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Aerosols play a major role in the transmission of the SARS-CoV-2 virus. The behavior of the
virus within aerosols is therefore of fundamental importance. On the surface of a SARS-CoV-2
virus, there are about 40 spike proteins, which each have a length of about 20 nm. They are
glycosylated trimers, which are highly flexible, due to their structure. These spike proteins
play a central role in the intrusion of the virus into human host cells and are, therefore, a
focus of vaccine development. In this work, we have studied the behavior of spike proteins of
the SARS-CoV-2 virus in the presence of a vapor-liquid interface by molecular dynamics (MD)
simulations. Systematically, the behavior of the spike protein at different distances to a vapor-
liquid interface were studied. The results reveal that the spike protein of the SARS-CoV-2
virus is repelled from the vapor-liquid interface and has a strong affinity to stay inside the bulk
liquid phase. Therefore, the spike protein bends when a vapor-liquid interfaces approaches
the top of the protein. This has important consequences for understanding the behavior of
the virus during the dry-out of aerosol droplets.

SARS-CoV-2 | Molecular Dynamics | Vapor-Liquid Interface | Airborne Transmission

The SARS-CoV-2 virus is often found in aqueous solutions and its structure
in water has been studied both by molecular simulations and experimental

techniques (1–5). However, there are many situations in which the virus in water
comes into contact with a vapor-liquid interface, e.g. during the transmission in
aerosols, inside the respiratory tract or the gastrointestinal tract, as well as on
surfaces contaminated with aqueous solutions containing SARS-CoV-2. However,
the interactions of the SARS-CoV-2 virus with vapor-liquid interfaces are presently
unknown. The key question here is: is the virus attracted or repelled by the
interface, as this has important consequences for all situations mentioned above: it
makes a difference, whether the viruses are found mainly on the surface or in the
bulk water.

Approach. Studying the behavior of SARS-CoV-2 at vapor-liquid surfaces is
challenging. Suitable experimental techniques do not exist, so that we must rely
on simulations. To have a chance to be predictive, molecular simulations based
on suitable atomistic force fields must be used; which, however, imposes strong
restrictions on the size of the object that can be studied. We have tackled this here
by studying only the (glycosylated) S protein, embedded at its stalk in a section
of the virus membrane, and immersed in water with a vapor-liquid interface. The
second issue is time. Even the spatially restricted scenario contains millions of
interactions sites. Its behavior can only be studied for times in the nanosecond
range, which can be insufficient to obtain full equilibration. This was tackled here
by carefully choosing the initial conditions and the scenario as well as by long
simulation times. The response of the system to changing the distance between the
vapor-liquid interface and the spike protein was studied in a series of simulations.
The response of the system was so clear, that we trust that the behavior of the
macroscopic system can be inferred from the results.

SARS-CoV-2 Virus. The SARS-CoV-2 virus has a diameter in the range of 50 to 150
nm (without spike proteins) and the spike (S) proteins have a length of about 20 nm
(4). On average, 40 S proteins reside on the lipid bilayer membrane of the virus (4).
This leads to an average distance between the S proteins on the membrane, which
is of the same order as the spike length. The S proteins are themselves densely
covered in a glycan coat for protection against immune system antibodies (1, 2, 6).
The structure of the S protein can be divided into a head region, a stalk region, a
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trans-membrane region, and a cytoplasmic tail. Turoňová et
al. investigated the flexibility of the S protein by experiment
and molecular simulation, revealing further subdivisions of
the S protein stalk region into an upper and lower ”leg” along
flexible hinges, namely ”hip”, ”knee”, and ”ankle” (4), which
make the SARS-CoV-2 S proteins particularly flexible. The
three receptor binding domains (RBDs) of the S protein head
have conformational variability. In its closed conformation,
the three RBDs are in a ”down” configuration, whereas in
its open conformation, one RBD is in an ”up” configuration
(extending outwards). This reduces the coverage of the glycan
coat (2). Both conformations were found to be populated
approximately 50:50 at ambient conditions (4). S proteins
are used by the virus to enter the host cell (5, 7).

Aerosols. Airborne transmission via aerosols is the main
transmission route of the SARS-CoV-2 virus (8, 9). Aerosols
(droplets smaller 5 µm) can remain in the ambience for several
hours (8). The vapor-liquid interface of aerosol droplets is
a dominant feature, as the droplets have a relatively high
surface-to-volume ratio and decrease in size during droplet
dry-out (8). Hence, the behavior of the SARS-CoV-2 virus
at vapor-liquid interfaces, i.e. affinity to the interface, is
important for understanding the transmission route of the
virus and during the dry-out of aerosol droplets. In the
aerosol droplet, the virus can, in general, reside either in the
liquid bulk or at the vapor-liquid interface. The preferential
residency is presently unknown. Similar arguments apply to
other situations, in which the SARS-CoV-2 virus in water
comes into contact with vapor-liquid interfaces.

All-Atom MD Simulations. To elucidate the behavior of the
SARS-CoV-2 virus at vapor-liquid interfaces, molecular
dynamics (MD) simulations of a representative part of the
virus surface were carried out comprising the lipid bilayer
membrane and a S protein. Large-scale all-atom MD
simulations were performed for both the closed (PDB ID:
6VXX)(5) and the open conformation (PDB ID: 6VSB)(1).
In the closed conformation, the three RBDs are in the ”down”
conformation, whereas in the open conformation one of the
RBDs is in the ”up” configuration. For the simulations, fully-
glycosylated S protein structures were taken from literature
(2) and were then embedded (10) in a membrane model taken
from Ref. (2). For both S protein conformations (closed
and open), a simulation set-up was prepared in subsequent
steps and studied, in which a representative part of the virus
surface is present in the vicinity of a vapor-liquid interface.
Initially, the distance between the membrane and vapor-liquid
interface is roughly 40 nm. Further details are given in the
Supporting Information.

For both conformations, the influence of the distance of the
vapor-liquid interface and the S protein on the conformation
of the system was studied in a series of simulations in which in
each step about 0.6% of the water molecules from above the
bilayer were removed. This can be considered as representing
an open evaporation process. The removed water molecules
were randomly selected from the bulk water (distance of at
least 1.2 nm to the S protein). The removed amount of
water molecules is represented as Φ = N r

H2O/N0
H2O in the

following, in which the superscript indicates the removed (r)
or initial (0) amount of water molecules above the bilayer.
Each removal step was followed by a 0.5 ns re-equilibration

and 0.5 ns production run, in which properties of the S protein
were sampled. The distances and angles characterizing the
configurational changes were sampled. Hence, the evaporation
process was modeled in a somewhat simplyfied way, which
might in general influence the results. Yet, the interaction
of the overall virus surface with the vapor-liqiud interface is
not expected to be affected by that.

The simulations were carried using the open source code
GROMACS (11) Version 2022. The force field models
were adopted from the CHARMM-GUI (10) and MolMod
(12) program. The CHARMM36m force field (13–15) in
conjunction with the TIP3P water model (16) and Beglov
and Roux force fields (17) for the ions was used. The lipid
force field parameters were adopted from Klauda et al. (18).

Results

Figure 1 shows simulation snapshots of four states during
the emulated evaporation process for the open conformation.
The corresponding results for the closed conformation, which
are similar, are presented in the Supporting Information. In
the initial state (Fig. 1A) in which the distance between the
top of the S protein and the vapor-liquid interface is about 13
nm, there is no significant bending of the S protein. The RBD
(highlighted in transparent red) is oriented outwards. As the
vapor-liquid interface approaches the virus (Fig. 1 B to D),
the S protein bends significantly in its stalk region. This
clearly indicates that the SARS-CoV-2 S protein has a strong
affinity to stay inside the liquid bulk phase. In the last state
(Fig. 1D), the SARS-CoV-2 S protein lies basically flat on
the membrane, and in doing so even deforms the membrane,
to stay inside the liquid bulk phase.

For quantifying the structural changes of the S protein,
different observables were sampled. Results are shown in
Figure 2A for the distance between the vapor-liquid interface
and the closest atom of the S protein (z1), the interface
and the center of mass (COM) of the RBD in the ”up”
position (z2), the interface and the COM of the S protein
head (z3), and the interface and the membrane (z4) (Fig. 2B).
Figure 2 shows that the distances z1 to z4 change significantly
throughout the evaporation process. Until Φ ≈ 30%, all four
distances decrease approximately linearly and with a similar
slope. In this phase, the SARS-CoV-2 S protein shows little
deflection as the vapor-liquid interface approaches. This
behavior changes, as the distance z1 becomes smaller than 5
nm. Then, in the second phase, the distance between the S
protein and the interface stays roughly the same during the
dry-out, indicating that the S protein deflects. This phase
ends at Φ ≈ 55% when the S protein lies essentially flat on
the membrane, so that it cannot move further away from the
vapor-liquid interface. Upon further removal of water, in the
third phase again a linear decrease in all four distances is
found. The series of simulations ends when the vapor-liquid
interface reaches the top of the S protein (Fig. 1D).

The S protein of the SARS-CoV-2 virus exhibits a high
flexibility in the stalk region, as highlighted by Turoňová et al.
(4). Our results indicate that this stalk flexibility is important
when a virus particle approaches a vapor-liquid interface. In
this work, a deflection angle δ is defined as the deflection of
the section between the center of mass (COM) of the S protein
and the transmembrane region normal to the interface, i.e. a
deflection of 0° corresponds to no deflection. The results for
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Fig. 1. Visualization of the evaporation process for the open conformation
all-atom simulations. (A) initial configurations, i.e. no water molecules removed
yet (Φ = 0). (B) Φ ≈ 30% of water molecules removed. (C) Φ ≈ 50% of water
molecules removed. (D) Φ ≈ 70% of water molecules removed. The protein is
depicted in white. Color code of glycans on the surface of the protein: GlcNAc (blue),
mannose (green), fucose (red), galactose (yellow), and sialic acid (purple). Color
code of lipid bilayer: C-atoms (black), H-atoms (white), O-Atoms (red), N-Atoms
(orange) and P-Atoms (blue). The vapor-liquid interface is indicated as the transition
between the differently shaded blues. The outward-facing RBD is highlighted in
transparent red.

the deflection angle are shown in Figure 3. Initially, there is
little to no deflection which then increases throughout the
evaporation process as the vapor-liquid interface approaches
the top of the S protein, until it lies flatly on the membrane.
The simulation results for the closed conformation, which are
presented in the Supporting Information, are similar to those
for the open conformation. The simulation results for both
the open and the closed conformation are also visualized in
movies, which are provided with the Supporting Information
(movies S1 and S2).

Discussion

This work gives insights into the structural behavior of the
SARS-CoV-2 S protein near vapor-liquid interfaces. The
results indicate that the S protein strongly deflects as the
vapor-liquid interface approaches the virus – for both the
open and the closed conformation. Hence, the SARS-CoV-2 S
protein has a strong preference to stay inside the liquid bulk
phase. The flexibility of the S protein is highly important
for the conformation of the virus near vapor-liquid interfaces.
For small distances, the S protein lies flat on the membrane
surface. This might also have important consequences for the
structure and biological functionality of the virus surface, i.e.
its infectiousness. In future work, it would be interesting to
carry out replica simulations and to invert the sequence of
the simulations (i.e. to fill up water) to see whether similar
results are obtained. It would also be interesting to study the
influence of the force field on the results and to investigate
neighboring effects by including more than one S protein in
the scenario. Last not least, the approach developed here
could be applied to other important viruses.

Materials and Methods

Investigated Systems. The SARS-CoV-2 S proteins are ho-
motrimeric class 1 virus fusion proteins, which consist of 1273
amino acid chains per monomer (19–21). They consist of
several specific topological regions: an extracellular N -terminus,
a transmembrane domain anchored in the viral membrane, and a
short intracellular cytoplasmic tail (CT) (20). The extracellular
part of the S protein can further be divided into a head region and a
stalk region, which comprises a lower leg part and an upper leg part.
Both regions are shielded by a glycan coat (2). Two conformations
of the fully-glycosylated SARS-CoV-2 S protein were studied in this
work. The atomistic configurations were taken from the literature
(2), which are based on the open (1) and closed (5) state of the
spike (S) protein regarding the receptor binding domain (RBD)
conformation. The closed conformation S protein structure is
based on data determined from cryo-electron microscopy (cryo-EM)
resolved at 0.28 nm resolution (PDB ID: 6VXX) (5), for which the
RBD’s are in the ”down” configuration. The open conformation of
the S protein structure is based on data determined from cryo-EM
microscopy resolved at 0.346 nm resolution (PDB ID: 6VSB) (1),
in which one RBD is in the ”up” configuration. The SARS-CoV-2
S protein structure studied here comprises both N -glycans and
O-glycans on the protein surface. 22 N -glycosylation sites (6) and
2 O-glycosylation sites (22) per monomer were used for the SARS-
CoV-2 S protein, which are distributed over the proteins surface.
The glycosylation population used in this work is based on the site-
specific glycoprofile data reported by Casalino et al. (2)). In total,
77 glycosylation sites were used – for both the open and closed
conformation. These glycans comprise of linear and branched
oligo-mannose (in graphical representations N -Acetylglucosamine
(GlcNAc) is displayed in blue and mannose in green), that were
further modified by e.g. fucosylation and sialyation (fucose is
displayed in red, galactose in yellow, and sialic acid in purple) (2).

Fleckenstein et al. PNAS — January 26, 2024 — vol. XXX — no. XX — 3
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Fig. 2. Change in observable lengths (z1-z4) during
the evaporation process. (A) Results for open conforma-
tion. Changes are presented as a function of the removed
amount of water molecules Φ. (B) Definition of observable
lengths: interface to the closest atom of the S protein
(z1); interface to the COM of the RBD in the ”up” position
(z2); interface to the COM of the S protein head (z3); and
interface to the membrane (z4).

Fig. 3. Structural changes of the SARS-CoV-2 S protein in the stalk region.
Change of the deflection angle δ over the course of the process. Changes are
presented as a function the removed amount of water molecules Φ. Results for the
open conformation.

Of the two potential O-glycosylation sites, only one is populated
in each of the three monomers (O323). For the first monomer,
also the second O-glycosylation site (O325) is populated (2). For
the modeling of the glycans in the molecular simulations, the
force field proposed by Guvench et al. (15) was used, which also
comprises their glycosidic linkages to the S protein. The lipid
composition of the membrane, in which the S protein is embedded,
was chosen to mimic the lipid composition of a virus membrane
(23, 24). The lipid composition of the membrane was adopted from
Casalino et al. (2) and the membrane was generated inside of
CHARMM-GUI’s input generator (10, 25, 26). Details are given
in the Supporting Information.

Simulation Scenario Set-up. To create the simulation scenario for
both the open and closed conformation, which is used to analyze
the behavior of the SARS-CoV-2 S protein in the vicinity of a
vapor-liquid interface, two independent systems (one containing
the embedded S protein and the other a vapor-liquid equilibrium of
water) were generated that were then combined and re-equilibrated.
The total size of the open conformation system was 24.88 nm x
24.88 nm x 95.93 nm and contains 3,434,421 sites. The total
size of the closed conformation system is 24.98 nm x 24.98 nm
x 95.93 nm and contains 3,681,882 sites. Further details on
the generation are given in the Supporting Information. The
simulations were carried out at a temperature of T = 300 K and
an initial concentration of sodium and chloride ions of 150 mM.
The leap-frog algorithm was used for the integration of Newton’s
equations of motion. All simulations were performed using periodic
boundary conditions and particle-mesh Ewald (27) electrostatics
for long-range electrostatic interactions with maximum grid spacing
of 0.2 nm. Short-ranged electrostatic interactions and non-bonded
van der Waals interactions were calculated applying a cut-off radius
of 1.2 nm. For the van der Waals interactions, a switch function was
used to smoothly transition to 0 between the switching distance of
1 nm and the cut-off (28). To allow for a 2 fs integration timestep
(or 1 fs during the equilibration of the systems – see the Supporting
Information), all hydrogen-containing bonds were constrained by
the LINCS algorithm (29).

Simulation Procedure for the Production Phase Modeling the Evapo-
ration Process. The simulations were conducted on the ELWE
supercomputer at the Regional University Computing Center
Kaiserslautern (RHRK) on Intel Xeon Gold 6126 CPU’s. The intel
compiler (version 2022) along with the intel openMPI version 4.1
(2022) and the GNU (version 11.2.0) compiler was used throughout.
All simulations were conducted in parallel using 8 nodes à 24 cores,
achieving approximately 3-5 ns per day for the production phase
simulations. During the simulations, the position of the vapor-
liquid interface with respect to the virus surface was decreased
by removing water molecules. This was done step-wise, i.e. some
particles were removed at a given time. Then, the system was
re-equilibrated, and properties were sampled in a production phase;
then, more particles were removed and the process started over
such that the evaporation was conducted step-wise. Therefore,
5,000 water molecules were randomly selected and removed from
above the lipid bilayer (corresponds to approximately 0.6% of all
water molecules above the lipid bilayer initially in the system),
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that were at least 1.2 nm away from both protein and lipid bilayer
interaction sites. The obtained set-up was then re-equilibrated
for 250,000 steps and then a production run of 250,000 steps
was conducted. Both, the re-equilibration and the production
phase simulations were carried out in the NVT ensemble – with
a reduction in N in between each production phase step. During
the production phase, structural properties of the S protein and
structural properties for characterizing the configuration of the S
protein with respect to the vapor-liquid interface were sampled.
To continue the evaporation process, this process was repeated
to further decrease the distance between the lipid bilayer and the
vapor-liquid interface. To study the flexibility of the SARS-CoV-2
S protein, the positions of the CT (amino acids 1235-1273), ankle
(amino acids 1211-1213), knee (amino acids 1161-1163), hip (amino
acids 1136-1138), and S protein head (amino acids 13-1135) were
defined as the center of mass (COM) of the corresponding amino
acids and sampled throughout.

Sampled Properties. The deflection of the SARS-CoV-2 S protein
during the evaporation process was quantified using several
characteristic distances. For determining the observable lengths,
specific coordinates were determined in the post-processing such
as: the position of the vapor-liquid interface, the “outwards” facing
side of the lipid bilayer in the z coordinate, as well as the COM of
the S protein head and the RBD that is in the “up” configuration of
the open system. The z-position of the vapor-liquid interface was
determined from density profiles during the production phases. The
density profiles were sampled as an average of 250,000 timesteps
during the production phase for N = 960 bins, each with a width
of ∆z ≈ 0.1 nm. The interface position was defined here as the z-

position were the local number density was half the difference of the
two bulk phases. To compare the structural behavior of the SARS-
CoV-2 S protein in both conformations during the evaporation
process, additionally the fluctuations of the RBD’s in regards to
central axis of the S protein were investigated. Therefore, also the
COM positions of all three RBD’s were sampled. To investigate
the flexibility of the stalk region of the SARS-CoV-2 S protein,
the angle between the lower leg and the transmembrane domain
(defined in this work as α (ankle)), the angle between the upper
and lower legs (defined as β (knee)), and the angle between the S
head COM and the upper leg (defined as γ (hip)) were sampled
(see the Supporting Information). The angles were specified as the
angle between three points in space, i.e. for a perfectly straight
stalk region the values for the angles are 180° each. Error estimates
were computed block averaging (consisting of 0.167 ns each block)
during the production phase.
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