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a b s t r a c t

Membrane fusion plays a vital role in several biological processes such as cellular uptake, communication
between cells and RNA delivery. Due to its complexity, model membranes and minimalistic fusion pro-
tein models are often used to gain insight into the fusion process. Coiled–coil (CC) peptides, consisting of
two to five a–helical peptides, are highly advantageous as minimalistic protein models. One of the most
common fusion CC complex is formed between the complementary peptides E ((KIAALKE)4) and K
((EIAALEK)4). In this system, K peptides have been suggested to prime the membrane for fusion by caus-
ing small lipid protrusions within the membrane, increasing local curvature and membrane dehydration.
In this study, we develop a library of peptides based on K peptide sequence by substituting lysine amino
acids with arginine at varying heptad locations. By molecular dynamics simulations, we find that increas-
ing the amount of arginine in the peptides results in enhanced affinity to the membrane. With coarse-
grained simulations, we show that the interaction of peptides with the membrane triggers increased cur-
vature in the membrane without significantly disrupting the lipid packing. Additionally, we find that all
modified peptides retain the capability of forming CC complexes with E peptides. Our results suggest that
arginine positioning is critical when designing CC fusion peptides. Peptides with arginines located at the
N–terminus (ARG1, ARG6) show greater affinity to the lipid membrane. Our simulations suggest that
introducing arginine into CC peptide sequences can enhance the binding affinity to the membrane via
hydrogen bonds and may lead to more effective CC fusion peptides than E–K complexes.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fusion between lipid membranes is a fundamental process in
many biological events such as viral infection, fertilization, and
the delivery of impermeable molecules [1,2]. In order to promote
fusion, opposing membranes must overcome electrostatic, hydra-
tion and steric barriers. Once docked, the membranes undergo
extreme shape transformations and form non-bilayer intermedi-
ates. Eventually, lipid molecules will re-arrange to form a lipid
stalk and undergo outer lipid mixing. Finally, an aqueous fusion
pore is formed, and content between cells is shared (see Fig. 1A
for fusion details). In cells, this highly complex process is aided
by fusion proteins (fusogens). Due to the complexity of biological
membranes and fusogens, elucidating the role of individual com-
ponents involved in fusion is difficult, and exact mechanisms
remain unknown. Therefore, model membranes and model fuso-
gens are often employed to gain fundamental knowledge on the
minimal requirements for membranes to fuse. Membrane models
are normally small and large liposomes composed of 1,2-dio
leoyl-sn-glycero-3-phosphocholine (DOPC), 2-dioleoyl-sn-gly
cero-3-phosphoethanolamine (DOPE) and cholesterol
(50/25/25 mol%). DOPE is often incorporated into the membrane
specifically to enhance the rate of fusion and formation of stalk
intermediate due to the highly negative curvature nature of the
lipid [3–5]. One of the most promising minimalistic fusogen model
systems is based on the coiled-coil (CC) complex of soluble N-
ethylmaleimide-sensitive factor attachment protein receptors
(SNARE). CC peptide structures have been intensely investigated
out of fundamental and applied interest in supramolecular assem-
bly, biosensing, liposomal fusion and super-resolution microscopy
[6–9]. CCs are less complex in their secondary structure compared
to large proteins, but remain highly diverse in their function. This
decrease in structural complexity makes designing small func-
tional proteins easier [10–12] The secondary structure of CCs can
consist of two to five a-helical peptides that twist around each
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Fig. 1. A: Scheme of fusion mechanism, B: E–K coiled-coil complex helical wheel diagram. The driving forces for the formation of a coiled-coil complex are the attractive
interactions between the hydrophobic residues at a and d and oppositely charged residues on g and e and C: membrane disruption by K4.
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other, forming a left-handed supercoil. Typically, CCs are con-
structed of heptad repeating hydrophobic and polar residues,
denoted by a, b, c, d, e, f, g (Fig. 1B) [13]. One of the main driving
forces for creating a CC complex is the hydrophobic effect.
Hydrophobic amino acids (typically leucine and isoleucine) located
at positions a and d, will pack to minizine their interaction with
surrounding water molecules to form a hydrophobic core [14].
The association strength and stability of CCs are also affected by
the presence of charged amino residues at e and g locations [14].
Often, oppositely charged residues stabilize inter-helical formation
due to electrostatic attraction, whereas opposing peptides with like
charges will lead to destabilization due to electrostatic repulsion
[14]. Locations e and g act as specific trigger sights for the forma-
tion of CC, having distinctive intra— and intermolecular forces such
as ionic attraction and hydrogen bonding [15–18]. Tuning these
critical parameters during peptide design allows to create CC com-
plexes tailored for specific applications.

CC designs targeting fusion are often based on simplified SNARE
proteins. One of the most common complex is formed between the
complementary peptides E (KIAALKE) and K (EIAALEK). Typically,
repeating units of (Kn) and (En) are conjugated to a cholesterol
membrane anchor, which is tethered to a polyethylene glycol
(PEG) linker [8,19,20]. For the occurrence of E–K mediated fusion,
strong binding interactions between E and K membrane-tethered
peptides are required to dock opposing membranes together
[21]. Additionally, the K peptide has been suggested to prime the
membrane for fusion by causing small lipid protrusions within
the membrane. All-atomistic and coarse-grained molecular
dynamics simulations of the interaction of E and K peptides with
lipid membranes have shown that only K interacts with the mem-
brane. This causes an increase in local curvature and distortion of
the membrane [22–24], which primes the membrane for fusion
[25,26] Mechanistically, the adsorbed peptide causes increased
curvature via the accumulation of DOPE and cholesterol around
the absorbed K peptide (Fig. 1C), while membrane distortions are
thought to originate from the displacement of water molecules
from the lipid hydration layer.

The impact on fusion of numerous modifications to the E–K
fusion system have been investigated, such as PEG linker length,
[27] lipid anchor composition,[28] and the number of heptad
2

repeats [20]. More recently, variations to the hydrophobic core (al-
tering type of amino acid residues a and d) have been conducted
[8]. These studies primarily aim to achieve increase in CC strength
to augment fusion efficiency. Underexplored is the impact of
enhanced affinity of the K peptide for the membrane to promote
its adsorption. We propose that the number of dehydrating amino
acids within the K yields enhanced affinity of peptide to the mem-
brane, enhancing the promotion of fusion. To evaluate this conjec-
ture, we substituted lysine amino acids at locations e and g by
arginine. Arginine has same charge as lysine, and carries a guanid-
ium instead of an amine functionality in its side chain. Interest-
ingly, this allows to enhance peptide–membrane interactions
through strong guanidium–phosphate bonds[29–31] without com-
promising the electrostatic interactions with glutamic acid, which
are essential for CC formation [30].

In this work we will apply all-atomistic and coarse-grained
molecular dynamics simulations to evaluate the capability of argi-
nine modified peptides to interact with phospholipid membrane.
Furthermore, we will explore whether arginine incorporation
impacts the ability of the peptides to form a-helices and CC com-
plexes with the opposing E peptide. Lastly, we assess whether argi-
nine modified peptides’ bind preferentially to either lipid
membrane or E partner peptides.
2. Methods

All-atomistic and coarse-grained molecular dynamics simulation
was performed with Gromacs 2019.6 [32,33], on membrane, pep-
tide–membrane, peptide–peptide and peptide–peptide–mem
brane systems. For all-atomistic simulations, a membrane com-
posed of 42 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 82 1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC and
42 cholesterol was chosen, while for coarse-grained simulation
294, 588 and 294 lipids molecules were involved, respectively.
The lipid ratios in the upper and lower leaflets are both 1:2:1 for
DOPE:DOPC:cholesterol. The peptide–membrane simulations were
set up with the same membrane composition with the addition of
5 different peptide sequences (Table 1). The systemwas solvated in
a cubic box with TIP3P water model and neutralized with Na+ and
Cl� ions. 3 independent simulations were performed for each sys-



Table 1
Sequence of arginine modified SNARE peptides.

Name Sequence (gabcdef)4 Electrostatic pattern

E4 EIAALEK EIAALEK EIAALEK EIAALEK E E E E
K4 KIAALKE KIAALKE KIAALKE KIAALKE K K K K
R4 RIAALRE RIAALRE RIAALRE RIAALRE R R R R
R1.1 RIAALRE KIAALKE KIAALKE KIAALKE R K K K
R1.4 KIAALKE KIAALKE KIAALKE RIAALRE K K K R

Fig. 2. Minimum distances of peptides from the surface of the membrane.
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tem with different initial coordinates of the peptide. Peptide con-
formations were predicted in PEPFold 3 [34–36]. The initial coordi-
nates were constructed and initially equilibrated using CHARMM-
GUI membrane builder [37,38]. The input of the peptide–peptide–
membrane systems were constructed from the output of the
appropriate peptide–membrane simulation with the addition of
the second peptide. The simulation protocol was the same after
the insertion of the second peptide as for the previous systems.
All-atomistic simulations were performed using CHARMM36
[39,40] force field. Our systems were minimized for 5000 steps
using the steepest descent method. Subsequently, the systems
were equilibrated for 750 ps at constant temperature of 303.15 K
and 1 bar with integration time step of 2 fs. The particle–mesh
Ewald (PME) method was applied to calculate the long-range elec-
trostatic interactions [41,42] with 1.2 nm cutoff distance. Van der
Waals interactions were treated with a cutoff of 1.2 nm. The tem-
perature was kept stable using the Nose–Hoover thermostat [43–
45] with 1 ps coupling time. The pressure was controlled semi-
isotropically by a Parrinello-Rahman barostate [46] with 5 ps cou-
pling time. Hydrogens were constrained by LINCS algorithm [47].
The simulation time was 100 ns.

For simulation of peptide–peptide interaction R4, R1.1 or R1.4

with E4 were inserted in a cubic box with 3 nm distance from
the box edges. 50 or 75 ns simulation was performed with the
same parameters as for peptide–membrane simulations (except
that the pressure was controlled isotropically).

Coarse-grained simulations were performed using Martini 2.2p
force field [48] with polarizable water model [49]. The relative per-
mittivity of the mediumwas 2.5. The systems was neutralized with
Na+ and Cl� ions. Our systems were minimized for 5000 steps using
the steepest descent method, followed by 1000 ps equilibration
with integration time step of 2 fs. PME method was applied to cal-
culate the long-range electrostatic interactions with 1.1 nm cutoff
distance. Van der Waals interactions were treated with a cutoff of
1.1 nm. The temperature was kept constant with velocity rescale
thermostat [50] with 1 ps coupling time, and the pressure was
maintained by Parrinello-Rahman barostate with 12 ps coupling
time. The simulation time was 300 ns. Visualization and hydrogen
bond analysis was performed in Chimera 1.3 [51]. The mean aver-
age curvature was calculated with MDAnalysis MembraneCurva-
ture Python toolkit [52,53].
3. Results and Discussion

3.1. Arginine substitutions enhance interactions with liposomal
membranes

To assess the impact of various substitutions in the K peptide on
its interaction with liposomal membranes, we investigated R4, R1.1

and R1.4 peptides differing in composition (Table 1). Namely, R4

consists of two arginine residues in each of the 4 heptads, whilst
lysines are substituted by arginines in only one out of the four hep-
tads in R1.1 (1st heptad) and R1.4 (4th heptad). The peptides were
positioned in the vicinity of the lipid membrane, after which their
3

distance from the lipid headgroups (Fig. 2) was monitored for
100 ns. We performed the simulation at 303.15 K due to the fact
that at higher temperatures the simulation converges faster than
at room temperature and we presume that the slightly elevated
temperature does not cause big difference in the interactions.
Interestingly, the five peptides interact rather differently with the
membrane. Snapshots of simulations at 0, 50 and 100 ns of each
peptide are shown in the Supplementary (ESI Fig. S1). The rela-
tively large distance between the E4 peptide and the membrane
throughout the 100 ns simulation suggests that E4 does not have
a strong affinity for the membrane. This is in line with coarse-
grained simulations previously reported by others [25,26]. Surpris-
ingly, K4 does not appear to adsorb significantly onto the mem-
brane either. This is in contrast with earlier reports on coarse-
grained simulations [23,54], which revealed a stronger affinity of
K4 peptide for membranes. Tentatively, we propose that the inter-
action is too weak to induce significant binding during the limited
runtime of the atomistic simulations. For practical reasons, we
nonetheless maintained the short runtime and tested whether
arginine substitutions led to detectable reduction in the relative
distance between the peptide and membrane signalling enhanced
interaction. According to our results all arginine-containing pep-
tides (R4, R1.1 and R1.4) resided in closer proximity to the mem-
brane than either the K4 or E4 peptide, indicative of increased
affinity. The interaction is most prominent for R4. This peptide
went in contact with the membrane after 20 ns and stayed in con-
tact throughout the remainder of the simulation via the N–termi-
nus of the arginine residue. R1.1 behaves slightly differently. It
approaches the surface approximately after 15 ns and binds via
the N–terminus of arginine; however, its minimum distance fluc-
tuates much more than R4 (which is within 0.5 nm after 20 ns)
but never exceeds 1 nm. In order to exclude any artefact originat-
ing from the initial position of the peptide, 3 independent simula-
tions were performed with different orientations of the peptide,
and all results show very similar trends. Interestingly, R1.4 shows
different behaviour than the other peptides. After 40 ns it becomes
bound to the membrane, but some peaks arise, showing that the
peptide moves away from the membrane, and then makes contact
again. Despite the presence of the two relatively large peaks at 10
and 70 ns (minimum distance of approximately 1 and 2 nm), the
R1.4 is in closer contact with the membrane than R1.1. These find-
ings suggest that greater number of arginines in the peptide pro-
motes peptide–membrane interactions. The membrane affinity
appears largest for R4, followed by R1.1 and R1.4.
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3.2. Hydrogen bond analysis of membrane–peptide complexes

To complement the minimum distance analysis, which offers
only qualitative impression of the affinity of the various peptides
for the membrane and is too coarse to identify slight differences
in affinity, we turned to hydrogen bond analysis. The number of
hydrogen bonds between the peptides and lipid molecules was cal-
culated throughout the whole trajectory (Fig. 3). The curves clearly
show that for non-interacting peptides K4 and E4, the number of
hydrogen bonds is either 0 or randomly fluctuates. However, in
the case of R4, it gradually increases up to 50 ns and fluctuates
around 9 for the whole simulation. R1.1 fluctuates in the first
60 ns then drops, followed by an increase again and fluctuates
around 10 from 85 ns. R1.4 shows more hydrogen bonds than K4

and E4, but less than R4 and R1.1. Furthermore, we calculated the
hydrogen bond lifetimes for R peptides based on continuous
hydrogen bond autocorrelation functions described by van der
Spoel et al. [55] We calculated the values for the last 50 ns of the
simulation. The values for all systems are collected in Table 3.
The results show longer lifetime for R4 than for R1.1 and R1.4, which
are comparable. Note that the small relaxation time values are due
to the application of continuous hydrogen bonds, which means
that when a hydrogen bond breaks up and reforms it does not
count as a single hydrogen bond. To elucidate which residues are
responsible for the membrane binding with interacting peptides,
we calculated the contribution of each residue to the total number
of hydrogen bonds. As presented in Fig. 3B–D, B–D, arginine resi-
dues are responsible for almost all hydrogen bonds between the
peptide and the membrane in all cases. The hydrogen bonds
formed by the arginine between R4, R1.1 and R1.4 display the same
trend as the total hydrogen bond values seen in Fig. 3A. However,
the incline of the curves are different. R4 increases gradually until
approximately 65 ns, while R1.1 sharply increases from 10 ns. R1.4

shows a peak at 80 ns and a slight decrease. The fluctuations of
the values are due to hydrogen bonds being identified according
Fig. 3. Number of hydrogen bonds of A: peptides with lipid molecules, B:

4

to geometrical parameters; namely, the donor–acceptor distance
must be less than 0.35 nm and the hydrogen–donor–acceptor
angle must be smaller than 30o [56]. Since the peptide is dynami-
cally moving and not a stiff molecule, the geometrical require-
ments are not always fulfilled, but the trend is apparent. The
hydrogen bond analysis supports our conclusions based on the
minimum distances. The above results suggest that arginine plays
important role in membrane binding in two ways. Firstly, it
appears that it is important that the N–terminus of the peptide
be arginine (R4 and R1.1) and not lysine residue (R1.4) to initiate
peptide binding on the membrane. Secondly, the more arginines
present in the sequence, the stronger membrane affinity the pep-
tide will likely have.

3.3. Effect of membrane binding on peptide conformation

Membrane induced structural changes are common to many
membrane interacting peptides. To reveal any conformational
changes of membrane interacting peptides, we calculated the
Ramachandran plot of the peptides (ESI Fig. S2). For R4 it can be
seen that the vast majority of the structure is right-handed a-
helical, and only two residues close to the C–terminus adopted a
different structure upon interaction with the membrane. In the
case of R1.1 the effects are similar. However, in the case of R1.4,
changes are more significant and both N– and C–terminus are
affected. The core of R1.4 peptide remains intact, however b-
sheet-like and left-handed a-helical structural elements occur
within the peptide. These results show that membrane binding
does not influence significantly the secondary structure of the
studied peptides.

3.4. Effect of interaction on lipid ordering

To gain insight into the changes in bilayer structure caused by
the peptide, we calculated the lipid thickness throughout the
residues of R4, C: residues of R1.1 and D: residues of R1.4 with lipids.
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whole simulation. We also simulated a bilayer with the same com-
position without the peptide as a reference. In all simulations, the
membrane thickness stays intact in the presence of the peptide at
between 4.5 and 5 nm. To reveal any change to the ordering of
lipids we calculated the deuterium order parameters (Scd) [57–
60] for sn-1 and sn-2 chains of DOPE and DOPC separately. The
Scd is the measure of the restriction of C–H bond vectors in the
lipid tail, and it describes the ordering of hydrocarbon chains.
Scd is defined by the orientation of all C–H bond vectors with
respect to the bilayer normal and averaged over the lipids and over
the time. Scd can be defined as

Scd ¼ h3 cos2 h� 1i
2

ð1Þ

where h is the angle between the C–H bond vector and bilayer nor-
mal, while the angular brackets stands for molecular and temporal
ensemble average [59].

The Scd was calculated and averaged for the last 50 ns second of
the simulation, where the interaction could be observed. Since we
do not expect the peptide to change the lipids’ ordering through
the whole membrane, we split the lipid molecules into two groups.
Those lipids within 1.5 nm cut-off distance from the peptide (any
atoms of the two molecules are within 1.5 nm) are considered
binding lipids. Those lipids out of the cut-off distance are consid-
ered non-binding lipids. The ordering of both DOPE and DOPC
lipids close to the surrounding of R4 appear to be affected by the
peptide interaction (Fig. 4). In all cases, the change of Scd value
of carbon 1 to 6 is more significant, which is closer to the head-
group, thus to the interaction site of the lipids. In the case of R1.1,
the change in Scd values are more significant, showing that the
R1.1 has a greater influence on lipid packing. The Scd values for
R1.4 resemble that of R4; however, the changes are more significant
in this case of DOPE for carbons 11–16. Our results suggest that
even tough the lipid–peptide interaction does not affect the bilayer
globally, it causes local fluctuation in the membrane close to the
peptide. R1.1 could be more membrane intrusive by snorkeling
the arginine on the N–terminus into the lipid bilayer, while R4

would not exhibit such snorkeling behaviour due to the spread of
arginine moieties across the membrane. Thus, the peptide is more
likely to remain parallel to the lipid membrane.
3.5. Effect of interaction on membrane curvature

The desired effect of SNARE peptides on phospholipid bilayers is
the enhanced curvature to initiate membrane fusion; thus, it is
essential to predict whether peptides influence membrane curva-
ture. Coarse-grained molecular dynamics simulations are more
suited to investigate membrane curvature than all-atomistic simu-
lations since the curvature change is more pronounced in extended
membranes, which requires much longer computational times.
Consequently, we performed coarse-grained simulations of mem-
brane–peptide systems, which are shown to have interactions by
all-atomistic simulations. We performed the simulations in Martini
force field, which uses a so-called ’four-to-one’ mapping, which
means that one bead replaces four heavy (not hydrogen) atoms.
As a reference, we set up a simulation of the membrane without
peptide with 294 DOPE, 588 DOPC and 294 cholesterol molecules
and performed MD simulations for 300 ns. For the simulated sys-
tems, we calculated the mean average curvature (H) (Fig. 5). The
mean membrane curvature of the membrane in the absence of
peptides is homogeneous across the whole membrane; however,
R4 and R11 cause significant fluctuations in the membrane. R1.4 only
slightly affects the mean curvature. These results support our con-
clusions regarding binding affinity based on the all-atomistic
simulations.
5

3.6. Probability of forming coiled–coil complex

For the designed peptides it is critical that they can form coiled-
coil complex with the E peptide. Therefore, we investigated the
probability of R4, R1.1 and R1.4 forming CC complex with opposing
E peptide and evaluated their intermolecular interactions. The sim-
ulation suggested attractive interaction between peptides in all
cases (Fig. 6B, C, D). The hydrogen bond analysis of the whole tra-
jectory shows that all of the R peptides form hydrogen bond with
E4 in slightly different extent. Hydrogen bond lifetimes (Table 3)
shows that R1.4 forms more stable hydrogen bonds with E4 than
R4 and R1.1. At the end of the simulations, hydrogen bonds were
detected with the same geometrical parameters as above (Table 2).
Similarly to K4, R4 forms the expected parallel CC complex. The
analysis shows that arginine residues of R4 forms hydrogen bonds
with the glutamine, alanine and leucine of E4. It is also apparent
from the snapshots that R4 (dark blue) undergoes reasonable con-
formational change close to C–terminus upon complexation. Simi-
larly, with peptide–membrane interaction, for more precise
analysis of the conformational transition, the Ramachandran plot
was calculated (ESI Fig. S3). It shows that R4 residues 21–26
(GLU21, ARG22, ILE23, ALA24, ALA25, LEU26) transform from a-
helical to probably right-twisted b-sheets. Whereas R1.1, does form
parallel CC complex with no significant changes to a-helix struc-
tures. However, there is a shift in expected CC conformation and
the N–terminus of R1.1 is located midway of the E peptide. As it
is suggested by the Ramachandran plot (ESI Fig. S3) R1.1 undergoes
conformational change approximately at the same extent as R4 but
the E4 conformational transformation is more pronounced both
close to N– and C–terminus. In this case to obtain stable structure,
70 ns simulation was necessary. Finally, between R1.4 and E4, the
lysine residues are responsible for the hydrogen bonds, while glu-
tamic acid, alanine and lysine take part in the interaction from E4
side. The conformational change of peptides is not significant
(ESI Fig. S3). In that case, the peptides in the CC are more parallel
than R1.1 and E4 form complex more resembling R4–E4 structure.

We conclude that the multiple binding capability of arginine
results in a competition between the two binding sites, while the
hydrogen bond formed with the participation of lysine (which
can form only one hydrogen bond) is more intact. Consequently,
the incorporation of arginine into our peptide sequences may
increase peptide–membrane interactions but could decrease CC
formation.

3.7. Probability of forming coiled–coil complex on the membrane

As final evaluation for arginine modified peptides to be useful as
fusogens, we investigated the affinity for the modified peptides to
form CC complex also when bound to the membrane. We started
the simulations from the last frame of R4, R1.1 and R1.4 from our
peptide–membrane simulation and inserted E4 (red) randomly into
the box (ESI Fig. S4). At the beginning of the simulation the E4
moves randomly in the simulation box for each run. By 50 ns E4
interacts with R4 and remains close the R4 which is bonded to
the membrane. R4 stays in the membrane surface throughout the
whole simulation. In the case of R1.1 the E4 moves independently
of R1.1–membrane complex, however by the end of the 100 ns it
also interacts with R1.1 which remains on the surface. In the R1.4–
E4–membrane system, R1.4 is not completely stuck to the surface,
moves more independently and does not appear to form CC
complex.

To get deeper insight to the affinity of the arginine variations to
the membrane surface and to E4 we performed hydrogen bond
analysis (Fig. 7). As it can be seen in Fig. 7A R4 forms significantly
more hydrogen bonds with the membrane than with E4. Further-
more the number of hydrogen bonds between R4 and the mem-



Fig. 4. Deuterium order parameter (Scd) of (A, C, E): DOPE and (B, D, F): DOPC acyl chains in the presence of (A, B): R4, (C, D): R1.1 and (E, F): R1.4.
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brane remains a large number. Between E4 and the membrane
there is no observed hydrogen bonds. In the case of E4–R1.1–mem-
brane system (Fig. 7B) similar trends can be observed, however the
number of hydrogen bonds between R1.1 and the membrane signif-
icantly decreases. In the case of E4–R1.4–membrane system
(Fig. 7C) significant affinity of the peptide to the membrane cannot
be observed which is in agreement with our previous findings.
Hydrogen bond lifetimes (Table 3) show the same trends.

We also performed hydrogen bond analysis on the last frame to
identify the residues responsible for the interaction. Our results
show that R4 forms hydrogen bond with the membrane surface
via residues ARG1, ILE2, ALA3, ARG6, ARG8 and ARG15. It appears
that the N–terminus has greater affinity with lipid membrane, and
this allows R4 to form hydrogen bonds at residues ARG13 and
6

ARG27 with E4 at GLU6 and GLU20 residues. After binding to E4,
slight changes to R4–membrane occur where R4 forms hydrogen
bond with the membrane surface via ARG1, LEU5, ARG6, ARG8
and ARG25. This shows that the preformed hydrogen bonds
between R4 and the membrane surface are not broken by the inter-
action with E4, but it forms hydrogen bond with arginines of R4

which are not involved in surface binding. For R1.1, ARG1, ALA4
and ARG6 forms hydrogen bond with the membrane before the
interaction with E4. After the simulation ARG1 and LEU5 from R4

forms hydrogen bond with the membrane, and LYS13 and LYS20
from R4 interact with the GLU20 and GLU15 residues of E4, respec-
tively. This shows that the E4 does not remove R1.1 completely from
the membrane, however R1.1 is capable of releasing partially from
the phospholipid surface while interacting with E4. Additionally,



Fig. 5. Mean curvature of A: membrane without peptide, membrane with C: R4, E: R1.1 and G: R1.4. (B, D, F, H): arbitrary chosen snapshots of system A, C, D and E respectively.
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what is interesting from R1.1–E4–membrane interaction, is that the
CC complex between R1.1–E4 is no longer shifted comparing to CC
in the absence of membrane, and is closer to the expected parallel
CC structure. This could be due to the fact of ARG1 moiety interact-
7

ing with lipid membrane and not available for binding to two glu-
tamic acid residues. Finally, R1.4 does not form hydrogen bond with
the membrane and there is only 1 hydrogen bond between R1.4 and



Fig. 6. A: Number of hydrogen bonds of R4, R1.1, R1.4 with E4. Hydrogen bonds between B: R4 and E4, C: R1.1 and E4 and D: R1.4 and E4.

Table 2
Hydrogen bonds between R4 and E4 and R1.1 and E4.

R4 – E4 R1.1 – E4 R1.4 – E4

ARG1–GLU27 ARG1–GLU8 LYS1–GLU8
ARG1–ALA24 ARG1–GLU15 LYS6–GLU15
ARG20–GLU8 ARG6–GLU22 LYS13–GLU22
ARG22–LEU19 ARG6–GLU22 LYS20–ALA24
ARG22–GLU21 ARG6–GLU22 LYS20–LYS28
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E4 after the simulation which cannot be considered as a significant
manifestation of interaction.

Since the peptides can only be suitable fusogen if persists their
capability of forming coiled-coil complex when bound to the mem-
brane, we can conclude that R1.4 is not suitable as fusogen but in
the same time R4 and R1.1 are potential candidates for further
experimental investigations. R4 bonds on the surface of the mem-
brane in an irreversible manner but still capable of forming coiled-
coil complex with the partner E4 peptide. R1.1 has less strong bind-
ing affinity to the membrane due to the fewer arginines in its
sequence, but the peptide–membrane interaction is sustained
upon forming coiled-coil complex with E4.
4. Conclusion

The understanding of interaction of SNARE peptides with phos-
pholipid membranes is crucial in order to better understand the
8

indication of membrane fusion processes. To understand the effect
of insertion of dehydrating amino acids into the SNARE peptide
sequence, we investigated the binding affinity of arginine modified
K peptides to be used as fusogens with all-atomic and coarse-
grained molecular dynamics simulation. We found that introduc-
ing arginine into SNARE peptide sequences can enhance the bind-
ing affinity to the membrane via hydrogen bonds and the
incorporation of arginine residues into the N–terminal position is
influential in binding to the surface of the membrane. Beside bind-
ing to the membrane, arginine modified SNARE peptides are cap-
able of forming coiled-coil complex with the appropriate partner
peptide which is an important step in the fusion mechanism.

In summary, arginine modified SNARE peptides are potentially
applicable for further in silico and experimental investigations,
enhancing the detailed understanding of fusion processes. Therefore,
in future studies, we will conduct further simulations with more
emphasis on lipid clustering caused by the peptide and we will be syn-
thesizing and exploring fusion assays of a library of peptides with
arginines incorporated in their sequence and validate the peptide–
membrane interactions predicted in the simulations by scattering
and microscopic techniques.
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Fig. 7. Number of hydrogen bonds between peptide–peptide and peptides–membrane for A: R4–E4–membrane, B: R1.1–E4–membrane and C: R1.4–E4–membrane system.

Table 3
Hydrogen bond lifetime of all systems.

System name Hydrogen bond lifetime/ ps

R4–membrane 9.143
R1.1–membrane 2.246
R1.4–membrane 3.063
R4–E4 2.526
R1.1–E4 2.812
R1.4–E4 7.310
R4–E4 in R4–E4–membrane 10.361
R4–membrane in R4–E4–membrane 7.573
E4–membrane in R4–E4–membrane 2.892
R1.1–E4 in R1.1–E4–membrane 11.572
R1.1–membrane in R1.1–E4–membrane 6.501
E4–membrane in R1.1–E4–membrane 2.280
R1.4–E4 in R1.4–E4–membrane 4.745
R1.4–membrane in R1.4–E4–membrane 2.005
E4–membrane in R1.4–E4–membrane 1.703
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