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Abstract

Antibiotic resistance traits appear when bacteria are still
able to grow in the presence of therapeutic concentrations of
antibiotic drugs. As an alternative for the current antibiotics
crisis, the development of bio-mimetic polymers is a field with
great potential. In this work, a coarse-grained Martini model
of a therapeutic nanoparticle and proposed modifications were
built and tested against models of phospholipid bilayer mem-
branes to understand what are the possible mechanisms that
provide their antimicrobial activity and selectivity. The results
showed that positive net charge is crucial to display the de-
sired selectivity, causing negative curvatures that may induce
further permeabilization and/or disruption. Leucine modifi-
cation increased the hydrophobic content and improved the
distance between the nanoparticle and the center of the mem-
brane, without losing the desired selectivity. Furthermore, the
nanoparticle’s ability to alter the ionic distribution in the mem-
brane environment can be an indicative of a different mode of

action.

1 Introduction

For decades, multiple varieties of antibiotics have not only

been used for therapeutic purposes but also as prophylactic

practice across industries such as agriculture and animal hus-
bandry. In the past decades the production of new classes
of antibiotics has increased exponentially due to the demand
across many sectors and allowed for less expensive and off-
label drugs. As a side effect, the wide availability of different
compounds that possess antimicrobial properties and increased
irresponsible use of these drugs have contributed significantly
to the advent of resistant strains of microbes and the reduction
of their capability to fight infections caused by those microor-
ganisms. !

The consequence of antibiotic resistance has already shown
its impacts around the world. The World Economic Forum
has identified antibiotic resistance as a global risk beyond the
capacity of any organization or nation to manage or mitigate
alone.? The Europe Union has reported that, annually, around
25000 deaths are due to a subset of drug resistant bacteria,
with the extra health care costs and lost productivity due to
antimicrobial resistance amounting to at least 1500€ million.
Similar impacts should also be present in low- and middle-
income countries. 3
From the rising challenge of fighting the insurgence of an-

timicrobial resistant microbes, it became necessary to develop

new alternatives different from the traditional antibiotics used



until current days.* In the early 2000s, the fields of host de-
fense peptides (HDPs) and biocidal polymers started to merge
seeking the development of HDP-mimetic polymers. The ratio-
nale behind this merge is to combine the advantages of peptide
activity with the cost effectiveness and scalability of synthetic
polymer chemistry, without the need for precise sequence, uni-
molecular chain length, or defined secondary structure.® Al-
though HDPs are excellent potential substitutes for antibiotics,
due to their antimicrobial and non-toxic characteristics, the
bioprocesses involved in the manufacture of cheap and scal-
able volumes are still not developed enough.® At the same
time, while chemical processes are well known and developed
enough for production in large scale, the potential toxicity of
these compounds is something that cannot be neglected. 6

By having the possibility to change and tune synthetic
polymers to present the desired functionality, a huge variety
of options can be manufactured. The rise of high-performance
computing has enabled experimentation in silico as a powerful
tool that bridges the gap between theory and laboratory exper-
iments.” Taking into consideration that bio-mimetic antimi-
crobial polymers demonstrate to have some type of interaction
with microbial membranes, it is important to have a tool that
predicts whether the molecule being tested has promising in-
teractions and effects. In this sense, Molecular Dynamics (MD)
can be an important computational tool for understanding the
physical basis of structure, dynamic evolution of systems, and
the function of biological macro-molecules® and to directly aid
in the development of new drugs.

This work main goal is to apply computational tools to
power the development of bio-mimetic antimicrobial nanopar-
ticles. This was done by exploring and trying to gain insight
on the killing mechanism of an already existing nanoparti-
cle by means of MD simulations. The studied nanoparticle

- PUREg4-OElss - is a fourth-generation polyurea dendrimer

(PUREga4) core with 48 linear oligo(ethylenimine) chains (OEl4g)

connected to its surface. For this it was necessary to develop
and build the corresponding coarse-grained (CG) model of the
nanoparticle being investigated and run simulations against
CG membrane models that can capture the difference between

bacterial (POPC/POPG - 1:3 ratio) and mammalian (POPC)

phospholipid bilayers. The results from these simulations en-
able the proposal of modifications to synthesize novel nanopar-
ticles with the enhanced functionality and biophysical proper-

ties.

2 Methodology
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To perform all MD simulations, Gromacs version 2018.3°
or higher were used implementing a leap-frog algorithm for in-
tegrating Newton’s equations of motion with a time step of 2
fs. The neighbor searching as set with Verlet cut-off scheme
with grid type and a cut-off distance of 14 Afor both Van der
Waals and Coulombic interactions. Periodic boundary con-
ditions were applied in all directions, while the system was
solvated with TIP3P water model and the long-range electro-
static interactions were treated with the Particle Mesh Ewald
(PME) method of order 4 and using a grid spacing of 1.6 A.
The temperature was fixed at 300 K using a temperature cou-
pling using velocity rescaling with a stochastic term with time
constant of 1 ps. Pressure has treated using Parrinello-Rahman
coupling with isotropic type, time constant of 5 ps and refer-

ence pressure of 1 bar.
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All CG MD simulations were carried out using Gromacs
version 2018.3 or higher employing leap-frog propagation with
a time step of 20 fs, a Verlet cut-off scheme of type grid and pe-
riodic boundary conditions in all directions using a 11 Acutoff
for the short-range interactions (Van der Waals and Coulom-
bic interactions). Long range electrostatics were treated with
the reaction field method with a relative dielectric constant

r = 15 in conjunction with with standard water beads, and
infinite screening beyond the cutoff distance. The tempera-
ture was kept fixed at 300 K using stochastic velocity rescaling
with a (weak) coupling constant of 1 ps, while pressure has
treated using Parrinello-Rahman coupling with isotropic type,
time constant of 12 ps and reference pressure of 1 bar.

The membrane systems were minimized and equilibrated

as the PUREg4-OElsg nanoparticle, with the difference that



semi-isotropic pressure coupling was used, to decouple solvent
pressure in z from membrane tension in Xy. Both minimization
an equilibration were performed with a restraint at the central
bead of the nanoparticle to avoid displacement towards the
membrane during these steps. All production simulations were

run for at least 3 s.

000 0000000000 Doooobobl Dee

The end-to-end distance, Dee correspond to the norm of
the vector that points from one end of the polymer chain to the
other. This property helps indicate how extended a polymer

chain is.
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The Radius of Gyration (Rg) was used to determine if the
topology generated could reproduce the same behavior as the
one measured from the atomistic model. Rg corresponds to
the root mean square of distance from all beads to the particle

center of mass.
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To evaluate the general shape that the particle assumes
along the entire trajectory, two properties were investigated:
the shape parameter (S), that evaluates the shape itself, and
asphericity () that is an indication of the extent of the shape’s
anisotropy. 10

S can assume values from (-1/4) up to 2. The negatives
values indicate an oblate shape, whereas positive values in-
dicate a prolate shape; a perfect sphere yields S = 0.In the
same fashion as S, will take values from 0 up to 1, where

zero indicates the perfect isotropy of a sphere, and 1 maximal

anisotropy.
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The radial distribution function (g(r) or RDF) describes
how the density of a certain system component, relative to the
bulk, varies as a function of the distance to a reference. An
interparticle RDF is calculated by histogramming the distances
between all particles pairs from a test and a reference groups,

a and b.

This equation is normalized to the bulk density of the test
group, so that for large distances in a macroscopically homo-
geneous system the RDF tends to 1 (indicating no influence

from one particle on another’s position at large distances).
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The distance to the core of the membrane was defined
as the minimum distance between each external bead of the
nanoparticle’s dendrimer layer (the beads that anchor the poly-
mer chains) and the last beads of the phospholipids tails (C4A
and C4B) of each membrane’s inner leaflet. This metric is
being used as a proxy for particle-membrane in-depth interac-
tion but without the requirement that a membrane normal be

defined — which can be troublesome where there is membrane

curvature. Results were expressed in the form of histograms.

3 Results and discussion
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The modeling of our Martini 3 PEI starts out by defining
the CG beads mapped to represent the residues defined in the
Amber model (terminal residues, encompassing 1.5 units each,
are represented by two beads). Figure 1 shows the mapping
used for all PEI chains, where both three-to-one (S or ‘small’,
green) and two-to-one (T or ‘tiny’, blue) bead types are used.
The beads’ respective mass-centers and identifications are: 1)
TBP: terminal protonated bead - NH, " —CH, - 2) TBN: ter-
minal non-protonated bead - NH,—CH, - 3) MBP: protonated
monomer bead - CH,—NH, T —CH, - 4) MBN: non-protonated

monomer bead - CH,—~NH—-CH,.

Figure 1: Mapping scheme for fully-protonated PEI chains.
Blue bead represents TBP (or TBN for non-protonated chains)
and green represents MBP (or MBN for non-protonated and
semi-protonated chains).

Beads without charge were assigned the type N, since they



represent moderately-to-weakly polar groups; of those, beads
encompassing NH, will receive a hydrogen-bond-donor label
(d), since they have one more hydrogen bond donor than ac-
ceptors, while beads with NH are going to be regular (no such
label), since they have the same number of hydrogen-bond
donors and acceptors. To determine the size of the beads,
an S or T prefix indicates small and tiny beads, respectively,
while normal size (four-to-one mapping) beads have no pre-
fix. Finally, the polarity level within each type is dictated
by the production of partition behavior, leading to the fol-
lowing assignment: 1) TBP: NH3"'—CH2 - TQ4p - 2) TBN:
NH,—-CH, - TN6d - 3) MBP: CHQ—NHZJF—CH2 -SQ3p - 4)
MBN: CH,—NH-CH, - SN3.

All bonds, bending angles and dihedral angles parame-
ters were successfully obtained after performing sequels trial
and error simulations runs. The validation of these parame-
ters was done by comparing emergent properties of the PEI,
such as the average simulated Dee and Rg, that should match
between atomistic and CG simulations. Comparison with the
literature also also made. Figure 2 depicts the averaged end-to-
end distance and radius of gyration for the no salt condition for
the CG simulations (marked as void circles) and the reference

AA values (marked as full circles).
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Figure 2: End-to-end distance and radius of gyration for PEI
chains under no salt condition. AA values are represented by
full circles and continuous lines while CG are void circles with
dashed lines.

Both plots at Figure 2 show that the CG model devel-
oped can reproduce the atomistic behavior of the non- and
fully-protonated states of the linear PEI. Another observation
is that there may be a small tendency for the values from the
CG simulations to be lower than the ones from AA. This is
partly explained by the fact that parameterization was per-
formed emphasizing the reproduction of behavior at high ionic

strengths, where the polymer is less extended. Nevertheless,

the values are still within the error of each other.

For the semi-protonated, we can observe that the CG
model under-represents the behavior of the polymer when semi-
protonated, with the values of Rg and Dee being, on average,
29 and 41% smaller then the atomistic one. The excessive
compactness of the CG model for this protonation state is a
consequence of the coarseness with which explicit charges are
treated in Martini: because water is not explicitly polar (po-
lar/polarizable CG water models do exist 1! but are not yet
developed for Martini 3) dielectric screening is mimicked by a
large relative permittivity of 15 in the simulation. This implicit
screening seems to overly dampen electrostatic interactions at
the longer distances involved in nonconsecutive amine repul-
sion. The same shortcomings were observed by Beu et al. for
Martini 2, where a correction could be made by using a polar-
izable water model 1l — at the cost of a heavier computational
effort.

When looking into the simulations under salt conditions
(fig. 3), we are able to see that the agreement between CG
and AA models for the the semi-protonated state improves by
about 40% for both the averaged Dee and Rg. This, again, can
be explained by the excess of positively and negatively charges
provident of NaCl that explicitly mediate the electrostatic in-
teractions within the system, and thus also explaining a better

agreement for the non and fully protonated versions.
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Figure 3: End-to-end distance and radius of gyration for PEI
chains under 150mM of NaCl. AA values are represented by
full circles and continuous lines while CG are void circles with
dashed lines.
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The Martini 3 representation of the polyurea is centered
at two well defined chemical groups: the urea and the ter-
tiary amine. The most suitable mapping consisted in a larger

representation where certain CH, groups were shared between



beads. This strategy led to a five-to-one representation for the
beads centered on the urea groups and a “five-and-a-half”-to-
one for the beads centered on the tertiary amines, with each
shared methylene (CH,) counting as half towards each bead.
Figure 4 shows the representation of the tertiary amine (AM)

and urea (UR) centered beads for the coarse-grained topology:

e ¥

Figure 4: AM (amine; red) and UR (urea; blue) beads that
represent the general mapping choice for the PUREg4 den-
drimer. Three extra red circles represent the amine groups of
the dendrimer’s next generation.

All beads were treated as regular size beads. The AM
bead, defined by a triethylamine scaffold, is considered to be
nonpolar (type N) and receives an a label that represents the
capacity to accept hydrogen bonds, while the UR bead, with
its dimethylurea frame, is a polar (P) type bead, also with
capacity to accept hydrogen bond and having the same a label.
The choice of interaction level was slightly tuned down from
its reference and the level 3 and 4 were assigned, respectively,
for AM and UR beads. To finish the bead type assignment all
terminal NHBjL will be treated as TQ4p and named as 'NT’
beads. This matches what was used as the first bead of the
OEI chain topology.

All bonds and bending angles parameters were success-
fully obtained after performing sequels trial and error simula-
tions runs. The validation of these parameters was done by
comparing emergent properties of the dendrimer, such as the
average simulated Rg, that should match between atomistic
and CG simulations. Table 1 shows that the CG is quite able
to reproduce the physiochemical property of interest. The ta-
ble hints that the CG topology may have a small deviation
into a prolate shape and some asymmetry compared to the
atomistic behavior, but not significantly enough to negate its

validity.

Table 1: Average Radius of gyration, Shape parameters and
Asphericity comparison between Atomistic and Coarse-grained
topologies for PUREg4. All values are in A.

Atomistic Coarse-grained
(Rg) 21.44 + 0.43 21.08 £ 1.09
(0) 0.001 £ 0.013 0.025 £ 0.045
( )y 0.050 £ 0.014 0.090 £ 0.045
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Having built the Martini 3 topology for PUREg4-OElsg
nanoparticle, it is imperative to check and understand its dy-
namics. To better understand the dynamics characteristics
studied, all parameters were calculated considering two dis-
tinct groups of beads. First group consist solely of the beads
of the dendrimer layer while the second one corresponds to
the whole nanoparticle. Since the dynamics of the dendrimer
was already studied separately, this strategy helps to point

the contribution of the polymers’ chains and, consequently, its

protonation (Table 2).

Table 2: Average Radius of gyration (in A), Shape param-
eters and Asphericity of all three state of protonation from
PUREG4-OElss.

Fully-protonated

Dendrimer Nanoparticle
{Rg) 19.723 £ 0.622  30.338 £ 0.894
(0) 0.022 + 0.031 0.006 + 0.014
{ ) 0.094 + 0.039 0.039 + 0.024

Half-protonated
Dendrimer Nanoparticle
20.889 £ 0.530  29.524 £ 0.638
-0.004 £ 0.018 0.000 + 0.007
0.054 + 0.025 0.026 + 0.014

Non-protonated
Dendrimer Nanoparticle
19.562 £ 0.805  26.043 £ 1.034
0.008 + 0.040 0.006 + 0.022
0.085 + 0.041 0.053 + 0.029

From the table above its possible to notice that the aver-
age Rg for the dendrimer layers has the same value (considering
the error) across all three-protonation situation. That shows
that the polymer chains that are attached has close to no effect
in the dynamics of the dendrimer itself. When considering the
whole particle, the difference in the average values of Rg starts
to get the expected contribution from the polymer’s behavior
in solution, as the size if the nanoparticle increases with the
degree of protonation.

The shape assumed by PUREg4-OElsg is almost per-
fectly spherical, since the average S is close to zero, indepen-
dent of the state. The slightly anisotropy observed can be
attributed to the minute deviation to a prolate shape, that is

mostly being a contribution of the dendrimer.
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Both fully and half-protonated states were able to create

binding pocket by forming negative curvatures after their in-



teractions with the POPC/POPG system. It was possible to
observe two different type of curvatures interaction that can
lead to some form of mechanism behind the antimicrobial ac-

tivity of PUREg4-OElLss (Fig. 5).
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Figure 5: Side and top view of PUREg4-OElsg interaction
with POPC/POPG membrane, where red represents the den-
drimer core, blue the OEI chains, gray the PO,~ beads from
POPG and brown PO, from POPC.

In the case of the fully-protonated state, this cavity is
deeper, and the OEI chains are arranged in an alternating
and radial manner between the PO,~ (dark gray beads) from
POPG. For the half-protonated, the cavity generated had less
depth and the organization of the polymer chains along the
PO, does not seem to follow a distinguished pattern. This
behavior can be explained by the difference in positive charge
density express by each protonation state.

The ability to induce curvatures has also been identified as
one of the ways of HDPs to compromise the barrier function of
membranes. 13 Negative curvatures display the capacity to sort
and modify the arrangement of cardiolipin (CL) into clusters 14
and bacterial cell membranes contain greater amounts of both
anionic and negative intrinsic curvature lipids (such as CL)
are more susceptible to be destabilized by deformation from
curvatures. '3 Curvatures (either negative or positive) increase
the permeability to hydrophilic compounds. 1°

The distance-to-core analyze helps get a better insight re-
garding the difference interaction between protonation states.
From these plot (Fig.6) we can first observe a higher selectivity

towards charged states.The absence of positive charge results

in the nanoparticle interacting with both membrane types in

a similar manner.

T T T T T T T T T T T T T T T
—— Fully at POPC/POPG
——Fully at POPC

—— Semi at POPC/POPG |
— = Semiat POPC

—— Non at POPC/POPG
—— Non at POPC

e

=

o
T

I

=}

©
T

g

o

=)
T

e

o

&
T

Probability density

70+
75}
80

Distances (A)

Figure 6: Distance-to-core distribution for PUREg4-OElssg
and POPC/POPG (solid) or POPC (dashed) membranes, at
the three protonation levels.

Tons are essential to the correct metabolic function of all
organism as they take part as being cofactors for enzymes, are
involved into redox reactions and energetic pathways and also
are crucial for the maintenance of the osmotic pressure of cells.
Any limitation or imbalance of those micronutrients can drive
delay in cell growth or even cause cell death. 16

To understand the way that the ions of the system (Nat
and Cl7) are distributed at the proximity of the outer leaflet
of both POPC/POPG and POPC membranes, their radial dis-
tribution function relative to the membrane was used and the
results for the fully-protonated nanoparticle are shown in Fig.
7. This analysis was performed considering two distinct groups
for each of the ions involved, divided into “close” and “far”
groups, according to whether they are PO,~ within 3 nm of
the nanoparticle (“close”) or not (“far”). From Figure 7 it is
possible to notice that the Na™T distribution changes a lot at the
regions where the nanoparticle interacts with the membrane.
The presence of this cation is reduced by around 3-fold in the
vicinity of the membrane regions interacting with a nanopar-
ticle, when compared to the regions that do not. The plot also
shows that the Cl~ ions are dragged by the nanoparticle and
their concentration increases at closer distances to the mem-
brane when it interacts with the nanoparticle. In contrast to
the ionic distribution around POPC/POPG membranes, Fig-
ure 7 shows that NaT concentration stays uniform along the
whole extension of the POPC membrane, even when nanopar-
ticle contacts do occur (both orange lines completely super-

impose). The nanoparticle does not interact with non-ionic



phospholipids, neither does it disturb their ionic shells.
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Figure 7: Radial distribution function of ions around outer
leaflet of membranes under presence of fully-protonated
PUREG4-OEl43. Note that in b) the Nat plots completely
superimpose at distances below 7 A, as do the plots for C1~.

With the property to interact with different types of an-
ions, it is possible that one mode of action related to the an-
timicrobial ability of PUREg4-OElasg is to form a layer around
the bacterial cell that will alter the concentration distribution
of cations and anions and progressively disrupt ion-dependent

functions, leading to cell death.
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With the knowledge acquired, the next step was to study
possible modifications to the original PUREg4-OElsg that may
increase its overall antimicrobial effects. The objective was to
increase the hydrophobic interaction of the whole nanoparticle
with the membrane by taking advantage of already known pa-
rameterized building block in Martini 3. Following this strat-
egy, amino acid residues were suitable starting points for the
development of modifications of the original nanoparticle. For
this study, Leucine (leu), Phenylalanine (phe) and Tryptophan
(trp) were chosen for their side-chain hydrophobicity (from the
Wimley—White whole residue hydrophobicity scales'7-18), and
their different propensities for interfacial membrane interac-

tion. A total of 48 amino acids residues were inserted between

the dendrimer and the polymer chains, one per dendrimer—
polymer link, forming a lipophilic layer. The bonds and an-
gles parameters between AM beads from the dendrimer, the
BB beads from amino acids residues and NT beads from OEI
chains were drawn directly from the Martini 3 parameters for
a random-coiled protein backbone.

Prior to analyzing whether any of the suggested modifi-
cations improve the nanoparticle’s antimicrobial activity, we
check dynamic behavior to understand if the alterations cause
any significant changes.In regard to the size, it was possible
to notice that the phenylalanine and tryptophan modifications
reduce the average values for both the dendrimer layer and
for the whole particle at all protonation states. This may be
explained by the relative size and presence of aromatic ring of
those residues, which favors the occurrence of stacking inter-
actions and a small collapse of this lipophilic layer, countering
the expansion of the nanoparticle as a whole.

In terms of shape and asphericity, again, the phenylala-
nine and tryptophan residues have more impact than leucine.
Both increased the deviation of the shape to a more prolate
configuration and increase its asphericity. However, the effect
of polymer chain protonation still dominates, and amino acid
contribution becomes more visible for non-protonated chains.
In general, however, amino acid effects are small, probably be-
cause the nanoparticle can undergo large changes at its core
without major implications at the overall size and shape.

The fully-protonated plot (Fig. 8), shows that while all
modifications have a similar interaction with POPC/POPG
membranes as the original nanoparticle, their distributions
reach significantly lower distances, meaning that they can get
closer to the center of the membrane. Interestingly, while
leucine and tryptophan modifications do not significantly come
to contact with the POPC membrane, the phenylalanine mod-
ification is able to interact with it (green dashed curve), going
against what is expected for positively charge particles and its
lack of selectivity toward neutral membranes. As an explana-
tion to this action, it is possible that the hydrophobic charac-
ter brought by the insertion of 48 phenylalanine residues can
counter the effects of the charge and allows for the contact ob-

served; its size and high hydrophobicity compared to the other






