pulling the bound NTH off the endosomal membrane. Force is plotted as a function of the vertical distance between the centers of
mass of the NTH and the membrane. The initial structures were taken from a simulation with the endosomal membrane before and after F823 flipping.
The dashed lines in the right panel indicate frames for the snapshots of one replicate (purple line) depicted in (c). The coloring of the NTH is
according to Figure 1. The upper membrane boundary is indicated by phosphate headgroups of nearby lipids (orange spheres). (d) Force—extension
curves for pulling the full length FP with all three helices inserted via its C-terminus off the outer plasma membrane. Individual trajectories are colored
according to their peak rupture force, as indicated by the points on the right. Dashed lines show the overall force extrema. Axes asin (b). (e) Snapshots
(left) and force—extension curve (right) of the replicate with the highest rupture force. Roman numbers in the snapshots indicate time points in force—
extension curve. Coloring according to Figure 1. The C-terminus is depicted as a gray sphere.

inserted F823 (Figure 4b, right). Interestingly, even though
F823 was pulled out of the membrane along this path (Figure 4c,
I1), the shallow state did not appear as a distinct intermediate in

the pulling traces. Nonetheless, the forces required to
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completely detach the NTH from the deep state are 10—15
pN higher compared to the shallow binding mode (Figure 4b).

Insertion of AH2 and CTH Stabilize Membrane
Anchoring. We performed additional pulling simulations
with the full length FP, starting from a binding mode with all
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three helices inserted into the membrane interface. The initial
structure for the 20 replicate pulling simulations was taken from
an unbiased simulation of FP on the outer plasma membrane
(structure IV at the bottom of Figure 3). Having all three helices
inserted increased the mechanical stability of the FP membrane
anchoring. With rupture forces ranging from 130 to 254 pN,
these simulations reveal that binding of the full FP is about 2—3
times as strong as binding of the NTH alone (Figure 4d, dashed
lines and dots). Additional 3X20 pulling simulations of
structures of the same simulation at different times show
similarly high rupture forces (Figure S3b).

For the fulllength FP, the force—extension curves also
changed in character compared to the NTH alone (Figures 4b
and 4d). We consistently observed multiple distinct rupture
peaks. The first two of these peaks were observed in all 20
replicates. The events resulting in the two force peaks are
connected to each other because the force does not drop back to
zero in between. One might assume that these peaks were the
result of CTH and AH2 detaching individually. However, visual
inspection revealed that this is not the case. Instead, the first
peak corresponds to the extraction of the neutral F855 terminus
(Figure 4e, snapshot IT). In most cases, this is closely associated
with the detachment of Y837 and L841 of the AH2 from the
membrane, after which AH2 stands upright. This causes a
sudden gain in flexibility of the C-terminus that results in a local
minimum (above 4 nm) in the force—extension curves (Figure
4d,e and Movie S1). However, at this point, 1844 in the short
loop between AH2 and CTH still remains inserted in all
simulations. The detachment of 1844 then results in the second
rupture peak. In 35% of the simulations the entire peptide was
detached from the membrane after the second force peak,
meaning that all three helices and 1844 detached nearly
simultaneously. In the remaining 65% of pulls, parts of the
long linker and the NTH stayed bound independently of AH2
and CTH and only detached later. This then resulted in a series
of additional force peaks, with rupture forces in the same regime
as for the isolated NTH fragment.

B DISCUSSION

Two Separate Binding Regions Increase the Like-
lihood to Stay Bound under Load. A long disordered linker
structurally decouples the N-terminal end (NTH) from the C-
terminal end (AH2 and CTH). Nonetheless, binding of one end
facilitates binding of the other by placing it close to the
membrane. Therefore, membrane binding is cooperative, and
unbinding of only one end, with the other still bound, does not
result in membrane detachment. Hence, we hypothesize that the
architecture of the FP results in a fast k,,, rate, thanks to the small
amphipathic insertion elements, and a slow kg rate, thanks to
multiple interaction elements and their geometric arrangement.
For SARS-CoV-2, the concept of avidity—with multiple spread-
out interactions maintaining a bound state—has emerged at
multiple levels: in the ACE2-S interaction,” in the virion—host
interaction,'* and here in the FP—membrane interaction.

A particularly interesting force-bearing element in the FP is
the disulfide bridge connecting the centers of AH2 and CTH. In
the lead-up to membrane fusion and thus viral infection, we
expect force to act on the C-terminus of the FP, as in our MD
simulations. By directing this force to the center of a membrane-
anchored AH2 via the covalent disulfide bridge, instead of
applying it to the C-terminus of the helix, AH2 has to be pulled
out of the membrane all at once instead oflifting it from the end.
With this in mind, it is therefore not surprising that the two
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cysteines are fully conserved in the betacoronavirus family
(Figure S1). In this way, AH2 can be kept small in footprint for
rapid insertion yet sustain strong binding also under a significant
force.

The behavior we observed is in perfect accordance with the
bipartite fusion platform idea proposed by Lai et al.'” Their ESR
measurements showed that the N-terminal and C-terminal
halves of the FP of SARS-CoV-1 bound to the membrane
individually and increased the lipid order in the membrane;
however, the combined FP produced the strongest effect. This
underlines our idea of the two sides of the FP acting
cooperatively, promoting each other’s membrane binding and
stabilizing the anchoring overall. In addition, we can directly link
the described crucial role of the LLF motif to our observed NTH
binding as it consistently includes the insertion of both leucines
(L821 and L822) into the glycerol backbone region of the
membrane lipids. Remarkably, we found that F823, despite
being placed on the hydrophilic face of the amphipathic helix,
flipped its orientation so that its side chain became membrane
inserted in the deeply bound state of the NTH. As we showed,
the deep binding state associated with F823 insertion increases
the pulling force that the NTH can withstand, which in turn
supports the fusion activity of the FP.

Two other MD simulation studies recently addressed
membrane binding by the FP.***’ Gorgun et al. used a
truncated version of the FP where they cut it behind L841, right
where we observe the AH2. In a series of 30 short (300 ns)
simulations, they observed binding of the FP to a highly mobile
membrane mimetic (HMMM) membrane model. They
identified three binding modes: one with the loop inserted
into the membrane, one with the NTH inserted, and a last
binding mode where the whole FP acquires helical structure and
inserts on top of the membrane.”® The first two of these binding
modes stand in good agreement with our observations.
However, it is worth noting that in the case of the long loop
binding we often only observe shallow insertion of the involved
residues. Our comparably long trajectories additionally reveal
that those loop insertions may play a role in guiding the larger
helical parts into the membrane but do not remain stably bound
on their own. The third binding mode reported by Gorgun et
al.*® was not observed in our simulations. Nevertheless, this does
not mean that it may not realistically occur also with the full-
length FP, if simulated longer. The second study, by Khelashvili
et al,,* focuses on the role of Ca** ions for FP binding. In a large
set of 1 yslong simulations, they also identified the NTH and the
AH2 as predominantly helical and confirm the binding of the
NTH region to the membrane as the most prevalent binding
mode in their Ca?* coordinated structures.’”

Differences in Lipid Density May Alter Preferred
Binding Mode. The binding modes we described seem to
loosely group into NTH binding to the endosomal membrane
and C-terminal regions binding to the outer plasma membrane
mimetic. The most pronounced difference between the two
membranes is their density and in particular the density in the
lipid headgroup region (Tables S2 and S3). The outer plasma
membrane has a higher content of cholesterol and sphingolipids,
which pack tightly together, thus increasing the overall lipid
density. Adding to this, the outer plasma membrane contains
relatively fewer lipids with small headgroups, which would lower
the pressure in the interface region. Specifically, in the
endosomal membrane, the two abundant lipids POPE and
BMP (Table S3) decrease the density in this area. Therefore, it is
not surprising that in our simulations the stably folded NTH
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relatively easily inserted into the endosomal membrane, but only
rarely into the outer plasma membrane. By contrast, the high
lipid density of the outer plasma membrane may favor the initial
insertion of the smaller and disordered hydrophobic stretches, in
particular around 1844. It is therefore tempting to speculate that
the observed differences in insertion behavior may indeed be
representative of the initial binding of FPs into the comparably
soft and compressible endosomal membrane and the rigid and
dense plasma membrane, both of which have been reported to
be targeted by SARS-CoV-2."’

Finite Size Effects May Impair Binding of the Whole
FP. In MD simulations of membrane systems, the spontaneous
binding of a peptide into the membrane is artificially hindered.
Binding to only one leaflet of a small membrane patch inevitably
increases the lateral pressure in that leaflet and creates a
significant asymmetry in the packing of lipids in the two leaflets.
This creates an artificial energetic penalty that competes with the
binding free energy of the amphipathic peptide. Unfortunately,
this effect is difficult to correct for, short of performing
simulations with prohibitively large boxes or with preemptively
removed lipids from one leaflet. Therefore, we expect that in our
simulation setup binding is weakened. We speculate that in
simulations with much larger membrane patches, where the
finite-size effect resulting from asymmetric insertion into only
one leaflet is less pronounced, we would have seen more and
longer-lived binding modes to membranes. Furthermore, the
lower penalty from the lateral pressure would have likely led to
the simultaneous binding of two or all three helices. This is
underlined by the fact that in the initial, symmetric simulations
the binding of all three helices together is only transiently stable,
whereas relieving the pressure in the bound leaflet makes the
same binding mode stable for much longer. However, taken
together with the fact that despite the energetic penalty, this
state occurred at all, we hypothesize that it may represent the
energetically most favorable binding mode of the FP.

Binding of Few FPs May Be Strong Enough to
Facilitate Membrane Fusion. Kozlov and Chernomordik
made a theoretical estimate of the forces acting on an influenza
HA FP during the fusion process.”' During fusion, the HA2
subunit folds back onto itself and creates a six-helix bundle.*
They estimated that the energy released from this folding would
give rise to &8 pN of pulling force acting on each of the three FPs
of HA. For SARS-CoV-2, the fusion process is thought to be
similar to that mediated by HA, and we therefore expect that the
forces are also comparable.” The 130—250 pN forces required to
detach the bound FP in our simulations greatly exceed the ones
necessary according to these theoretical considerations. Here we
emphasize that the time scale of 100 ns to 1 ys over which the
force is ramped up in the simulations is in a range not
unreasonable for the spike refolding from prefusion to
postfusion conformations. Even if at a lower force loading rate
dissociation happened already at a somewhat lower force, that
force would still likely exceed substantially the force required for
fusion.”’ Whereas already the bound NTH alone can sustain
such forces, the full FP is anchored even more strongly by its
three helices. As discussed, the fully conserved cysteine-bridge
emerged as an important mechanical stabilizer. The disulfide
bond connects AH2 and CTH at their centers and thus directs
the pulling force away from the ends of the AH2. Instead of a
sequential detachment of single amino acids, each event with a
comparably low energetic barrier, the application of force to the
center of the helix favors a pathway with a high barrier by
requiring the entire hydrophobic face of AH2 to detach at once,
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before then 1844 is pulled out normal to the membrane (Figure
4e). The structure with a disulfide bridge thus endows the FP
with high anchoring strength that is reminiscent of the catch
bonds giving cell—cell contacts high mechanostability.*’

The observed stability of the binding raises the question of
how many bound FPs are required to be engaged for successful
fusion. With all three of its helices bound, the full estimated
pulling force could be borne by just one FP.*' This may
ultimately increase the infection success of the virus, as it would
reduce one source of failure.

B CONCLUSIONS

From atomistic molecular dynamics simulations, we gained a
detailed view of the interactions between the SARS-CoV-2 FP
with lipid bilayers mimicking the endosomal membrane and the
outer leaflet of the plasma membrane. In our MD simulations,
we observed multiple spontaneous membrane insertion events.
In all four runs with the more flexible and less packed endosomal
membrane, the FP eventually bound into the lipid bilayer with
its NTH. Adhered to membranes, the FP retained much of the
secondary structure seen in prefusion spike. The FP folds such
that two short amphipathic helices can bind to the membrane
interface with well-defined hydrophobic faces. Additional highly
flexible hydrophobic stretches can prime the membrane
insertion process and stabilize the bound state. The NTH and
the two C-terminal helices AH2 and CTH are separated by a
flexible linker and can therefore insert independently. Insertion
of one, however, likely promotes the insertion of the other,
simply by disallowing escape away from the membrane.
Insertion of all three helices at the same time was observed
rarely in our simulations. Nonetheless, we found that by
relieving lateral pressure in the exposed leaflet, we could stabilize
a binding mode with all three helices inserted fully. We therefore
expect that FP binding will eventually converge to all three
helices bound to the membrane in the course of a real infection
event.

We also found that the membrane-anchored FP—even
though it is bound only to the interface of the membrane—
can withstand large pulling forces exceeding 200 pN. In fact, the
forces are so high that binding of only one of the three FPs of S
may suffice for membrane fusion.”" The strong anchoring force
hints at a connection of the architecture of the FP and the
infection success of the SARS-CoV-2 virus. The Cys—Cys
disulfide bond linking the centers of AH2 and CTH emerged as
an important stabilizer. By transmitting the force load during the
membrane fusion process to the center of the membrane
anchored AH?2 instead of its C-terminus, AH2 has to be pulled
out of the membrane all at once to detach the FP from the
membrane. We speculate that by spreading the membrane
interaction across multiple distinct elements, with NTH, AH2,
CTH, and the intervening amphipathic loops all connecting to
the membrane, the virus achieves a trade-off between rapid
insertion of individually small elements into the membrane and
their firm membrane anchoring. The loosely coupled mem-
brane-binding elements of NTH, AH2, CTH, and hydrophobic
loops enhance the avidity of the interaction between the host cell
and the SARS-CoV-2 virus mediated by its fusion peptide.

The design principles for the SARS-CoV-2 fusion peptide
emerging from our MD simulations could be relevant, on the
one hand, for the design of fusion inhibitors and, on the other
hand, for the biotechnological development of membrane
anchors and fusogens, for example, for drug delivery
applications.

https://doi.org/10.1021/acs.jpcb.1c04176
J. Phys. Chem. B 2021, 125, 7732—7741


pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c04176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c04176.

Tables S1—S6 and Figures S1—S4 (PDF)
Movie S1: dissociation of fusion peptide from membrane
under mechanical force (MP4)

B AUTHOR INFORMATION

Corresponding Author
Gerhard Hummer — Department of Theoretical Biophysics,
Mazx Planck Institute of Biophysics, 60438 Frankfurt am
Main, Germany; Institute of Biophysics, Goethe University
Frankfurt, 60438 Frankfurt am Main, Germany;
orcid.org/0000-0001-7768-746X;
Email: gerhard hummer@biophys.mpg.de

Authors
Stefan L. Schaefer — Department of Theoretical Biophysics,
Max Planck Institute of Biophysics, 60438 Frankfurt am
Main, Germany; © orcid.org/0000-0001-7942-8701
Hendrik Jung — Department of Theoretical Biophysics, Max
Planck Institute of Biophysics, 60438 Frankfurt am Main,
Germany; ® orcid.org/0000-0002-2159-0391

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcb.1c04176

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
This work was supported by the Max Planck Society.

B REFERENCES

(1) Li, W.; Moore, M. J.; Vasilieva, N.; Sui, J.; Wong, S. K.; Berne, M.
A.; Somasundaran, M.; Sullivan, J. L.; Luzuriaga, K.; Greenough, T. C,;
et al. Angiotensin-Converting Enzyme 2 Is a Functional Receptor for
the SARS Coronavirus. Nature 2003, 426, 450—454.

(2) Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kruger, N,;
Herrler, T.; Erichsen, S.; Schiergens, T. S.; Herrler, G.; Wu, N.-H;
Nitsche, A.; Miiller, M. A.; Drosten, C.; P6hlmann, S. SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS?2 and Is Blocked by a Clinically
Proven Protease Inhibitor. Cell 2020, 181, 271—280.e8.

(3) Zhou, P.; Yang, X. L.; Wang, X. G.; Huy, B.; Zhang, L.; Zhang, W.;
Si, H. R; Zhu, Y,; Li, B.; Huang, C. L.; et al. A Pneumonia Outbreak
Associated With a New Coronavirus of Probable Bat Origin. Nature
2020, 579, 270—273.

(4) Benton, D. J.; Gamblin, S. J.; Rosenthal, P. B.; Skehel, J. J.
Structural Transitions in Influenza Haemagglutinin at Membrane
Fusion pH. Nature 2020, 583, 150—153.

(5) Liu, S.; Xiao, G.; Chen, Y.; He, Y.; Niu, J.; Escalante, C. R.; Xiong,
H.; Farmar, J.; Debnath, A. K; Tien, P.; et al. Interaction Between
Heptad Repeat 1 and 2 Regions in Spike Protein of SARS-Associated
Coronavirus: Implications for Virus Fusogenic Mechanism and
Identification of Fusion Inhibitors. Lancet 2004, 363, 938—947.

(6) Zhu, J.; Xiao, G.; Xu, Y.; Yuan, F.; Zheng, C.; Liu, Y.; Yan, H.; Cole,
D. K, Bell, J. L; Rao, Z,; et al. Following the Rule: Formation of the 6-
Helix Bundle of the Fusion Core From Severe Acute Respiratory
Syndrome Coronavirus Spike Protein and Identification of Potent
Peptide Inhibitors. Biochem. Biophys. Res. Commun. 2004, 319, 283—
288.

(7) Xia, S.; Zhu, Y.; Liu, M.; Lan, Q.; Xu, W.; Wy, Y,; Ying, T.; Liu, S.;
Shi, Z.; Jiang, S.; et al. Fusion Mechanism of 2019-nCoV and Fusion
Inhibitors Targeting HR1 Domain in Spike Protein. Cell. Mol. Immunol.
2020, 17, 765—767.

7740

(8) Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S. M.; Walsh, R. M.,
Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct Conformational
States of SARS-CoV-2 Spike Protein. Science 2020, 369, 1586—1592.

(9) Whittaker, G. R; Daniel, S.; Millet, J. K. Coronavirus Entry: How
We Arrived at SARS-CoV-2. Curr. Opin. Virol. 2021, 47, 113—120.

(10) Maduy, I. G; Roth, S. L.; Belouzard, S.; Whittaker, G. R.
Characterization of a Highly Conserved Domain Within the Severe
Acute Respiratory Syndrome Coronavirus Spike Protein S2 Domain
With Characteristics of a Viral Fusion Peptide. J. Virol. 2009, 83, 7411—
7421.

(11) Belouzard, S.; Chu, V. C.; Whittaker, G. R. Activation of the
SARS Coronavirus Spike Protein via Sequential Proteolytic Cleavage at
Two Distinct Sites. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 5871—5876.

(12) Bestle, D.; Heindl, M. R.; Limburg, H.; Van Lam van, T.; Pilgram,
0O.; Moulton, H.; Stein, D. A.; Hardes, K.; Eickmann, M.; Dolnik, O.
TMPRSS2 and Furin Are Both Essential for Proteolytic Activation of
SARS-CoV-2 in Human Airway Cells. Life Sci. Alliance 2020, 3,
€202000786.

(13) Walls, A. C.; Tortorici, M. A.; Bosch, B.J.; Frenz, B.; Rottier, P.J.;
DiMaio, F.; Rey, F. A,; Veesler, D. Cryo-Electron Microscopy Structure
of a Coronavirus Spike Glycoprotein Trimer. Nature 2016, 531, 114—
117.

(14) Turonové, B; Sikora, M.; Schiirmann, C.; Hagen, W. J. H,;
Welsch, S.; Blanc, F. E. C.; von Biilow, S.; Gecht, M.; Bagola, K;
Horner, C.; et al. In Situ Structural Analysis of SARS-CoV-2 Spike
Reveals Flexibility Mediated by Three Hinges. Science 2020, 370, 203—
208.

(15) Sikora, M.; von Biilow, S.; Blang, F. E. C.; Gecht, M.; Covino, R.;
Hummer, G. Computational Epitope Map of SARS-CoV-2 Spike
Protein. PLoS Comput. Biol. 2021, 17, €1008790.

(16) Walls, A. C.; Park, Y. J.; Tortorici, M. A.; Wall, A.; McGuire, A.
T.; Veesler, D. Structure, Function, and Antigenicity of the SARS-CoV-
2 Spike Glycoprotein. Cell 2020, 181, 281—292.

(17) Ke, Z.; Oton, J.; Qu, K; Cortese, M.; Zila, V.; McKeane, L.;
Nakane, T.; Zivanov, J.; Neufeldt, C.J.; Cerikan, B.; et al. Structures and
Distributions of SARS-CoV-2 Spike Proteins on Intact Virions. Nature
2020, 588, 498—502.

(18) Lan, J.; Ge, J.; Yu, J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi,
X.; Wang, Q.; Zhang, L,; et al. Structure of the SARS-CoV-2 Spike
Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 2020,
581, 215-220.

(19) Lai, A. L,; Millet, J. K; Daniel, S.; Freed, J. H.; Whittaker, G. R.
The SARS-CoV Fusion Peptide Forms an Extended Bipartite Fusion
Platform That Perturbs Membrane Order in a Calcium-Dependent
Manner. J. Mol. Biol. 2017, 429, 3875—3892.

(20) Lai, A. L.; Freed, J. H. SARS-CoV-2 Fusion Peptide Has a Greater
Membrane Perturbating Effect Than SARS-CoV With Highly Specific
Dependence on Ca2+. J. Mol. Biol. 2021, 433, 166946.

(21) Kozlov, M. M.; Chernomordik, L. V. A Mechanism of Protein-
Mediated Fusion: Coupling Between Refolding of the Influenza
Hemagglutinin and Lipid Rearrangements. Biophys. ]. 1998, 75,
1384—1396.

(22) Abraham, M. J.; Murtola, T.; Schulz, R.; P4ll, S.; Smith, J. C.;
Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations Through Multi-Level Parallelism From Laptops to
Supercomputers. SoftwareX 2015, 1—2, 19-25.

(23) Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de
Groot, B. L.; Grubmiiller, H.; MacKerell, A. D. CHARMM36m: An
Improved Force Field for Folded and Intrinsically Disordered Proteins.
Nat. Methods 2017, 14, 71-73.

(24) Jo, S.; Kim, T,; Iyer, V. G.; Im, W. CHARMM-GUI: A Web-
Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008,
29, 1859—186S.

(25) Nosé, S. A Unified Formulation of the Constant Temperature
Molecular Dynamics Methods. J. Chem. Phys. 1984, 81, S11-519.

(26) Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space
Distributions. Phys. Rev. A: At, Mol,, Opt. Phys. 1985, 31, 1695—1697.

(27) Bussi, G.; Donadio, D.; Parrinello, M. Canonical Sampling
Through Velocity Rescaling. J. Chem. Phys. 2007, 126, 014101.

https://doi.org/10.1021/acs.jpcb.1c04176
J. Phys. Chem. B 2021, 125, 7732—7741


https://pubs.acs.org/doi/10.1021/acs.jpcb.1c04176?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c04176/suppl_file/jp1c04176_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c04176/suppl_file/jp1c04176_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gerhard+Hummer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7768-746X
https://orcid.org/0000-0001-7768-746X
mailto:gerhard.hummer@biophys.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+L.+Schaefer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7942-8701
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hendrik+Jung"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2159-0391
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c04176?ref=pdf
https://doi.org/10.1038/nature02145
https://doi.org/10.1038/nature02145
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2333-6
https://doi.org/10.1038/s41586-020-2333-6
https://doi.org/10.1016/S0140-6736(04)15788-7
https://doi.org/10.1016/S0140-6736(04)15788-7
https://doi.org/10.1016/S0140-6736(04)15788-7
https://doi.org/10.1016/S0140-6736(04)15788-7
https://doi.org/10.1016/j.bbrc.2004.04.141
https://doi.org/10.1016/j.bbrc.2004.04.141
https://doi.org/10.1016/j.bbrc.2004.04.141
https://doi.org/10.1016/j.bbrc.2004.04.141
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1038/s41423-020-0374-2
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1016/j.coviro.2021.02.006
https://doi.org/10.1016/j.coviro.2021.02.006
https://doi.org/10.1128/JVI.00079-09
https://doi.org/10.1128/JVI.00079-09
https://doi.org/10.1128/JVI.00079-09
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.26508/lsa.202000786
https://doi.org/10.1038/nature16988
https://doi.org/10.1038/nature16988
https://doi.org/10.1126/science.abd5223
https://doi.org/10.1126/science.abd5223
https://doi.org/10.1371/journal.pcbi.1008790
https://doi.org/10.1371/journal.pcbi.1008790
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41586-020-2665-2
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1016/j.jmb.2017.10.017
https://doi.org/10.1016/j.jmb.2017.10.017
https://doi.org/10.1016/j.jmb.2017.10.017
https://doi.org/10.1016/j.jmb.2021.166946
https://doi.org/10.1016/j.jmb.2021.166946
https://doi.org/10.1016/j.jmb.2021.166946
https://doi.org/10.1016/S0006-3495(98)74056-1
https://doi.org/10.1016/S0006-3495(98)74056-1
https://doi.org/10.1016/S0006-3495(98)74056-1
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c04176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(28) Parrinello, M.; Rahman, A. Polymorphic Transitions in Single
Crystals: A New Molecular Dynamics Method. J. Appl. Phys. 1981, 52,
7182—7190.

(29) Gautier, R;; Douguet, D.; Antonny, B.; Drin, G. HELIQUEST: A
Web Server to Screen Sequences With Specific a-Helical Properties.
Bioinformatics 2008, 24, 2101—2102.

(30) Lorent, J. H.; Levental, K. R.;; Ganesan, L.; Rivera-Longsworth,
G.; Sezgin, E; Doktorova, M.; Lyman, E.; Levental, I. Plasma
Membranes Are Asymmetric in Lipid Unsaturation, Packing and
Protein Shape. Nat. Chem. Biol. 2020, 16, 644—652.

(31) van Meer, G.; Voelker, D. R.; Feigenson, G. W. Membrane
Lipids: Where They Are and How They Behave. Nat. Rev. Mol. Cell Biol.
2008, 9, 112—124.

(32) Van Meer, G.; De Kroon, A. 1. Lipid Map of the Mammalian Cell.
J. Cell Sci. 2011, 124, 5—8.

(33) Jo, S.; Kim, T.; Im, W. Automated Builder and Database of
Protein/Membrane Complexes for Molecular Dynamics Simulations.
PLoS One 2007, 2, No. e880.

(34) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.;
DiNola, A.; Haak, J. R. Molecular Dynamics With Coupling to an
External Bath. . Chem. Phys. 1984, 81, 3684—3690.

(35) Madeira, F.; Park, Y. M.; Lee, J.; Buso, N.; Gur, T,
Madhusoodanan, N.; Basutkar, P.; Tivey, A. R;; Potter, S. C.; Finn,
R. D,; et al. The EMBL-EBI Search and Sequence Analysis Tools APIs
in 2019. Nucleic Acids Res. 2019, 47, W636—W641.

(36) Hatcher, E. L.; Zhdanov, S. A; Bao, Y.; Blinkova, O.; Nawrocki,
E. P,; Ostapchuck, Y.; Schaffer, A. A,; Brister, J. R. Virus Variation
Resource-Improved Response to Emergent Viral Outbreaks. Nucleic
Acids Res. 2017, 45, D482—D490.

(37) Mugnai, M. L.; Templeton, C.; Elber, R.; Thirumalai, D. Role of
Long-range Allosteric Communication in Determining the Stability and
Disassembly of SARS-COV-2 in Complex With ACE2. bioRxiv 2020,
DOI: 10.1101/2020.11.30.405340.

(38) Gorgun, D.; Lihan, M.; Kapoor, K; Tajkhorshid, E. Binding
Mode of SARS-CoV-2 Fusion Peptide to Human Cellular Membrane.
Biophys. J. 2021, DOI: 10.1016/j.bpj.2021.02.041.

(39) Khelashvili, G.; Plante, A.; Doktorova, M.; Weinstein, H. Ca2+-
Dependent Mechanism of Membrane Insertion and Destabilization by
the SARS-CoV-2 Fusion Peptide. Biophys. J. 2021, 120, 1105—1119.

(40) Chakrabarti, S.; Hinczewski, M.; Thirumalai, D. Plasticity of
Hydrogen Bond Networks Regulates Mechanochemistry of Cell
Adhesion Complexes. Proc. Natl. Acad. Sci. U. S. A. 2014, 111, 9048—
9053.

7741

https://doi.org/10.1021/acs.jpcb.1c04176
J. Phys. Chem. B 2021, 125, 7732—7741


https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1093/bioinformatics/btn392
https://doi.org/10.1093/bioinformatics/btn392
https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1038/s41589-020-0529-6
https://doi.org/10.1038/nrm2330
https://doi.org/10.1038/nrm2330
https://doi.org/10.1242/jcs.071233
https://doi.org/10.1371/journal.pone.0000880
https://doi.org/10.1371/journal.pone.0000880
https://doi.org/10.1063/1.448118
https://doi.org/10.1063/1.448118
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkz268
https://doi.org/10.1093/nar/gkw1065
https://doi.org/10.1093/nar/gkw1065
https://doi.org/10.1101/2020.11.30.405340
https://doi.org/10.1101/2020.11.30.405340
https://doi.org/10.1101/2020.11.30.405340
https://doi.org/10.1101/2020.11.30.405340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2021.02.041
https://doi.org/10.1016/j.bpj.2021.02.041
https://doi.org/10.1016/j.bpj.2021.02.041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bpj.2021.02.023
https://doi.org/10.1016/j.bpj.2021.02.023
https://doi.org/10.1016/j.bpj.2021.02.023
https://doi.org/10.1073/pnas.1405384111
https://doi.org/10.1073/pnas.1405384111
https://doi.org/10.1073/pnas.1405384111
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c04176?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

