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Abstract: We conduct molecular dynamics simulations of model heterogeneous membranes and
their interactions with a 24-amino acid peptide —NAF-14-¢7. NAF-1%- is an anticancer peptide that
selectively permeates and kills malignant cells; it does not permeate normal cells. We examine three
membranes with different binary mixtures of lipids, DOPC-DOPA, DOPC-DOPS, and DOPC-
DOPE, with a single peptide embedded in each as models for the diversity of biological membranes.
We illustrate that the peptide organization in the membrane depends on the types of nearby phos-
pholipids and is influenced by the charge and size of the head groups. The present study sheds light
on early events of permeation and the mechanisms by which an amphiphilic peptide crosses from
an aqueous solution to a hydrophobic membrane. Understanding the translocation mechanism is
likely to help the design of new permeants.

Keywords: heterogeneous membranes; anticancer peptide; molecular dynamics simulations;
cell-penetrating peptide

1. Introduction

Biological membranes are thin bilayers with a width of ~40 A that separate external
solutions from the interior of cells. Further, they partition the cellular medium into com-
partments. They are highly heterogeneous and consist of many types of phospholipids,
numerous protein components, and other embedded molecules, such as cholesterols. This
heterogeneity is necessary for their function, and it extends beyond the molecular scale.
The membrane adapts mesoscopic curvatures and shapes and responds to environmental
changes. The rich behavior of these multiscale bilayers makes them fascinating systems
to study experimentally and theoretically. Computational studies at multiple scales use
atomistic and coarse-grained models [1-5] and continuum theory [6-9].

The spatial and temporal complexity of bio-membranes is a significant computa-
tional challenge. Not only are these systems large and include, in typical simulations, tens
to hundreds of thousands of particles, but the equilibration times of their diverse compo-
nents can be exceptionally long. Experimentally, estimates of time scales for forming het-
erogeneous microdomains in membranes (so-called rafts [10,11]) vary from microseconds
to seconds. Because of their complexity, atomically detailed simulations, which provide
comprehensive information on solvent, solutes, and their interactions with membranes,
are hard to converge. Algorithms that mix Monte Carlo (MC) moves with straightforward
molecular dynamics (MD) simulations [12] improve the convergence considerably (e.g.,
Molecular Dynamics with Alchemical Steps (MDAS) [13]), but they are limited to mem-
branes with similar components and small modifications of the hydrocarbon chains. MC
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moves are less successful when the phospholipid head groups are modified. The algo-
rithms that mix MD and MC steps are more general for coarse-grained models in which
the differences between the phospholipids are reduced [14]. However, the computational
gain of the coarse-grained simulations compared to atomically detailed calculations with
MDAS is moderate and about a factor of three.

In the present manuscript, we study in atomistic details, using MD simulations, three
heterogeneous membranes. Each membrane has two types of phospholipids and a pep-
tide embedded in it (Figure 1). The membranes are mixtures of (1) DOPC and DOPS, (2)
DOPC and DOPA, and (3) DOPC and DOPE. The full names of the phospholipids are
provided in Figure 1. The selection of the phospholipids leads to membrane heterogeneity
that is strictly in the head groups, while the hydrocarbon chains are the same. Applying
the combined MD and MC approach, which is most effective for rapidly mixing hydro-
carbon chains, is therefore difficult. As a result, we conduct only straightforward MD sim-
ulations, and our sampling is limited. Nevertheless, we can use the MD calculations to
learn about the differences between the membranes and their interactions with a perme-
ating peptide, at least on the microsecond time scale.

o)
R=CH,CH,N(CHz3)s*  (DOPC)

g
WMO R O/F_\OR R=CHQCH2NH3+ ) (DOPE)
L OH O R=CH,CH(NH;*)COO™ (DOPS)
/\/\/\/\_/\/\/\/\“/ Rt (DOPA)

)

Figure 1. Top: The phospholipids used in the simulations. DOPC—1,2-Dioleoyl-sn-glycero-3-phos-
phocholine, DOPE—1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine, DOPA —1,2-Dioleoyl-sn-
glycero-3-phosphate, DOPS—1,2-Dioleoyl-sn-glycero-3-phosphoserine. Bottom: Ribbon presenta-
tion of the backbone of the NAF-14-¢7 peptide. The N terminus is on the right. The positively charged
residues (lysine and arginine) are shown in blue, non-polar residues in orange, and neutral polar
residues (tyrosine and glutamine) in green. The N-terminus side of the peptide tends to be helical
when embedded in the membrane.

Membranes of a single or a few phospholipid components have been investigated
extensively using straightforward MD [15-19]. However, exploring alternative membrane
compositions and their interaction with anticancer peptides is new. We focus on the inter-
action of the peptide NAF-14-¢7 [20-23] with different binary mixtures of the above phos-
pholipids. NAF-1#4¢ is a peptide of 24 amino acids in length
(FLGVLALLGYLAVRPFLPKKKQQK). It is positively charged (+5), and its N terminal
segment is hydrophobic. It permeates and kills cancer cells; in contrast, it does not perme-
ate or affect normal cells [22]. Therefore, NAF-14-¢7 is an anticancer agent of considerable
biomedical interest. It belongs to a large class of molecules called cell-penetrating peptides
(CPP). However, as discussed below, it is unique in its origin and physical interactions
with the membrane.

Hundreds of CPPs have been reported with varying properties and significance [24].
Some peptides are highly charged, such as the TAT peptide (+8), and are likely to be
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unstructured [25]. However, other peptides can have a partial secondary structure, fre-
quently a helix. The helix in this class is amphiphilic, supporting the permeation into bio-
logical membranes. The insertion exposes the hydrophilic residues to the aqueous solu-
tion and the hydrophobic residues to the lipid environment of the membrane interior [26].
A permeation mechanism in which the helix orients itself parallel to the membrane plane
is typical in antibacterial peptides [26].

NAF-14-¢7 is different from these two common classes. It is a fragment of a stable
transmembrane protein that resides in mitochondria [22]. The first eleven residues form
an entirely hydrophobic helix. This observation is not surprising for a peptide derived
from a transmembrane protein but, to our knowledge, is rare in a CPP. Several CPPs are
known to have a leading hydrophobic sequence followed by a charged C terminal seg-
ment. These peptides are obtained by covalently attaching hydrophobic residues to a
charged peptide to make it soluble in membranes and aqueous solutions.

An example of an amphiphilic CPP is MPG (GLAFLGAAGSTMGAWSQPKKKRKYV)
[27]. A secondary structure predictor (PROTEUS [28])) suggests that the entire MPG se-
quence is unstructured. In contrast, the same server predicts the N terminus segment of
NAF-14-¢7 to be helical. The combined distinctive origin, sequence, and secondary struc-
ture make NAF-14-¢7 a unique CPP.

In the full NAF-1 protein, the hydrophobic helix is found inside the membrane with
negligible exposure to solvent. The remainder of the peptide is soluble and highly charged
(+5). The unexpected observation about NAF-14-¢ is not that it permeates membranes,
given its origin. Instead, it is that it selectively permeates into cancer cells but does not
permeate to the plasma membrane of normal cells. We believe that since it is a fragment
of a transmembrane protein, understanding the permeation mechanism of the peptide
may shed light on another and not less complex question of the insertion of transmem-
brane proteins.

Given the high complexity of membranes of living cells, the study of simplified
model systems that capture essential differences between the membranes is warranted.
The outer layers of plasma membranes of cancer cells are enriched with negatively
charged phospholipids compared to the plasma membranes of normal cells [29-31]. It is
therefore interesting to examine simplified heterogeneous membranes that differ in their
charges. The types of phospholipids that we examined include neutral molecules (DOPC
and DOPE) and negatively charged head groups (DOPS and DOPA). The comparisons of
peptide interactions with different phospholipid mixtures elucidate the molecular mech-
anism of permeation selectivity. In the process, we also examine the organization, stabil-
ity, and fluidity of each of the membranes.

The permeation of the anticancer peptide NAF-14-¢7 into malignant cells but not to
normal cells [22] raises the question of membrane selectivity. What is the phospholipid
composition that supports translocation across cancer but not normal membranes? In ref-
erence [22], we argued that the positively charged NAF-14-¢7 peptide is attracted to the
more negative cancer membrane. However, biological membranes are complex and in-
clude many components. It can be challenging to pinpoint a single factor of selectivity. It
is therefore of interest to examine simpler compositions and check if, for example, the
membrane’s charge has a dominant effect on binding and permeation. Another suggestive
factor to examine is the size of the phospholipid heads, which may also affect permeabil-
ity. We probe simple binary mixtures of charged and neutral phospholipids (e.g., DOPS
and DOPC) to mimic the plasma membranes of malignant cells. We also simulate mixtures
of neutral phospholipids (e.g., DOPC and DOPE) to model membranes of normal cells.
Finally, we looked at charged phospholipids with a small head group (DOPA). We expect
that the results of the current simulations will shed light on the operation of more complex
biological membranes.
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2. Methods

The three membrane mixtures: DOPC-DOPS, DOPC-DOPA, and DOPC-DOPE
were prepared with the CHARMM-GUI Membrane Builder online tool [32,33] with a mo-
lar composition of 4:1. The membrane models contain a total of 160 phospholipids and
both the upper layer and lower layer have the same lipid molar composition.

A model structure for the NAF-14-¢7, which we built in previous work [23], was in-
serted in the water region above the upper layer of the membrane. The system was solv-
ated with TIP3P water molecules, and potassium and chloride ions were added to the
solution giving a concentration of 150 mM.

All molecular simulations were performed with Gromacs (v.2019.4) [34] using the
CHARMM 36 all-atom force field [35] and the CHARMM TIP3P water model [36]. Peri-
odic boundary conditions were applied in all directions. The electrostatic interactions
were calculated using the particle mesh Ewald (PME) method [37] with a real space cut-
off of 1.2 nm and a mesh size of 0.12 nm. For the van der Waals interaction, a cut-off dis-
tance of 1.2 nm was used, and a switching term was added so the force smoothly decayed
to zero from 1.0 to 1.2 nm. The systems were first energy-minimized using a steepest de-
scent algorithm. After minimization, the systems were equilibrated for 375 ps using the
default CHARMM membrane builder protocol, in which restraints of different molecular
parts of the membrane system are gradually relaxed. Production simulations were run at
the NPT ensemble with a Nosé-Hoover thermostat [38,39] at 323 K and a semi-isotropic
Parrinello-Rahman barostat [40] at 1 bar. A time step of 2 fs was used for production runs.
The SETTLE [41] and LINCS [42] algorithms constrained the water molecules and the
bonds involving hydrogen atoms, respectively. Production runs were conducted for 3 us,
and the final 2 ps of the trajectories were used for analysis. These time scales are suffi-
ciently long such that stable differences between the membranes can be detected. The time
scales are not long enough to probe translocation of the peptide across the membrane,
which can exceed seconds [23], but initial insertion to the upper layer of the membrane
can be observed for all systems. To perform the analysis, we used Gromacs analysis tools
[43] and Plumed [44]. For molecular visualization, we used VMD [45] and Chimera [46].

3. Results and Discussion
3.1. The Phospholipids

In Figure 2, we show the distance correlation functions of the centers of mass of the
head groups of the different phospholipids. We report the correlations separately for the
upper and lower layers. The lower layer correlations are shown in dashed lines, while the
upper layers are in solid lines. We show them both since the peptide is inserted to the
upper layer, which makes the layers’ compositions asymmetric. Comparing the correla-
tions in both layers provides information on the impact of NAF-14-¢7 on the structure of
the phospholipids. All correlations flattened out near 1.5 nm, illustrating their limited
reach and the insensitivity of the distance range to the lipid composition or to the presence
of the peptide.
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Figure 2. Radial distribution functions in the membrane plane of the phospholipid head groups in
the three mixtures: panel (A) is for the membrane mixture of DOPC and DOPS, panel (B) is for
DOPC-DOPA, and panel (C) is for DOPC-DOPE. The solid lines show the distributions at the upper
layer of the membrane in which the peptide NAF-1#- is embedded and the dashed lines show the
distributions at the lower layer. DOPS tends to attract other DOPS molecules. In contrast, DOPA
molecules tend to repel each other. For clarity, the error bars (obtained by dividing the trajectory
into two blocks) are only shown for the autocorrelations of DOPS, DOPA, and DOPE. The errors of
the other correlations (not shown) are smaller.

The upper and lower layers have similar pair correlation functions at short distances,
suggesting that the peptide perturbation to the overall interactions between the
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phospholipids is small. The only exception to this observation is the stronger correlation
of DOPS-DOPS at the upper layer of the membrane. The largest errors in the pair corre-
lation functions are ~0.1, suggesting that the differences between the upper and lower
layers of DOPS-DOPS correlations are significant. The error bars were computed by di-
viding each of the 2 ps trajectories into two 1 ps trajectories and estimating the average
and the errors from halves.

The phospholipids we examine differ in their overall charge and size of the head
groups. Consider the uncharged phospholipids, DOPC and DOPE. The phospholipid
DOPC is the major component in all membrane mixtures. Its distance distributions are
roughly the same, regardless of the type of the other lipid or the presence of the peptide
(Figure 2). The heights of DOPC first peaks are ~1.2 in the three panels. DOPE, the other
neutral phospholipid, shows a more variable structure and has a higher first peak than
that of DOPC in the presence of the peptide (~1.4, solid green line, Figure 2C). In the ab-
sence of the peptide, the first peak of DOPE is slightly reduced to ~1.2, the same height as
that of DOPC. The smaller polar head of DOPE (NHs*) carries a higher charge density and
is influenced by the charged peptide more than DOPC (N(CHs)s*) with a lower charge
density (Figure 1). As a rule of thumb, a smaller head group implies stronger short-range
interactions between the polar entities, which can be either attractive or repulsive. In the
case of DOPE, it is attractive and leads to a higher first peak.

The correlation functions of the charged phospholipids are more complex. The self-
correlations of DOPS and DOPA display opposite behaviors. The height of the first peak
of DOPS-DOPS is close to 1.5 in the upper layer, indicating enrichment of DOPS in the
neighborhood of the peptide. In contrast, DOPA distance correlations shows significant
depletion at shorter distances with a peak height of about 0.9-1.0. This is perhaps not sur-
prising given that the head groups that carry the same electric charges repel each other.
However, it is less intuitive considering that DOPS-DOPS attract each other. The smaller
head group of DOPA emphasizes direct interactions (in this case electrostatic repulsion),
which lead to a reduction in short-range pairs compared to bulk. DOPS-DOPS charge
repulsion is reduced by the bulkier head group and the pair is more comfortable in the
presence of the positively charged peptide (Figure 2, panel A).

Another measure of the phospholipid structures is provided by the order parameter
Sco; Scp = %(3 cos?(8) — 1) where the bracket (---) denotes ensemble averaging and the

angle 6 is between the C-D (in our case, C-H) bonds and the normal to the membrane.
Perhaps the most remarkable observation from Figure 3 is the insensitivity of the order
parameter to the phospholipid identity, at least on average. The phospholipids differ in
their head groups but not in their tails, which partially explains these observations. The
last differences do not seem to impact the orientational ordering of the hydrocarbon
chains. The similarity of the plots between the upper and lower layers also demonstrates
that the presence of the peptide NAF-14-¢7 in the upper layer does not significantly impact
the order parameters of the acyl chains.
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Figure 3. Deuterium order parameters for the lipid tails for the lower layers (A-D) and the upper
layers of the membranes (E-H): (A,E) for the sn1 acyl chain of DOPC; (B,F) for the sn1 of the smaller
component in the mixture; (C,G) for the sn2 acyl chain of DOPC; (D,H) for the sn2 chain of the lower
component. Note the small differences between membranes of alternate mixtures. Note also that the
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upper layer (with the peptide) is slightly more ordered. The error bars are about the width of the
lines in the plots and are not shown explicitly.

3.2. The Peptide and the Phospholipids

In Figure 4, we show the distance of the alpha carbon of the first residue of the pep-
tide (F1) from the center of the membrane. The first half of the peptide is primarily hydro-
phobic (Figure 1), permeating early into the membrane. The least significant permeation
is to the uncharged membrane (DOPC-DOPE), presumably due to the resistance of the
positively charged residues of the C terminus of the peptide to approach the hydrophobic
core of the membrane. The zwitterionic phospholipids DOPC and DOPE are neutral,
while DOPS and DOPA are negatively charged, reducing the impact of the peptide
charges.

Figure 4. The distribution of the distances of the Cax of F1 from the membrane center. The N terminus
segment of the peptide is in the hydrophobic region of the membrane for the two mixtures contain-
ing the negatively charged lipids (DOPS and DOPA). In contrast, the peak of the Ca distribution for
DOPE-DOPC is just below the average phosphate location in the membrane (~1.8 nm). Error bars
are obtained by dividing the trajectory data into two blocks.

The difference between the permeation to the mixed membranes of DOPC-DOPA
and DOPC-DOPS is relatively small. Hence, the headgroup charges significantly impact
permeation even in the relatively short time scale of the simulations (ps). This observation
about the impact of charges is similar to the assumed difference in NAF-1%-67 permeation
to normal and malignant cells [22].

Further analysis of the interactions of the peptide with charged and uncharged phos-
pholipids is provided in Figure 5. We show the distributions of the lateral distances be-
tween the head groups of the phospholipids and the center of masses of the N and C ter-
minal segments of the NAF-14-7 (residues 1 to 11 for the N terminus and residues 12 to
24 for the C terminus). In panels C and F, we illustrate that the neutral phospholipids do
not form significant structure near the peptide. Excluded volume prevents the peptide
and the DOPC or DOPE molecules from approaching closer than ~0.5 nm. However, be-
yond the excluded volume, the distributions are flat, indicating a lack of long-range cor-
relation.
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Figure 5. Radial distribution functions in the x—y plane of the membrane for the distances between
NAF-14-¢7 and the headgroups of the lipids in the three membrane mixtures. Panels (A-C) show the
pair correlation functions of the phospholipid heads with the N terminus of the NAF-14-¢7 peptide
(residues 1 to 11) and panels (D-F) with the C terminus of the peptide (residues 12 to 24). Note the
significant first peak in the distributions of the proximate DOPA, both to the C and N terminus. In
contrast, DOPS’s proximate presence is large only near the C terminus of NAF-14-%7. Note also that
the C terminal can be off the membrane plane; therefore, the distances may not reach zero (e.g.,
panel D). Error bars are obtained by dividing the trajectory data into two blocks.

More structure is observed in panel A, in which the charged phospholipid DOPS is
closer to the peptide than the neutral DOPC. Significant first-neighbor peaks are shown
in panels B, D, and E. The presence of charged phospholipids, DOPA, and DOPS is signif-
icantly enriched near the peptide compared to the bulk distribution. The phospholipid
with the smaller head, DOPA, is found more frequently close to the N and the C termini.
DOPS has a larger head, and its presence is significantly enriched compared to the bulk
distribution near the C terminus. The C terminal segment carries the peptide charges.
Hence, the specific rearrangements of the membranes’ phospholipids near NAF-14-¢7 are
a significant deviation from a uniform flat (bulk) distribution. The organization near the
peptide can be considered a microdomain enriched with charged phospholipids such as
DOPA or DOPS. It can be classified, perhaps, as an example of a small raft [47].

In Figure 6, we display molecular dynamics snapshots of the peptide embedded in
the membranes. For clarity, the water molecules and solvating ions are not shown. The
charges of the peptide (red spheres) remain close to the membrane surface. As we indi-
cated in our previous studies [23,48-50], significant membrane distortions are required to
allow the charges to pass the hydrophobic core and to switch to the other side of the mem-
brane. These events did not occur in the relatively short simulations we conducted here.
Visual inspection (Figure 6, panel B) supports the increase in the number of DOPA mole-
cules near the peptide, as suggested in Figure 5, panels B and E. Overall, the peptide re-
tains the helical structure of the N terminus throughout the simulations (Figure 7, panels
A and B) and the helix axis is parallel to the membrane surface. The hydrophobic helix is
less stable in an aqueous solution, and its retention depends on permeation to the mem-
brane. In the DOPC-DOPE membrane, the peptide permeation is less deep, and the helical
content is reduced (Figure 7, panels A and B). In contrast, DOPC-DOPS and DOPC-
DOPA, both charged membranes, are more successful in preserving the helical segment.
Figure 7A,B shows that the helix is best retained in the DOPC-DOPS mixture. This is
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perhaps due to the amphiphilic peptide. The hydrophobic part is well solvated in the lipid
and the hydrophilic part in an aqueous solution. The binary mixture of DOPC-DOPS suc-
cessfully separates the two segments (Figure 7, panel C), leading to efficient initial perme-
ation.

Figure 6. Top and side view configurations of NAF-14- peptide inserted into the membrane sys-
tems: (A) DOPC-DOPS; (B) DOPC-DOPA; (C) DOPC-DOPE. In all the images, the DOPC
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molecules are shown in blue and the other lipid is in orange. Green ribbons are used to show NAF-
1467 with the positive charges of the lysine and arginine residues shown with red van der Waals
spheres. Water molecules are not shown but are included in the simulations. For clarity, the top
views show the lipids only in the upper layer of the membranes.

Figure 7. (A): The probability density for the number of residues in a helical state for NAF14-¢ for
the three different membrane mixtures. The highest content of helical residues is for the DOPC-
DOPS membrane. The smallest helical content is in the membrane mixture of DOPC-DOPE as is
also observed in Figure 6. Error bars are obtained by dividing the trajectory data into two blocks.
(B) Changes in the helical content of NAF14-¢’ for the last 2 us of the trajectories for the three mem-
brane systems. The helical N terminus is inserted in the hydrophobic region of the membrane for
the DOPC-DOPA and DOPC-DOPS systems, but not for the DOPC-DOPE membrane (see Figure
4). (C) The distance between the center of mass of the C terminal and the N terminal segments of
the peptide as a function of time in the three membranes. This distance provides a measure of the
peptide compactness.

Membranes are highly viscous fluids with strong interactions between their compo-
nents and significant dynamic and static correlations. The findings of the formation of
spatial and temporal microdomains in membranes demonstrate those correlations
[10,11,49,51,52]. To examine correlations beyond pairs (Figure 5) we plotted distributions
of three body distances from the phospholipids to the center of mass of the peptide (Fig-
ures 8 and 9).

There are four times more DOPC molecules than other lipids in the mixtures. The
distributions, even with a lack of interactions, reflect the larger number of DOPC mole-
cules in the systems. Indeed, all the panels in Figure 8 suggest that far away from the
peptide (e.g., distances of 20 A), there is a higher probability of observing a DOPC mole-
cule than the other lipid. Moreover, the overall shape of the contour lines tends to follow
the axes and suggests a lack of correlation between the two distances from the
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phospholipids to the peptides. Since the fraction of all other lipids is the same (20 percent),
comparing the panels can further assess the attraction between the phospholipid and the
peptide and supplants Figure 5. DOPA is found mostly near the peptide, while DOPS and
DOPE are more likely to be found at larger distances.

Figure 8. Distributions of pairs of distances between different phospholipids and the NAF-14-¢7
peptide. (A) DOPA-DOPC, (B) DOPS-DOPC, (C) DOPE-DOPC. See text for more details.

In Figure 9, we show the self-correlation of the distances of DOPC from the peptide
in the three membranes. Panel (A) is for the mixture of DOPC and DOPA, panel (B) for
DOPC-DOPS, and panel (C) for DOPC-DOPE. Panels (B) and (C) are quite similar, sug-
gesting similar membrane—peptide interactions for DOPC-DOPS and DOPC-DOPE, re-
gardless of the molecular differences (i.e., DOPS is charged and DOPE is not). In contrast,
DOPA, which is charged, is enriched with DOPC in a larger area than the two other mix-
tures. This enrichment happens because DOPA is closer to the peptide (Figure 8, panel A)
Note that the correlation plots are computed in three dimensions, and binning is over two
different spherical shells, so it supplants the two-dimensional analysis of Figure 5.
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Figure 9. The self-distance correlations between the center of mass of the N-terminus of NAF-14¢7
and the center of mass of DOPC computed in three dimensions for the different lipid mixtures. The
panels are for the three membranes: (A) DOPC-DOPA, (B) DOPC-DOPS, and (C) DOPC-DOPE.

4. Conclusions

We have illustrated that alternate heterogeneous membranes interact differently with
a novel anticancer peptide. The peptide is derived from a transmembrane protein and
includes a purely hydrophobic N terminal segment and a significantly charged C termi-
nus (+5). The hydrophobic part permeates first, overcoming a head-group barrier, as we
illustrated in a recent paper [23]. Therefore, variations in the composition of the head
groups are of significant interest. We identified the strong reorganization of the phospho-
lipid distribution near the permeating peptide. The preferences can be interpreted as mi-
crodomains (or rafts) [10]. Overall, the peptide’s perturbation on the phospholipid char-
acteristic is minimal. No significant reordering of the hydrocarbon chains was observed
as probed by the Sco order parameters. Furthermore, we did not detect large-scale corre-
lations between the phospholipid molecules with or without the peptide. Hence, a rea-
sonable picture of the peptide-membrane interaction is of short-range adjustments of
phospholipid compositions near the peptide and the loss of significant correlations be-
yond the first interaction shell. In the future, it will be interesting to consider more com-
plex mixtures and other inserts to the membrane, such as cholesterol.

Based on the permeation selectivity of the different membranes, the membrane that
most resembles the plasma membranes of normal cells is DOPC-DOPE. This neutral bi-
nary membrane is the least permeable. DOPC-DOPS, which is charged, better separates
the two segments of the amphiphilic peptide and supports initial permeation; this resem-
bles the plasma membrane of cancer cells.

Author Contributions: Conceptualization, R.E.; methodology, G.A., A.E.C. and R.E.; simulations
and data analysis, G.A. and A.E.C.; writing—original draft preparation, A.E.C. and R.E.; writing—



Life 2022, 12, 1473 14 of 16

review and editing, G.A. A.E.C. and R.E. All authors have read and agreed to the published version
of the manuscript.

Funding: This paper was supported by grants from the NIH GM 11364 and BSF grant 1010094.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The Higher Education Commission of Pakistan and Syed Sikander Azam are
acknowledged for providing IRSIP opportunity to G.A. in UT Austin.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hong, C,; Tieleman, D.P.; Wang, Y. Microsecond Molecular Dynamics Simulations of Lipid Mixing. Langmuir 2014, 30, 11993
12001. https://doi.org/10.1021/1a502363b.

2. Enkavi, G; Javanainen, M.; Kulig, W.; Rog, T.; Vattulainen, I. Multiscale Simulations of Biological Membranes: The Challenge
to Understand Biological Phenomena in a Living Substance. Chem. Rev. 2019, 119, 5607-5774.
https://doi.org/10.1021/acs.chemrev.8b00538.

3. Marrink, S.J.; Monticelli, L.; Melo, M.N.; Alessandri, R.; Tieleman, D.P.; Souza, P.C.T. Two decades of Martini: Better beads,
broader scope. Wiley Interdiscip. Rev.-Comput. Mol. Sci. 2022, e1620. https://doi.org/10.1002/wcms.1620.

4. Marrink, S.J.; Corradi, V.; Souza, P.C.T.; Ingolfsson, H.I.; Tieleman, D.P.; Sansom, M.S.P. Computational Modeling of Realistic
Cell Membranes. Chem. Rev. 2019, 119, 6184-6226. https://doi.org/10.1021/acs.chemrev.8b00460.

5. Venable, RM.; Kramer, A.; Pastor, R.W. Molecular Dynamics Simulations of Membrane Permeability. Chem. Rev. 2019, 119,
5954-5997. https://doi.org/10.1021/acs.chemrev.8b00486.

6.  Brown, F.L.H. Continuum simulations of biomembrane dynamics and the importance of hydrodynamic effects. Q. Rev. Biophys.
2011, 44, 391-432. https://doi.org/10.1017/50033583511000047.

7. Ayton, G.; Voth, G.A. Bridging microscopic and mesoscopic simulations of lipid bilayers. Biophys. . 2002, 83, 3357-3370, doi:Doi
10.1016/S0006-3495(02)75336-8.

8.  Venturoli, M.; Sperotto, M.M.; Kranenburg, M.; Smit, B. Mesoscopic models of biological membranes. Phys. Rep.-Rev. Sect. Phys.
Lett. 2006, 437, 1-54. https://doi.org/10.1016/j.physrep.2006.07.006.

9.  Ramakrishnan, N.; Kumar, P.B.S.; Radhakrishnan, R. Mesoscale computational studies of membrane bilayer remodeling by
curvature-inducing proteins. Phys. Rep.-Rev. Sect. Phys. Lett. 2014, 543, 1-60. https://doi.org/10.1016/j.physrep.2014.05.001.

10. Kusumi, A; Fujiwara, T.K.; Tsunoyama, T.A.; Kasai, R.S.; Liu, A.A.; Hirosawa, K.M.; Kinoshita, M.; Matsumori, N.; Komura,
N.; Ando, H,; et al. Defining raft domains in the plasma membrane. Traffic 2020, 21, 106-137. https://doi.org/10.1111/tra.12718.

11. Nicolson, G.L.; de Mattos, G.F. Fifty Years of the Fluid-Mosaic Model of Biomembrane Structure and Organization and Its
Importance in Biomedicine with Particular Emphasis on Membrane Lipid Replacement. Biomedicines 2022, 10, 1711.
https://doi.org/10.3390/biomedicines10071711.

12. Nilmeier, J.P.; Crooks, G.E.; Minh, D.D.L.; Chodera, ].D. Nonequilibrium candidate Monte Carlo is an efficient tool for equilib-
rium simulation Proc. Natl. Acad. Sci. USA 2011, 108, E1009-E1018. https://doi.org/10.1073/pnas.1106094108

13. Fathizadeh, A.; Elber, R. A mixed alchemical and equilibrium dynamics to simulate hetrogeneous dense fluids: Illustration for
Lennard-Jones mixtures and phospholipid membranes. J. Chem. Phys. 2018, 149, 072325.

14. Cherniavskyi, Y.K,; Fathizadeh, A.; Elber, R.; Tieleman, D.P. Computer simulations of a heterogeneous membrane with en-
hanced sampling techniques. J. Chem. Phys. 2020, 153, 144110. https://doi.org/10.1063/5.0014176.

15. Kumar, N.; Sastry, G.N. Study of lipid heterogeneity on bilayer membranes using molecular dynamics simulations. J. Mol.
Graph. Model. 2021, 108, 108000. https://doi.org/10.1016/j.jmgm.2021.108000.

16. Piggot, T.].; Pineiro, A.; Khalid, S. Molecular Dynamics Simulations of Phosphatidylcholine Membranes: A Comparative Force
Field Study. J. Chem. Theory Comput. 2012, 8, 4593-4609. https://doi.org/10.1021/ct3003157.

17. Botan, A ; Favela-Rosales, F.; Fuchs, P.F.].; Javanainen, M.; Kanduc, M.; Kulig, W.; Lamber, A.; Loison, C.; Lyubartsev, A.; Miet-
tinen, M.S,; et al. Toward Atomistic Resolution Structure of Phosphatidylcholine Headgroup and Glycerol Backbone at Different
Ambient Conditions. J. Phys. Chem. B 2015, 119, 15075-15088. https://doi.org/10.1021/acs.jpcb.5b04878.

18. Venable, RM.; Luo, Y.; Gawrisch, K.; Roux, B.; Pastor, R.W. Simulations of Anionic Lipid Membranes: Development of Interac-
tion-Specific Ion Parameters and Validation Using NMR Data. ]. Phys. Chem. B 2013, 117, 10183-10192.
https://doi.org/10.1021/jp401512z.

19. Jurkiewicz, P.; Cwiklik, L.; Vojtiskova, A.; Jungwirth, P.; Hof, M. Structure, dynamics, and hydration of POPC/POPS bilayers
suspended in NaCl, KCl, and CsCl solutions. BBA-Biomembr. 2012, 1818, 609-616. https://doi.org/10.1016/j.bbamem.2011.11.033.

20. Conlan, A.R.; Axelrod, H.L.; Cohen, A.E.; Abresch, E.C.; Zuris, |.; Yee, D.; Nechushtai, R.; Jennings, P.A.; Paddock, M.L. Crystal

Structure of Minerl: The Redox-active 2Fe-2S Protein Causative in Wolfram Syndrome 2. J. Mol. Biol. 2009, 392, 143-153.
https://doi.org/10.1016/j.jmb.2009.06.079.



Life 2022, 12, 1473 15 of 16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Tamir, S.; Paddock, M.L.; Darash-Yahana-Baram, M.; Holt, S.H.; Sohn, Y.S.; Agranat, L.; Michaeli, D.; Stofleth, ].T.; Lipper, C.H.;
Morcos, F.; et al. Structure-function analysis of NEET proteins uncovers their role as key regulators of iron and ROS homeostasis
in health and disease. BBA-Mol. Cell Res. 2015, 1853, 1294-1315. https://doi.org/10.1016/j.bbamcr.2014.10.014.

Sohn, Y.S.; Losub-Amir, A.; Cardenas, A.E.; Karmi, O.; Yahana, M.D.; Gruman, T.; Rowland, L.; Marjault, H.B.; Webb, L.J.;
Mittler, R.; et al. A peptide-derived strategy for specifically targeting the mitochondria and ER of cancer cells: A new approach
in fighting cancer. Chem. Sci. 2022, 13, 6929-6941. https://doi.org/10.1039/d2sc01934e.

Cardenas, A.E.; Drexler, C.I,; Nechushtai, R.; Mittler, R.; Friedler, A.; Webb, L.J.; Elber, R. Peptide Permeation across a Phos-
phocholine Membrane: An Atomically Detailed Mechanism Determined through Simulations and Supported by Experimenta-
tion. J. Phys. Chem. B 2022, 126, 2834-2849. https://doi.org/10.1021/acs.jpcb.1c10966.

Desale, K.; Kuche, K,; Jain, S. Cell-penetrating peptides (CPPs): An overview of applications for improving the potential of
nanotherapeutics. Biomater. Sci. 2021, 9, 1153-1188. https://doi.org/10.1039/d0bm01755h.

Green, M.; Loewenstein, P.M. Autonomous Functional Domains of Chemically Synthesized Human Immunodeficiency Virus
Tat Trans-Activator Protein. Cell 1988, 55, 1179-1188. https://doi.org/10.1016/0092-8674(88)90262-0.

Reddy, K.V.R;; Yedery, R.D.; Aranha, C. Antimicrobial peptides: Premises and promises. Int. J. Antimicrob. Agents 2004, 24, 536—
547. https://doi.org/10.1016/j.ijjantimicag.2004.09.005.

Milletti, F. Cell-penetrating peptides: Classes, origin, and current landscape. Drug Discov. Today 2012, 17, 850-860.
https://doi.org/10.1016/j.drudis.2012.03.002.

Montgomerie, S.; Cruz, J.A.; Shrivastava, S.; Arndt, D.; Berjanskii, M.; Wishart, D.S. PROTEUS2: A web server for comprehen-
sive protein structure prediction and structure-based annotation. Nucleic Acids Res. 2008, 36, W202-W209.
https://doi.org/10.1093/nar/gkn255.

Alves, A.C; Ribeiro, D.; Nunes, C.; Reis, S. Biophysics in cancer: The relevance of drug-membrane interaction studies. BBA-
Biomembr. 2016, 1858, 2231-2244. https://doi.org/10.1016/j.bbamem.2016.06.025.

Zwaal, R.F.A.; Comfurius, P.; Bevers, E.M. Surface exposure of phosphatidylserine in pathological cells. Cell. Mol. Life Sci. 2005,
62, 971-988. https://doi.org/10.1007/s00018-005-4527-3.

Ried], S.; Rinner, B.; Asslaber, M.; Schaider, H.; Walzer, S.; Novak, A.; Lohner, K.; Zweytick, D. In search of a novel target—
Phosphatidylserine exposed by non-apoptotic tumor cells and metastases of malignancies with poor treatment efficacy. BBA-
Biomembr. 2011, 1808, 2638-2645. https://doi.org/10.1016/j.bbamem.2011.07.026.

Jo, S.; Lim, J.B.; Klauda, J.B.; Im, W. CHARMM-GUI Membrane Builder for Mixed Bilayers and Its Application to Yeast Mem-
branes. Biophys. J. 2009, 97, 50-58. https://doi.org/10.1016/j.bpj.2009.04.013.

Lee, J.; Cheng, X.; Swails, ].M.; Yeom, M.S; Eastman, P.K.; Lemkul, J.A.; Wei, S.; Buckner, J.; Jeong, ].C.; Qi, Y.F.; et al. CHARMM-
GUI Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the
CHARMM36 Additive Force Field. J. Chem. Theory Comput. 2016, 12, 405-413.

Abraham, M.]J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, ].C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular sim-
ulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1-2, 19-25.
https://doi.org/10.1016/j.s0ftx.2015.06.001.

Huang, J.; Rauscher, S.; Nawrocki, G.; Ran, T.; Feig, M.; de Groot, B.L.; Grubmuller, H.; MacKerell, A.D. CHARMM36m: An
improved force field for folded and intrinsically disordered proteins. Nat. Methods 2017, 14, 71-73.
https://doi.org/10.1038/Nmeth.4067.

Jorgensen, W.L.; Chandrasekhar, J.; Madura, ].D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for Sim-
ulating Liquid Water. J. Chem. Phys. 1983, 79, 926-935.

Essmann, U.; Perera, L.; Berkowitz, M.L.; Darden, T.; Lee, H.; Pedersen, L.G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577-8593.

Hoover, W.G. Canonical Dynamics—Equilibrium Phase-Space Distributions. Phys. Rev. A 1985, 31, 1695-1697.
https://doi.org/10.1103/PhysRevA.31.1695.

Nose, S. A Molecular-Dynamics Method for Simulations in the Canonical Ensemble. Mol. Phys. 1984, 52, 255-268, doi:Doi
10.1080/00268978400101201.

Parrinello, M.; Rahman, A. Polymorphic Transitions in Single-Crystals—A New Molecular-Dynamics Method. ]. Appl. Phys.
1981, 52, 7182-7190, doi:Doi 10.1063/1.328693.

Miyamoto, S.; Kollman, P.A. Settle—An Analytical Version of the Shake and Rattle Algorithm for Rigid Water Models. J. Com-
put. Chem. 1992, 13, 952-962. https://doi.org/10.1002/jcc.540130805.

Hess, B. P-LINCS: A parallel linear constraint solver for molecular simulation. J. Chem. Theory Comput. 2008, 4, 116-122.
https://doi.org/10.1021/ct700200b.

Van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.].C. GROMACS: Fast, flexible, and free. J.
Comput. Chem. 2005, 26, 1701-1718. https://doi.org/10.1002/jcc.20291.

Tribello, G.A.; Bonomi, M.; Branduardi, D.; Camilloni, C.; Bussi, G. PLUMED 2: New feathers for an old bird. Comput. Phys.
Commun. 2014, 185, 604-613. https://doi.org/10.1016/j.cpc.2013.09.018.

Humphrey, W.; Dalke, A, Schulten, K. VMD: Visual molecular dynamics. ]. Mol. Graph. Model. 1996, 14, 33-38.
https://doi.org/10.1016/0263-7855(96)00018-5.

Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF chimera— A visuali-
zation system for exploratory research and analysis. ]. Comput. Chem. 2004, 25, 1605-1612. https://doi.org/10.1002/jcc.20084.



Life 2022, 12, 1473 16 of 16

47.

48.

49.

50.

51.

52.

Rosetti, C.M.; Mangiarotti, A.; Wilke, N. Sizes of lipid domains: What do we know from artificial lipid membranes? What are
the possible shared features with membrane rafts in cells? BBA-Biomembr. 2017, 1859, 789-802.
https://doi.org/10.1016/j.bbamem.2017.01.030.

Cardenas, A.E.; Shrestha, R.; Webb, L.J.; Elber, R. Membrane Permeation of a Peptide: It Is Better to be Positive. J. Phys. Chem. B
2015, 119, 6412-6420. https://doi.org/10.1021/acs.jpcb.5b02122.

Povilaitis, S.C.; Fathizadeh, A.; Kogan, M.; Elber, R.; Webb, L.J. Design of Peptides for Membrane Insertion: The Critical Role of
Charge Separation. J. Phys. Chem. B 2022, 126, 6454-6463. https://doi.org/10.1021/acs.jpcb.2c04615.

Fathizadeh, A ; Elber, R. Ion Permeation through a Phospholipid Membrane: Transition State, Path Splitting, and Calculation
of Permeability. J. Chem. Theory Comput. 2019, 15, 720-730. https://doi.org/10.1021/acs.jctc.8b00882.

Hanafusa, K.; Hotta, T.; Iwabuchi, K. Glycolipids: Linchpins in the Organization and Function of Membrane Microdomains.
Front. Cell Dev. Biol. 2020, 8, 589799. https://doi.org/10.3389/fcell.2020.589799.

Fathizadeh, A.; Kogan, M.; Anderson, C.M.; Webb, LJ.; Elber, R. Defect-Assisted Permeation Through a Phospholipid Mem-
brane: Experimental and Computational Study of the Peptide WKW. ]. Phys. Chem. B 2019, 123, 6792-6798.
https://doi.org/10.1021/acs.jpcb.9b05414.



