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A proof-of-concept study of the secondary
structure of influenza A, B M2 and MERS- and
SARS-CoV E transmembrane peptides using
folding molecular dynamics simulations in a
membrane mimetic solventt

Antonios Kolocouris, &2 *? |saiah Arkin® and Nicholas M. Glykos () *©

Here, we have carried out a proof-of-concept molecular dynamics (MD) simulation with adaptive
tempering in a membrane mimetic environment to study the folding of single-pass membrane peptides.
We tested the influenza A M2 viroporin, influenza B M2 viroporin, and protein E from coronaviruses
MERS-Cov-2 and SARS-CoV-2 peptides with known experimental secondary structures in membrane
bilayers. The two influenza-derived peptides are significantly different in the peptide sequence and
secondary structure and more polar than the two coronavirus-derived peptides. Through a total of more
than 50 ps of simulation time that could be accomplished in trifluoroethanol (TFE), as a membrane
model, we characterized comparatively the folding behavior, helical stability, and helical propensity of
these transmembrane peptides that match perfectly their experimental secondary structures, and we
identified common motifs that reflect their quaternary organization and known (or not) biochemical
function. We showed that BM2 is organized into two structurally distinct parts: a significantly more
stable N-terminal half, and a fast-converting C-terminal half that continuously folds and unfolds
between a-helical structures and non-canonical structures, which are mostly turns. In AM2, both the
N-terminal half and C-terminal half are very flexible. In contrast, the two coronavirus-derived
transmembrane peptides are much more stable and fast helix-formers when compared with the
influenza ones. In particular, the SARS-derived peptide E appears to be the fastest and most stable helix-
former of all the four viral peptides studied, with a helical structure that persists almost without
disruption for the whole of its 10 ps simulation. By comparing the results with experimental
observations, we benchmarked TFE in studying the conformation of membrane and hydrophobic
peptides. This work provided accurate results suggesting a methodology to run long MD simulations and
predict structural properties of biologically important membrane peptides.

Introduction

Viral short open reading frames (sORFs) encoding proteins
have a length of 100 amino acids or less."”> A major group of
viral SEPs encode short single-pass membrane proteins, often
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with less than 50 amino acids (viral miniproteins),® which may
be advantageous for the virus as they form stable structures to
support membrane-related functions at a minimal burden on
genome size. Several of these virally encoded sORF proteins
oligomerize in cell membranes,' ™ with a known or not known
biological function. For example, some of these are viroporins
forming hydrophilic pores in host cell membranes, thus altering
the physiological properties of the host cells. Viroporins are
homo-oligomeric proteins with ion channel pores that are
formed by o-helical transmembrane (TM) domains.”
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Over the past few decades, an increasing number of both
cation- and anion-conducting viroporins have been identified
and proposed to play central roles in the viral life cycle, in
addition to having a huge impact on pathologies in the host.®”
They have been identified in a vast number of pathogenic
viruses. Examples are the homotetrameric influenza A (AM2)*°
and influenza B M2 (BM2)'® proton channels. Proton channels
AM25'" and BM2,'® with M2TM being the ion channel pore,*
form an active, open state at low pH during endocytosis. In
particular, the activation of the M2 tetrameric bundle ultimately
leads to the unpacking of the influenza viral genome and to
pathogenesis.”"?

The single-pass membrane protein E is a viral SORF encoding
protein that has been identified in the severe acute respiratory
syndrome coronavirus 1 (SARS-CoV-1 or SARS-CoV), giving rise to
the deadly ‘SARS’ epidemic in 2002, SARS-CoV-2, the cause of the
ongoing pandemic of COVID-19,"* and Middle East respiratory
syndrome coronavirus (MERS-CoV), giving rise to the deadly
‘MERS’ in 2012.* For the E protein, it has been suggested that
it is a viroporin forming a cation-selective channel region across
the endoplasmic reticulum Golgi intermediate compartment
(ERGIC) membrane that conducts cations, but this came so far
from limited experimental data.">>*

The AM2 and BM2 proteins are 97- and 109-residues’ single-
pass membrane proteins, respectively, that form homotetramers
in membranes.”**® The two proteins AM2 and BM2 share
almost no sequence homology except for the HxxW>"?
sequence motif in the M2TM domain that is essential for
channel activity with His acting as a sensor residue for proton
conduction and Trp acting as the gate (Fig. 2). At acidic pH, the
four His residues are protonated and repel each other and the
M2 channel opens and conducts protons.'®'! Their TM domain
sequence arrangements are different, ie., the AM2TM region
encompasses residues 22-46 compared to residues 4-33 in
BM2TM (Fig. 2). Hence, the unstructured N-terminal segment
preceding the TM domain is much longer in AM2. AM2 and BM2
proteins both have relatively large C-terminal cytoplasmic
regions. These regions have been suggested to play a role during
virus budding”®*° by recruiting the M2 protein to the cell surface
and during viral assembly by contributing to the coating of M2
on the viral envelope.’"** The structure of the homotetrameric
AM2TM (Udorn strain, residues 22-46) bundle has been resolved
using both solid-state NMR (ssNMR) (PBD IDs 2H95,* 2L0J**)
and X-ray crystallography (PDB ID 4QK7%’). The structure of the
influenza BM2 (residues 1-51) homotetramer has been resolved
using ssNMR (PDB ID 6PVR?®); this construct contains the TM
domain (residues 4-33) with residues 34-43 connecting the TM
with the cytoplasmic domain of full-length BM2.%”

The shared and conserved virally encoded sORF protein E
has been identified in SARS-CoV-1, -2, and MERS-CoV and is
highly homologous to SARS-CoV and to MERS-CoV. E is a
75-residue protein that oligomerizes in the cell membrane. It
has a TM region of 30 residues®>® in SARS-CoV-1, -2, and MERS-
CoV (SARS ETM and MERS ETM, respectively) with an identical
amino acid sequence for SARS-CoV-1 and SARS-CoV-2.**?°
A homopentameric structure for SARS ETM (residues 8-38,
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PDB ID 7K3G>?) has been recently suggested using ssNMR, while
previous structures were obtained with solution NMR in micelles
(residues 8-65, PDB ID 5 x 29).** The ssNMR structure®
suggested a rigid and tight pentameric helical bundle, whose
pores are occupied by predominantly hydrophobic residues,
except for a polar asparagine (Asn15). Three regularly spaced
phenylalanines Phe20, Phe23, and Phe26 are at the center of
SARS ETM. Using ssNMR at acidic pH and Ca** to mimic the
ERGIC and lysosomal environment experienced by the E protein
in the cell, it has been suggested that the conformational change
of two side chain conformations at both Phe20 and Phe26 results
in an equilibrium between the closed and open states of ETM,*
with channel opening at acidic pH and in the presence of Ca** by
increasing the population of the dynamic lipid-facing conforma-
tion and water accessibility.

The N-terminus of the CoV channels contains a (E/D/R)sX(G/
A/V)10XXhh(N/Q)15 motif (Fig. 2), where h is a hydrophobic
residue. The third residue of the motif (G/A/V) is conserved
among coronaviruses to be small and flexible, which might
permit N-terminus motion. The last residue of the motif is
conserved to be either Asn or Gln. At the C-terminal part of the
TM segment, the small residues Ala32 and Thr35 are conserved.
In contrast to these small (or small and polar) residues, the central
portion of the TM domain contains four layers of hydrophobic
residues, Leul8, Leu21, Val25, and Leu28, and three Phe20,
Phe23, and Phe26 residues at the center of SARS, suggesting an
ion channel with a narrow hydrophobic pore of radius ~2 A*
that will be much less hydrated compared to AM2TM and
BM2TM. Such a pore will permit only a single file of water
molecules, thus partially dehydrating any cations that move
through the pore, and this seems inconsistent with the suggestion
for an ion channel.

It has been shown that in SARS-CoV-1, E mediates the
budding and release of progeny viruses and activates the host
inflammasome.*’ The expression of SARS-CoV-1 viroporins
promotes virus replication and virulence,”* and deletion of
the protein E gene attenuates the virus, resulting in faster
recovery and improved survival in infected mice.'” Thus, the
biological activity of protein E represents a determinant for
SARS-CoV-1 virulence, mirroring the pathology associated with
the severe cases of SARS-CoV-2 infection.

Most viroporins have been identified as virulence factors that
lead to viral attenuation when deleted. This attenuation is
attributed only in part to their channel activity, but nevertheless,
small-molecule channel inhibitors have been explored triggering
also the research for the structure determination of the related
viroporins. However, a vast majority of channel inhibitors such
as amantadine variants or hexamethylene amiloride (HMA)%*34*
have been developed against AM2.*>™*° This is not surprising
since AM2 has been the best characterized viroporin to date with
an established biological role in viral pathogenesis,"****° com-
bining the most extensive structural investigations conducted
without**”> or with inhibitors acting as pore blockers,****3%>!
and has emerged as a validated drug target.”*>' For the other
viral SORF encoding proteins, including BM2 and E proteins,"®**
these studies are still in their infancy.

This journal is © the Owner Societies 2022
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We have previously showed>* using circular dichroism experi-
ments that AM2TM is a stable o-helix and by 1.1 us MD
simulations with adaptive tempering that the AM2TM monomer
is dynamic in nature and the region encompassing residues in
the C-terminal part'” > quickly interconverts between an ensemble
of various o-helical structures, and less frequently turns and coils,
compared to the one o-helix for Ala,s. Our results® from density
functional theory (DFT) calculations in this lipophilic peptide
showed that this is due to CH---O interaction forces between
amino acid alkyl side chains and main chain carbonyls, which,
although individually weaker than NH:--O hydrogen bonds, can
dissociate and associate easily leading to an ensemble of folded
structures observed in folding MD simulations. The CH-: - -O inter-
action forces have a cumulative effect that cannot be ignored and
may contribute as much as half of the total hydrogen bonding
energy,”> when compared to NH---O, to the stabilization of the
o-helix in AM2TM. Similar folding forces should characterize
a-helical lipophilic peptides.

It has been shown that TFE promotes a-helix formation
and has been applied as a model to study helical peptides using
NMR spectroscopy.”” > Since computational and experimental
models for NMR spectroscopy are needed to study hydrophobic
peptides in solution, e.g., antimicrobial peptides, amphiphilic,
or membrane peptides, we sought this research to explore if
simulations in pure TFE can reproduce details of the known
experimental structures of peptide monomers. This is a bench-
mark study applied to four peptides and can also provide a
protocol for the investigation of hydrophobic helical peptides.

In this work, we explored comparatively the folding of the
TM monomer of the four important virally encoded sORF
proteins, i.e., the influenza AM2TM (residues 22-46) and influenza
BM2TM (residues 1-31) and the coronaviruses SARS and MERS
ETM (residues 8-38), using a total of 50 us of molecular dynamics
simulations with adaptive tempering in TFE, a membrane-
mimicking solvent.®®® Compared to our previous study with
AM2TM using 1.1 pus MD simulation,*® we applied here longer
simulation times to allow for a more ergodic investigation of the
conformational space of the peptides. Although the membrane-
mimicking environment®”®" can limit the amount of interpretation
that can be based on these folding simulations, making the
connection with the peptides’ behavior in the membranes qualita-
tive in nature, it was striking to observe that we obtained accurate
measures of structural characteristics that are known for the
monomers of these single-pass membrane proteins. These struc-
tural features have putative connection to their biological function,
suggesting that the methodology used can be useful for structure
predictions.

53-56

Methods

System setup and MD simulation protocol

The preparation of the systems including the starting peptide
structures in the fully extended state together with their solva-
tion and ionization states was performed with the program
LEAP from the AMBER tool distribution as previously described

This journal is © the Owner Societies 2022
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in detail.”>°*> We followed the dynamics of the peptides’ folding
simulations using the program NAMD.®* For all MD simula-
tions, we have used periodic boundary conditions with a cubic
unit cell sufficiently large to guarantee a minimum separation
between the symmetry-related images of the peptides of at least
16 A. The simulations were performed in 100% TFE. The
parameterization for TFE®! was obtained from the R.E.D.
library.®> In all MD simulations, we used the AMBER99SB-
STAR-ILDN force field,*®"®® which has repeatedly been shown
to correctly fold®® numerous peptides”®”® including peptides in
mixed organic (TFE/water) solvents.*® For all MD simulations,
adaptive tempering®' was applied as implemented in the
program NAMD.®® Adaptive tempering is formally equivalent
to a single-copy replica exchange folding simulation with a
continuous temperature range. For our simulations, this tem-
perature range was from 280 K to 380 K, both inclusive, and was
applied to the system through the Langevin thermostat, as
described below. The MD simulations’ protocol has also been
previously described,”>”””’° and in summary, it is described as
follows. The systems were first energy-minimized for 1000
conjugate gradient steps, followed by a slow heating-up phase
to a temperature of 320 K (with a temperature step of 20 K) over
a period of 32 ps. Subsequently, the systems were equilibrated
for 1000 ps under NpT conditions without any restraints, until
the volume equilibrated. This was followed by the production
NpT runs with the temperature and pressure being controlled
using the Nosé-Hoover®” Langevin dynamics®® and Langevin
piston barostat®® control methods as implemented using the
NAMD program,®® with adaptive tempering being applied
through the Langevin thermostat, while the pressure was
maintained at 1 atm. The Langevin damping coefficient was
set to be 1 ps™*, and the piston’s oscillation period was set to be
200 fs, with a decay time of 100 fs. The production runs were
performed with the impulse Verlet-I multiple timestep inte-
gration algorithm as implemented using NAMD and lasted 10 pis
for each of the CoV peptides and approximately 15 ps for each of
the the peptides AM2TM and BM2TM, giving a grand total for
the four peptides of 50 us of simulation time.*® The inner
timestep was 2.5 fs, with short-range non-bonded interactions
being calculated every one step and long-range electrostatic
interactions being calculated every two timesteps using the
particle mesh Ewald method®® with a grid spacing of approxi-
mately 1 A and a tolerance of 107°. A cutoff for the van der
Waals interactions was applied at 9 A through a switching
function, and SHAKE®® (with a tolerance of 10~%) was used to
restrain all bonds involving hydrogen atoms. Trajectories were
obtained by saving the atomic coordinates of the whole systems
every 1.0 ps.

Trajectory analysis

The analysis of the trajectories was performed as previously
described.”®’”7° Secondary structure assighments were per-
formed with the program STRIDE.®” All molecular graphic work
and figure preparation were performed with the programs
VMD,*® RASTER3D,*® PyMol,’® WebLogo,”" and CARMA.®>
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Statistical significance and sufficient sampling

Folding molecular dynamics simulations, especially when
performed with an adaptive tempering protocol cover an enor-
mously complex configurational space encompassed by the
unfolded state. The implication is that it is essential to quantify
the statistical significance and the extent of sampling of the
corresponding trajectories before any conclusions can be
drawn from them. In this work, we have quantified statistical
significance through a recently described probabilistic method,
which is based on the application of Good-Turing statistics to
estimate how probable it is to observe completely new/unrelated
structures if a given simulation was to be extended to longer
timescales.”® The results obtained from this method are shown
in Fig. 1 for the four trajectories studied in this communication.

The information about convergence and extent of sampling
is contained in these ‘“probability vs. RMSD” diagrams, which
show how probable it is to observe a new structure that would
differ by more than a given RMSD from all peptide structures
already observed in a given trajectory. All curves start with very
high probabilities for low RMSD values, indicating that it is very
probable to observe structures that differ only slightly from
those already observed. The curves asymptotically approach
zero for higher RMSD values, and it is the exact form and how
quickly they reach low-probability values that inform us just
how much structural variability we have not yet observed in our
trajectories. For the case examined here, the four peptides are
clearly clustered in two sets. The coronavirus-derived peptides
(green and orange curves in Fig. 1) fall-off quite quickly to very
low probabilities for RMSD values of around 4 A. What this
implies, then, is that if we were to continue the simulation, we
would expect almost all new (previously unrecorded) structures to
differ by less than ~4 A from those already observed. The
behavior of the influenza-derived peptides (black and red curves
in Fig. 1) is significantly different: the curves fall-off slowly and
maintain significant probability values up to ~5 A, clearly indi-
cating that a significant volume of the peptides’ configurational
space has not yet been sampled in these simulations. Note that it

Sufficient sampling : Good-Turing estimates
1 T

T
—— BM2TM
—— AM2TM
SARS ETM |

08 MERS ETM

0.6
04

0.2

Probability of unobserved structures

0 1 1 1 4 -
0 1 2 3 4 5

RMSD (A)

Fig.1 Good-Turing estimates for the probability of unobserved struc-
tures as a function of the expected RMSD of these structures from the
already known (i.e., observed in the trajectories) peptide structures. See
text for a detailed discussion of this figure.
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is exactly for this reason that we extended the trajectories for the
influenza-derived peptides to 15 ps each (instead of 10 ps for the
coronavirus peptides).

Thus, the application of Good-Turing statistics allowed us to
quantify the extent of sampling in our trajectories and to
differentiate between the two sets of peptides based on the
structural uncertainty still remaining. The results clearly indi-
cate that with such large uncertainties, it would be meaningless
to even try to quantify differences between the peptides at the
atomic level. A lower resolution comparison, for example, at the
level of secondary structure stabilities and preferences, is
possibly the best that can be achieved with the data available.

We have also calculated the typical (RMSD vs. time) diagrams
for all four peptides. These are shown in in Fig. S1 in the ESI{
(only Co atoms have been used for these calculations). The
reference structure used for calculating the RMSD was the all-
helical experimental-like structure (and not the starting structure
since these are folding simulations that were initiated from an
unfolded/extended structure). In agreement with the Good-
Turing analysis, the pairwise differences between the AM2TM/
BM2TM and SARS/MERS are clearly visible also in the RMSD
diagrams. The difference in variance and average RMSDs in the
case of BM2TM and SARS ETM is also characteristic. To make
this even more clear, the diagrams included in Fig, S2 in the ESI}
show the distribution of these RMSDs and clearly indicate the
differences between the two sets of peptides. For example, the
maximum of the distribution is at 3.5 A for SARS ETM but at
5.2 A for BM2TM. If we conservatively select 3.5 A as a cutoff for
what we consider to be a native-like peptide structure, we can
also obtain conservative estimates of the frequencies of such
structures for each of the four peptides studied here. Performing
this calculation gave a fraction of 53% native-like peptide
stuctures for SARS-ETM and 34% for MERS-ETM but only 17%
and 7% for AM2TM and BM2TM, respectively. These estimated
frequencies should be considered lower bounds given the mal-
leability of the structure of long isolated a-helices.

Results
Preliminaries: sequence similarity analysis

Fig. 2 shows the amino acid sequences and the corresponding
sequence alignment of the four peptides (AM2TM, BM2TM,
SARS ETM, and MERS ETM) studied here, highlighting their
similarities and differences at the sequence level.

There are six residues which are pairwise identical between
influenza B and A M2TM peptides (three additional residues
are similar, ie., I, L, or V at positions 10, 15, and 25 in the
BM2TM numbering scheme, Fig. 2). The two influenza A and B
peptides have in common a HxxxW sequence motif that is
considered to include the proton filter and primary gate of
the proton channels.””?® The two influenza peptides for the
C-terminal half (residues 17-28) share a sequence identity of
33%, which is reduced to 15% when the N-terminal half**°
is examined. The overall sequence identity between the two
peptides is 24%.

This journal is © the Owner Societies 2022
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1 33
BM2TM MFEPFQILSI CSFILSALHF MAWTIGHLNQ IKR
AM2TM SSDPLVV AASIIGILHL ILWILDRL
SARS ETGTLIVNS VLLFLAFVVF LLVTLAILTA LR
MERS RIGLFIVNF FIFTVVCAIT LLVCMAFLTA TR
Consensus  ...... il.. ..fil..lhf .lwtl..L..

Fig. 2 Peptide sequences and alignment for AM2TM (Udorn strain, resi-
dues 22-46), BM2TM (residues 1-33), SARS ETM (residues 8-38), and
MERS ETM (residues 8—-38). Identities and highly similar matches (indicated
by a dollar sign in the consensus sequence) are shown in red and pairwise
identities are shown in blue.

The two CoV-derived peptides in their C-terminal half (residues
19-32) share a sequence identity of almost 62%, which drops to
24% for the N-terminal half (residues 2-18). Three additional
residues are similar, ie., I or L at positions 12, 15, and 19.

We also note that there are four residues which are pairwise
identical between influenza B and either of the CoV peptides but
differ when only the two CoV-derived peptides are compared (these
four residues are F13, L15, F20, and T24 in the BM2TM numbering
scheme, Fig. 2). This very weak sequence similarity should not be
considered to imply the presence of evolutionary relationships
between the two families of sequences (AM2TM/BM2TM and
SARS/MERS) and no biological implications should be assigned
to it. This absence of sequence similarity is also highlighted from
the “consensus” sequence, which clearly indicates that there is no
detectable sequence similarity between all four peptides.

The simulations indicate the presence of significant differences
between the influenza- and coronavirus-derived peptides

Fig. 3 shows the per-residue secondary structure assignment
versus simulation time for each of the four peptides studied.
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Even a cursory examination of this figure clearly shows that
there are pronounced differences between the helical propen-
sity and stability of the four structures.

Although all four peptides do fold to a mostly a-helical
structure as expected, it is the SARS peptide that appears to
form an exceedingly stable o-helix (noting here that these
results have been obtained from adaptive tempering simulations
with the temperature ranging from 280 K to 380 K) with second
more stable o-helix being the MERS-derived peptide. The
influenza-derived peptides, on the other hand, show significant
variability-both in helical propensity and helical stability-along
the length of their sequences. The influenza-derived peptides
appear to show a bipartite organization, with a more stable
helical N-terminal half and a less stable and fast interconverting
C-terminal half. This bipartite organization is especially notice-
able in the case of the BM2TM peptide. The MERS-derived
peptide on the other hand shows the opposite pattern, with a
mostly stable and well-behaving C-terminal region and a more
variable N-terminal part.

The least stably folded of all four peptides is the influenza
peptide AM2TM along the length of its sequence. This motif of
reduced stability of the AM2TM peptide may be attributed to
the presence of a glycine residue at position 13 (corresponding
to the G34 in the 98-residue full-M2 protein) since Gly is known
to be a helix breaker (it has the lowest helix propensity after
proline).

To further quantify these observations, we have calculated
the fractional helicity for each residue of each peptide over the
whole length of their respective simulations. The results from
this calculation are shown in Fig. 4. This figure not only places
the previous observations on a solid ground but also highlights

Secondary structure vs. time
(per residue)
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Fig. 3 Evolution of the per residue secondary structure vs. simulation time. The graphs depict the variation of the per-residue STRIDE-derived
secondary structure assignments as a function of simulation time for the four peptides. The color coding is red/magenta — /310 helical structure, cyan

— turns, white — coil, and yellow — f structure.
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Fractional helicity vs. Residue number
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Fig. 4 Fractional helicity versus residue. The four graphs depict the per
residue fractional helicity over the whole length of the three simulations.
The color coding is indicated in the figure legend: orange (MERS ETM),
green (SARS ETM), black (BM2TM), and red (AM2TM). The graphs for
BM2TM (black) and AM2TM (red) have been translated by one residue to
the left to reproduce the sequence alignment shown in Fig. 2.

salient features that could have been missed in Fig. 3, such as
the dip in fractional helicity centered at residue 16 (22 in the
ETM numbering scheme; Ala for SARS ETM and Val for MERS
ETM) of both CoV-derived peptides. In the paragraphs that
follow, we discuss and expand on the different folding behaviors
of the four peptides.

The SARS ETM peptide forms an exceptionally stable helical
structure

Of the four peptides studied here, the SARS-CoV-derived peptide
appears to be the fastest and most stable helix-former. Within
only ~250 ns of MD simulation time, an almost complete
a-helix was formed. This helical structure persists almost with-
out disruption for the whole 10 ps of the MD simulation. There
are some helix-fraying events of the termini (see for example the
N-terminal fraying events centered at ~ 2.5 ps, 3.8 s, and 9 ps in
Fig. 3), but these do not change the major finding: the SARS-
derived peptide is the strongest helix former of the four peptides
studied here.

There are some salient features of the behavior of the
peptide that could have been missed in the data shown in
Fig. 3 but are brought forward by the helicity graphs of Fig. 4.
Referring to this Fig. 4, there is a small but systematic difference
in helicity between the N-terminal half of the peptide (with a
helical fraction of ~0.8) and its C-terminal part (with a helical
fraction of ~0.9). As mentioned before, these two parts are
separated by a pronounced dip in helicity centered on residue
16. The same pattern is observed for the MERS-derived peptide.
The observed pattern for SARS ETM and MERS ETM of two high-
helicity parts separated by a dip in helical content is also in
agreement with the sequence alignment of the two peptides
shown in Fig. 2. There are two regions showing significant
conservation at the sequence level. The first (N-terminal) region
encompasses residues 1-14 (ETGTLIVNSVLLFL in the SARS
sequence), followed by four variable residues (15-18, AFVV),
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and then a second (C-terminal) half which again shows signifi-
cant sequence similarity between SARS ETM and MERS ETM
(19-31, FLLVTLAILTALR in the SARS sequence).

The MERS ETM forms a stable helical structure but has a more
flexible N-terminal region compared to SARS ETM

As both Fig. 3 and 4 indicate, the two CoV-derived peptides are
quite similar in their folding characteristics and structural
behaviors, as would be expected from two peptides sharing a
significant sequence similarity. Of the four peptides studied
here, the next stronger helix former after the SARS-derived
peptide is the MERS-derived peptide. Thus, the same bipartite
organization in two (N- and C-terminal) halves each with a high
helical content and separated by a region of reduced helicity
near the middle of the peptide is also observed in the MERS-
derived peptide.

The similarity is more pronounced in the second (C terminal)
part of the CoV-derived peptides and can be easily identified in
Fig. 3, which shows that the helicity of the two CoV-derived
peptides is virtually identical in their second half. In the
N-terminal part, however, there are differences. This finding is
not surprising: the peptide sequences in the C-terminal region
(residues 19-32) share a sequence identity of almost 62%,
whereas in the N-terminal region (residues 2-18), the identity
drops to ~24%. As can be seen in Fig. 3 (and in Fig. 4), the first
half of the N-terminal half of the MERS-derived peptide is highly
flexible with residues 1-5 all having an average helical content of
less than ~50%. Why there is such a pronounced difference for
the N-terminal residues is not trivial to ascertain as the
sequences themselves for the first half of the N-terminal half
are closely related (ETGTLIV vs. RIGLFIV for the SARS- and
MERS- peptides respectively), with the only consistent difference
being the substitution of three hydrophobic residues in MERS
ETM (12, L4, and F9) with three polar residues in SARS ETM (T2,
T4, and S9). It has been proved that serines or threonines can
stabilize significantly o-helices in membrane peptides through
the formation of hydrogen bonding interactions between their
hydroxyl side chain and main chain carbonyl of residues i + 3 or/
and i + 4.°>°° Here, residues 2, 4, and 9 form hydrogen bonds in
SARS ETM with 66.4%, 54.5%, and 62.9% and in MERS ETM
with 33.5%, 42.5%, and 67.6% of the 10 ps simulation period.

The influenza AM2TM peptide is mostly a-helical with an
a-helix glycine disruptor in the middle of the peptide

The variability in the AM2TM helix propensity along the length
of the peptide is shown in Fig. 2 and 3. Generally, this peptide
is highly flexible and continuously folds and unfolds between
a-helical structures and non-canonical structures, which are
mostly turns. There is a discontinuity in the helical content in
the middle of the peptide, which coincides with the presence of
a glycine residue (Gly13; G34 in the AM2TM numbering
scheme), which is known to act as a helix breaker. Although
highly flexible along its whole sequence, AM2TM shows a more
stable a-helical structure from Leu-5 to Leu-19, while at the
C-terminal end of the peptide (W20-L25), the helical fraction is
significantly lower. Also, the capping residues have non-helical
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¢, ¥ dihedral angles, although they form helical (i, i + 4)
hydrogen bonds.”®

A shorter (1.1 pus) molecular dynamics simulation performed
previously®® had suggested more pronounced differences
between the two halves with the C-terminal half (after Gly13,
sequence ILHLILWILDRL) being much less helical compared
to the N-terminal half (sequence SSDPLVVAASII). The longer
15.5 us MD simulation described here clearly indicates that the
differences in helicity between the two halves are less dramatic
than those initially estimated.

The influenza BM2TM peptide is structurally divided into two
distinct parts

The BM2TM peptide is significantly different from the three
other peptides. It is clearly organized in two structurally distinct
parts. The first (N-terminal) region comprises residues 1-15 in
the BM2TM numbering. This first half of the peptide demon-
strates a strong helix-forming tendency and folds quickly and
stably to an o-helix that persists for almost the whole length of
the ~15.5 ps simulation. The fractional helicity of this part is
identical (if not somewhat higher) to that of the SARS-derived
peptide (Fig. 4).

The second (C-terminal) part of the peptide shows a com-
pletely different behavior: it is highly flexible and continuously
folds and unfolds to transient helical structures interspersed
with intervals, where it samples not only non-canonical structures
mainly turns but also random coil structures and in few instances
B structures (Fig. 3). This flexibility and variability make a
pronounced difference in the fractional helicity graphs of Fig. 4:
almost all residues of the C-terminal half of the peptide have a
helical fraction of less 60%. It should be noted, however, that
there are some fine structures present in the helical propensity
demonstrated by this C-terminal part. As can be seen from both
Fig. 3 and 4, residues 20-24 do show an increased preference for
a canonical o-helical structure reaching a helical fraction of ~0.7
for residue 22. This motif “high helicity — Dip — high helicity”
has been observed on all four peptides studied.

Discussion

We performed a total of 50 ps of molecular dynamics simulations
with adaptive tempering to study the folding for the transmem-
brane peptides of the influenza A, B M2, MERS-, and SARS-CoV
viroporins in TFE and compared with the experimental results.
The AM2TM and BM2TM peptides have amino acid sequences
that differ significantly, both between them, as well as with the
two CoV-derived peptides studied in this communication (Fig. 2).
On the other hand, the two CoV-derived peptides share a high
sequence similarity (Fig. 2). Although all peptides are lipophilic,
as expected from TM domains, it is worth noting that the AM2TM
and BM2TM peptides—which correspond to tetrameric proton
channels—are more polar while the two CoV-derived peptides are
the most hydrophobic.

The results of this study can provide further evidence that
TFE can be used as a computational and experimental model to
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study folding of the studied hydrophobic peptides in a solution
medium, allowing long MD simulations. The protocol (methods
and analysis) applied here can be used in future studies to
explore the character of hydrophobic helical peptides.

The 15.5 ps MD simulation of AM2TM revealed that this
peptide is highly flexible and continuously folds and unfolds
between o-helical structures and non-canonical structures,
which are mostly turns. It seems, however, that AM2TM prefers
an o-helical structure from Leu-5 to Leu-19, and only near the
C-terminus of the peptide (from W20 to L25), the helicity is
lowered. In AM2TM, there is a glycine residue that acts as an
a-helix breaker in the middle of the peptide. In the X-ray
structure of AM2TM (PDB ID 4QK7*) or its ssNMR in the
membrane (PBD ID 2H95%%), the structure of the peptide in
the tetrameric bundle is o-helical and there is a kink at G13
(G34 in the AM2TM numbering scheme) in the middle of the
TM domain, which allows the peptide to change conformations
and adopt distinct orientations between the C- and N-terminal
regions.’” This G13 kink has been observed also in the sSNMR
(PDB ID 2H95,** 2KQT*) or X-ray (PDB ID 6BKK,* 6US9%%)
drug-bound AM2 structures. This pattern almost exactly
matches that in the middle of the membrane. Using ssNMR,
it has been shown that in the tetrameric bundle of AM2TM, the
helices are flexible with conformational transitions®*® that
enable proton transportation through the channel.

The amino acid sequence of BM2 does not resemble that of
the AM2 tetrameric bundle, except for the HxxxW motif, where
the proton-selective residue is H19 and the gating residue is
W23. BM2 has more polar pore-facing residues,*® whereas AM2
has a more hydrophobic pore. Thus, the aqueous pore of
the AM2 ion channel is formed by val,” Ala,’ Gly,** His,'® and
Trp,>>** compared with residues Ser,’ Ser,'* Ser,'® His,'® and
Trp>® that line the pore of the four-helix bundle in BM2.>®

Although both BM2 and AM2 channels exhibit microsecond-
timescale His and Trp sidechain motions, similar to AM2,**
the BM2 peptide lacks the alternating-access hinge motion, but
instead, it opens through a scissor motion. Upon activation,
BM2 expands its pore along the entire channel, while AM2
constricts its N-terminus but expands its C-terminus. AM2
converts between two conformations: an N terminus-dilated
and C-terminus-constricted (Nopen—Celosea) cOnformation that is
dominant at high pH'*>'® and an N terminus-constricted and
C-terminus dilated (Njgsea—Copen) conformation that is domi-
nant at low pH.*>>'**

An interesting question here is which amino acid sequence
features cause the alternating-access motion and the asymmetric
conductance of AM2 and their absence in BM2 at acidic pH,
where His residues are protonated.’® In BM2, the G13(G34) is
replaced with S16 (S23), which reinforces the helical backbone
and prevents separate motion of the two halves of the BTM helix.
Additionally, BM2 has a symmetric HxxxWxxxH motif that is
absent in AM2. Therefore, the electrostatic properties of the
C-terminal residues in BM2, together with the absence of a central
flexible Gly, are consistent with the symmetric backbone scissor
motion of BM2 for channel activation and the consequent bidir-
ectional proton conductance. These experimental observations
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are also consistent with the increased flexibility observed for the
C-terminal half of BM2 in our simulations.

The BM2TM simulation showed that the N-terminal half of
the peptide (comprising residues 1-15) folds quickly and stably
to an ao-helix with a helical fraction of ~ 0.8, which is identical
or somewhat higher than the helicity observed in the two CoV-
derived peptides. In contrast, the second (C-terminal) part of
the peptide with a helical fraction lower than 0.6 is more
flexible compared to AM2TM and continuously folds and
unfolds to transient a-helical structures, turns and coiled-coil,
and instantaneously B-structures (noting, however, that resi-
dues 20-24 do demonstrate an increased preference for a
canonical a-helical structure).

The SARS-derived peptide appears to be the fastest and most
stable helix former with a helical structure that persists almost
without disruption for the whole 10 ps of the MD simulation.
The N-terminal half of the peptide (with a helical fraction of
~0.8) is separated by the C-terminal part (with a helical
fraction of ~0.9). Indeed, the first (N-terminal) region encom-
passes residues 1-14 (ETGTLIVNSVLLFL, corresponding to
8-21 in the SARS ETM sequence), followed by four variable
residues 15-18 (AFVV, corresponding to 22-25 in the SARS ETM
sequence), and then a second C-terminal half with residues 19-31
which again shows significant sequence similarity (FLLVTLAIL-
TALR, corresponding to 26-38 in the SARS sequence) with a
pronounced dip in helicity centered on residue 16 (F, residue 23
in the SARS sequence).

Compared with SARS-CoV-2 ETM, the MERS ETM peptide
has a pronounced identical helicity in the second (C-terminal)
half, which is not surprising given that the peptide sequences
for the region 19-31 share a sequence identity of almost 60%.
In contrast, the N-terminal part of the MERS-derived peptide is
highly flexible with residues 1-5 all having an average helical
content of less than ~0.5 although also the N-terminal
sequences are closely related (ETGTLIV vs. RIGLFIV for the
SARS- and MERS-peptides respectively), with the only consistent
difference being the substitution of two hydrophobic residues in
MERS ETM 12 and L4 (corresponding to I9 and L11 in the MERS
ETM sequence) by two threonines in SARS ETM. These threo-
nines can form hydrogen bonding interactions between their
hydroxyl side chains and main-chain carbonyls of residues i + 3
or/and i + 4 (when are bifurcated),’*®> stabilizing a-helices.

Fig. 5 shows a collage of representative structures obtained
from the trajectories. For each peptide, we showed the repre-
sentative structure from the top three clusters obtained from a
dihedral PCA analysis. The structures are colored according to
the RMSF of the respective atoms from the average (for each
cluster). For example, a pronounced structural variability can
be observed in the AM2TM and BM2TM structures (see also
Fig. S1 and S2, ESIT) and a higher RMSF near the middle of the
structures as discussed in the other analyses.

The peptides’ secondary structure preferences and dynamics
reflect features of the quaternary organization of the corres-
ponding proteins and their biological function. The AM2 and
BM2 TM tetrameric helical bundles have a higher percentage of
polar residues such as His and Ser compared to ETM domains
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Cluster 1

Cluster 2

Cluster 3

BM2TM

Yb 1 fceom?®

AM2TM
e
M VY )

SARS ETM

MERS ETM

Fig. 5 For each peptide is shown a representative structure from the top
three clusters obtained from a dihedral PCA analysis. The structures are
colored according to the RMSF of the respective atoms from the average
structure in each cluster (color scale from blue, green, and yellow to red
reflects RMSF lowering).

and form wide and hydrated pores of proton channels.?***?

The SARS or MERS ETM helical bundles are highly hydropho-
bic, compact, and rigid. This immobilization suggests that ETM
peptides compared to M2TM may interact extensively with
lipids while M2TM can form polar ion channel pores. Finally,
the helix distortion at residues Phe13-Phe16 (corresponding to
Phe20-Phe23 in the SARS ETM sequence) may cause the two
halves of the ETM protein to respond semi-independently to
environmental factors such as pH, charge, membrane compo-
sition, and other viral and host proteins.

At the immobilized C-terminal end of the SARS ETM seg-
ment, there are the conserved small residues Ala25 and Ala28
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(corresponding to Ala32 and Thr35 in the SARS ETM sequence).
In contrast to these small (or small and polar) residues, the
central portion of the TM domain contains four layers of
hydrophobic residues, Leul1, Leu14, Val18, and Leu21 (corres-
ponding to Leul8, Leu21, Val25, and Leu28 in the SARS ETM
sequence) and three regularly spaced phenylalanines Phe13,
Phe16, and Phel9 (corresponding to Phe20, Phe23, and Phe26
in the SARS ETM sequence) at the center of ETM, suggesting
that if ETM forms an ion channel, it can only form a pore radius
to ~2 A in the channel’s closed state. This narrow pore can
permit only a single file of water molecules, thus partially
dehydrating any ions that are not forced to move through
the pore.
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