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Antimicrobial resistance is becoming a serious burden for drug design. The challenges are
in finding novel approaches for effectively targeting a number of different bacterial strains,
and in delivering these to the site of action. We propose here a novel approach that
exploits the assembly of antimicrobial peptidic units in nanocapsules that can penetrate
and rupture the bacterial membrane. Additionally, the chemical versatility of the
designed units can be tailored to specific targets and to the delivery of genetic material
in the «cell The proposed design exploits a B-annulus (sequence
ITHVGGVGGSIMAPVAVSRQLVGS) triskelion unit from the Tomato Bushy Stunt Virus,
able to self assemble in solution, and functionalised with antimicrobial sequences to
form dodecahedral antimicrobial nanocapsules. The stability and the activity of the
antimicrobial B-annulus capsule is measured by molecular dynamics simulations in
water and in the presence of model membranes.

Introduction

For most of the last century, the development of new drugs has focused on the
paradigm that a drug is a small inorganic compound (of mass up to 900 Da),
which intervenes with a specific target (usually a protein) of a mammal or
bacterial cell.

Challenges have included identifying a target unambiguously, especially when
the drug binds to proteins assembled in complexes or to a number of closely
related gene products." An aspect of concern in the development pipeline has
been the efficient delivery of the drug to the site of action: this has been puzzling
pharmacologists and chemists for a while, and the aim to overcome these hurdles
has inspired the work of synthetic biologists and material scientists. To compli-
cate this further, the last few years have seen a dramatic increase in the
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development of antimicrobial resistance (AMR). The severity of the AMR threat is
such that it has been raised to the status of national emergency in several
countries, including the UK.” Indeed, strict regulations in the health, agricultural
and food industry sector must be enforced to prevent the misuse of antibiotics, as
we are leaving the century in which these miracle drugs were discovered, to enter
a phase in which we count the number losing their efficacy.* AMR has become one
of the major stimuli to overcome traditional approaches to drug-development.

One of the best nature-designed gene delivery systems are viruses, as they have
evolved a number of efficient mechanisms to penetrate cell membranes and
implement effective processes to transfer their genomic material to target cells.
Recently, we have shown that engineered virus-like nanocapsules derived from
synthetic multi branched peptides are able to promote bacterial membrane
poration and are, at the same time, suitable for gene delivery.*®

Altogether, the recent progress in understanding the mechanisms of antimi-
crobial resistance has helped in directing the development of new drugs. In
particular, it has promoted the modification of existing compounds to overcome
the resistance developed by bacteria.®

One crucial aspect in the efficacy of antimicrobials is their interaction and
recognition of the cellular membrane and their ability to selectively perturb
microbial versus mammalian membrane integrity.® Therefore, modelling such
interactions is very important to select the right lipid composition mixture and to
fine-tune and characterise the specific peptide-lipid interactions.”

We focused our attention towards membrane active peptides as host-defence
peptides belonging to the class of antimicrobial peptides (AMPs). These are
naturally produced by Eukarya, either as stand-alone sequences or embedded in
larger proteins, as a first, weak, and broad-spectrum defence against bacteria.®

To exploit their potential and engineer AMP-like molecules, a careful charac-
terisation and classification of such peptides must be done. This task has been
carried out over the last few decades, but because of its complexity, at present there
are still many peptides with ascertained antimicrobial activity for which the mode
of action is not fully understood.'® However, some general characteristics of these
sequences and some of the mechanisms they employ have been ascertained.

Unsurprisingly, AMPs are heterogeneous in sequence, structure, targets and
mode of action, to tackle the different challenges bacteria pose. Their size can vary
between 6 and 59 amino acids:"* despite being small with respect to the average
size of a protein in the human body, these macromolecules are hundreds of times
larger than small molecule drugs and, as such, they have a different mode of
action on bacteria.

As already mentioned, the target of AMPs is the bacterial membrane. Many of
them cause disruption of the microbial membrane, while others translocate into
the cytoplasm to act on intra-cellular targets, and the combination of the two is
not uncommon either.”> In general, it is widely accepted that membrane inter-
action and the resulting membrane disruption are key factors for the antimi-
crobial activity of AMPs.®

The main determinant driving the interaction between AMPs and bacterial
membranes is the positive charge that many AMPs present, as opposed to the
negative charge of the membrane.**

Most AMPs have a positive charge which facilitates binding to the membrane
via charge-charge recognition; accordingly, arginine and lysine residues are
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Fig. 1 (a) A Schematic of the approaches used for AM peptide design and delivery strat-
egies. (b) Strategy adopted to build the AM-B-annulus capsule. In red is the representation
of the B-annulus triskelion units within the 2TBV structure. These were extracted and
modelled to form a pentagonal geometry unit. This was the constituting block for the
dodecahedron supra-molecular geometry of the monolayer and bilayer capsules. These
were composed of 20 units for the internal later, and 60 units in the external layer. Figures

adapted from ref. 8a—g.
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usually abundant in AMP sequences. However, the disruptive action takes place
through the interaction of AMPs with the hydrophobic core of the membrane,
therefore their sequences also contain hydrophobic aromatic residues, especially
tryptophan, which favours anchoring to the lipid core.*

In terms of folds adopted by AMPs, these are rich in a-helix or B-sheet struc-
tures. Amphiphatic a-helices present a charged side which is tailored to face
towards the phospholipid head groups, and a hydrophobic side which is
favourably buried into the acyl chain core.

Several models have been proposed to describe the exact mechanism of AMPs
penetration after they bind to the cytoplasmic membrane, and how their
combined action leads to membrane permeabilisation.*'*

The picture becomes complex for oligomer-mediated insertion, i.e. when the
action is triggered by the combined action of many copies of the peptide. At low
peptide to lipid ratio, the favourable configuration is represented by peptides lying
parallel to the membrane plane as described previously.” An increase in peptide
concentration triggers the transition to an inserted state: the organisation of AMPs
inside the membrane core can assume different configurations, as previously
described.>'"1*1¢

We propose an alternative to this: engineered nanocapsules that contain multiple
copies of AM peptides in their structure and that display an overall positive surface. As
a constituent, we focus on an AM peptide derived from bovine lactoferricin that has
known antimicrobial properties and acts synergistically with other antimicrobial
agents by affecting the transmembrane potential and proton-motive force, resulting
in inhibition of ATP-dependent multi-drug efflux pumps."” A step further in engi-
neering peptidic structures is the design of self-assembling functional blocks from
first principles. Indeed, self-assembling peptides can form nanostructures ranging
from nanopatrticles to nanotubes, nanofibers, nanorods and hydrogels (Fig. 1).*®

The strength of such molecular designs is in singling out the interactions that
are crucial for a mechanism, clarifying whether they can be transferred to
a different system or environment, and optimising their combined use in per-
forming the desired function. Such principles can be used in the design, at the
atomistic level, of novel and more effective AMPs.

We have previously described some of these engineered AM nanocapsules,*>**
here we want to describe a protocol to design a self-assembling nanocapsule
inspired to the Tomato Bushy Structure by extracting some essential building
blocks that infer the fullerene geometry and functionalise them with peptides
that carry the AM activity.

The atomistic details of the nanocapsule assembly, necessary for the antimi-
crobial and gene delivery activities, are not accessible by experimental techniques.
Therefore, the nanocapsule stability in water and its interaction with a model
membrane was studied through molecular dynamics simulations, comparing the
results with the available experimental data.**

Methods

Following up from previous work,* we performed coarse-grained simulations of -
annulus (native-like and AM) capsules in solution and on model membranes, using
the coarse-grained description provided by SIRAH.?*** All simulations were performed
with the GROMACS software, version 5.5 and 2016.>>>*
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SIRAH simulations

The assembled capsules were solvated in an aqueous solution of sodium chloride
at physiological concentration (0.15 mM) to achieve neutrality in the system. After
energy minimisation, the systems were heated from 0 to 300 K over 10 ns at
constant volume (10 fs time step), with protein coordinates constrained to their
initial position.

Distances between the paired arms of AM peptides within the capsule were
restrained with a harmonic potential of 1000 kJ (mol nm?®)~*, and progressively
released over 80 ns (20 fs time step), then the systems were simulated for about 1
ps. The pressure and temperature were kept constant at 1 bar and 300 K,
controlled respectively using a V-rescale thermostat and a Berendsen barostat
with 2 ns collision-frequency and 8 ps pressure-coupling time. Short-range
interactions were treated with a 1.2 nm cut-off radius, whereas the long-range
interactions used the Particle Mesh Ewald (PME) method.

We used the recent lipid parametrization in the SIRAH force field** united with
its characteristic medium grained resolution between the atomistic and the
MARTINI coarse-grained one,* for the simulations of antimicrobial capsules on
membranes (as reported in our previous work).” For the simulation of the
capsules on membranes, POPC and POPS (in ratio 3 : 1) were selected among the
SIRAH available lipids, as POPC is zwitterionic and POPS is negatively charged,
reflecting the characteristics of the DLPC and DLPG lipid used in other force-
fields for representing the microbial membrane.

The SIRAH parameters and coarse-grained coordinates were assigned to the
protein molecules through the cgconv script, distributed with the force field. For
the membrane equilibration procedure please refer to Marzuoli et al.®

Virus inspired assembly: B-annulus design

We extracted the B-annulus (sequence ITHVGGVGGSIMAPVAVSRQLVGS)
triskelion structure from the Tomato Bushy Stunt Virus (TBSV, PDB code: 2TBV *%)
(Fig. 2).

Triskelion structure

Bilayer

Fig. 2 Structural components of the designed capsule.
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This unit has been demonstrated to assemble in a dodecahedron structure when
decorated with a number of diverse nanoparticles, preserving the arrangement of the
TBSV capsid structure.” We therefore modelled the f-annulus only assembly (native
like) in a dodecahedral geometry composed of twenty triskelion units. As one can
notice from the figure representing the virus structure, the p-annulus triskelion co-
assembles with other viral proteins, therefore extracting it from its original environ-
ment results in many hydrophobic residues exposed on the surface of the assembled
dodecahedral nanocapsule (native-like monolayer). To stabilise this assembly we
therefore generated a second layer of triskelion units.

Antimicrobial B-annulus design

We aimed to design a soluble single layer antimicrobial capsule (Fig. 3). This was
challenging as we saw that the native single layer B-annulus capsule was not
stable per se. To generate an AM capsule, we inserted the antimicrobial sequence
RRWTWE at the end of the ‘arms’ of the B-annulus sequence. This generated
a hybrid sequence containing the f-annulus and the antimicrobial stretch at the
branching points. This was threaded onto the single layer capsule structure via
the suite AlignedThread from Rosetta.>” The AM sequence RRWTWE structurally
aligned with the RQLVS stretch at the C-terminal of the B-annulus sequence
(Fig. 4). We joined the C-terminal fragments through anti-parallel B-sheets using
the Chimera program® to form a stable scaffold reminiscent of the capzip
capsule.*

Monte Carlo cycles coupled with PSSM (Position Specific Mutation Score)-based
mutagenesis rounds followed by energy minimization were performed, evaluating
the energy within the full capsule assembly with ROSETTA scripts.””**** Of these
sampled mutations, only the ones with negative AAG energy were accepted (Fig. 4).

The resulting structure (AM-B-annulus capsule) was simulated with the SIRAH
force field in water for 1 ps (simulation conditions as before). The interaction with

Annulus Structure
Native 7
Second Layer Assembly |« Capsid Assembly
S : I _
: RRWTWE "I Thread Alignment 0 20 MonteCarlos Cycles;
i 0 4 protein designs with

PSSM-based sequence

Peptide Design
| P 9 constraints;

i
| Antimicrobial Capsid

® 4 energy
minimisation rounds.

Fig. 3 Pipeline of the design procedure adopted for both beta-annulus capsules (native
and AM).
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Fig.4 (A) Sequence alignment of the native and antimicrobial peptides. The colours of the
amino acids reflect their properties, with apolar, polar, positively and negatively charged
amino acids coloured, respectively, white, green, blue and red. (B) single mutational
energy. The mutational energy was determined by the energy difference between the
native and mutant. Mutations with positive energy not belonging to the antimicrobial
fragment, were accepted. (C) Triskelion structure is shown with the three composing
peptides backbone coloured in black, blue and red. The antimicrobial fragment was
marked in yellow with the accepted mutations indicated in the picture. (D and E) the native
internal layer and the monolayer antimicrobial capsule, are shown with surface repre-
sentations reflecting the residue properties (colour scheme as in A).

a microbial model membrane was tested in simulations with a POPC/POPS 3 : 1
bilayer.

The equilibrated AM-B-annulus capsule was initially placed at 2 nm of distance
from the membrane surface, in a 150 mM NacCl solution (simulation conditions as
above, except with semi-isotropic pressure coupling). The system was equilibrated
for 0.6 us, with the protein coordinates constraint in the initial positions. The
constraints (1000 kJ (mol nm?)~") were then released. Binding to the membrane
occurred after about 1 ps, and the simulation was continued for an additional 1.5
us to observe stability. In order to stimulate poration, a small electric field was
applied across the z-axis (4 mV nm ") to accelerate the capsule penetration in the
lipid bilayer (see discussion points), and the simulation was continued for 3 ps.

Results

Design of an antimicrobial capsule

The native sequence and the modified AM with the RRWTWE peptide from lac-
toferrin are shown aligned in Fig. 4A.

In the figure the 3D structure of the native monolayer capsule exposing the
hydrophobic (apolar) residues on the surface is shown. This was used as
a template for the threading procedure (Fig. 4D).

The results of the mutagenesis are displayed in the AAG plot in the figure. The
negative AAG values point to residues that better fit in the B-annulus triskelion
structure. In total, 3 mutations are necessary to better stabilise the AM-B-annulus
within the capsule (T2N, G8K and A16S).
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Table 1 Antibacterial activity of peptides

Peptide sequence Start position Score Antibacterial activity
NHVGGVKGSIMAPVS 2 0.940 Yes
GSIMAPVSVSRRWTW 9 0.690 Yes
GVKGSIMAPVSVSRR 6 0.340 No
HVGGVKGSIMAPVSV 3 0.270 No
VKGSIMAPVSVSRRW 7 0.120 No
INHVGGVKGSIMAPV 1 0.000 No
VGGVKGSIMAPVSVS 4 0.000 No
GGVKGSIMAPVSVSR 5 0.000 No
KGSIMAPVSVSRRWT 8 0.000 No

The prediction of antimicrobial activity of the designed B-annulus sequences
was performed via the AntiBP server,*' the results of which are reported in Table 1.
The position column refers to the starting position in the 15 aa stretch used for
the prediction of antibacterial activity. The score is the sum of the antimicrobial
predicted probability over each residue within the sequence fragment from the
evaluated peptide sequence. The first two fragments present predicted antibac-
terial activity: NHVGGVKGSIMAPVS and GSIMAPVSVSRRWTW. The second one
has 67% of the amino acids making up the whole external surface of the designed
capsid AM-B-annulus. Therefore, we speculate that the designed nanosphere will
be able to interact with a bacterial membrane and perturb its structure. There is
a candidate sequence with a better score (first row in the table), but this is very
different from the AM lactoferrin sequence we wanted to test, and for which we
have collected experimental results.*' The resulting AM capsule has dodecahe-
dron geometry with the right balance of positive residues on the surface (Fig. 4E).

Capsule stability in water

In Fig. 5 we observe that both the native (blue continuous line) and the antimi-
crobial (blue dotted line) capsules’ RMSD stabilises at around 1000 ns. The cor-
responding radii of gyration are subject to some shrinking during the first 500 ns

Capsid Stability

Native s
T 8 6.70 £ 0.20

0.80 £0.20 nm

Antimicrobial

-t 0.30 gl
500 1000
Time (ns) 0.58 £ 0.17 n|

RMSD (nm)

Radius of gyration (nm)

Fig. 5 Native and antimicrobial capsule stability.
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Fig. 6 Atom density projected onto the 2D plane of the designed capsules calculated
along the trajectories. (A and D) Double-layer native capsid. (B and C) Single-layer
designed antibacterial capsid.
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Fig. 7 Secondary structure stability of the designed capsules.

of simulation, with the AM nanocapsule radii (red dotted line) adopting smaller
values. The average size of the inner pore of the native capsule measured during
the trajectory is around 0.80 nm, while for the AM capsid it is around 0.6 nm. The
pores and the overall geometry of the capsule appear to be stable throughout the
simulated time.

Having tested the stability of the designed capsules in solution, we measured
the time-averaged atom density projected onto a 2D plane for both systems via the
GROMACS densmap tool. Colours are more intense and localised for the double
layer native capsule, while the AM-B-annulus single layer capsule shows a more
diffuse pattern, indicative of a relatively higher flexibility (Fig. 6).

Analysis of the secondary structure content maintained during the simulation
(Fig. 7) shows that the values for the AM-B-annulus are in between the values
measured for the outer and inner layer of the native B-annulus capsule. We
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Fig. 8 Protein-lipid contact numbers across the entire simulated production time, before
(black line) and after the application of the electric field (red-line).

therefore strike a balance between flexibility and overall structural stability for the
designed AM capsule.

Interaction with model microbial membrane

Points for discussion: (a) the role of externally applied electric field; (b) the
role of coarse-grained parametrization. The designed AM capsule displays prop-
erties of higher porosity and flexibility that may make it more amenable to
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Fig.9 (A) Poration of the model membrane. Purple spheres represent the phosphate lipid
heads populating the pore. The sodium ions are represented by cyan spheres. Water
molecules are represented in orange by small spheres. The capsule positioning onto the
membrane at pore formation is displayed in the inset. (B) Frequency of contacts with lipid
heads (red) and tails (blue) per aa (Sirah's codes) without (top) and with electric field
(bottom). (C) Radius of the pore measured along the z-axis of the membrane. Purple
spheres are a pictorial representation of the lipid heads.
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interact with and disrupt the membrane when compared with the double layer
antimicrobial capsule we studied previously.*>*

These properties were tested by placing the AM-B-annulus near a model
bacterial membrane constituting POPC and POPS lipids (in ratio 3 : 1).

During the course of the unrestrained simulation, the capsule moves towards
the membrane and starts to interact with it at around 1 ps, as shown by the
number of protein-membrane contacts as a function of time (Fig. 8). This
number increases quickly to 30 after 1 ps, and remains constant till 2.5 ps, at
which point the electric field is switched on. We observe the formation of a pore
within 1.5 ps from the field switch, and some atoms of the capsule reach the inner
core of the membrane. The number of protein-membrane contacts increases
consistently during the electric field driven simulation, reaching about 150 in
total, 5 times larger than that observed in the simulation in the absence of an
electric field. A similar trend was observed in our previous simulations with the
capzip capsule® in the interaction with a model membrane (DPLC/DPLG ratio
3:1), using a coarse-grained Martini parametrization. Clearly, the number of
specific interactions is important not only for the effective attachment of the
capsule on the surface but also in driving efficient penetration into the membrane
(Fig. 9).

In a previous study,” we observed strong membrane invagination for the
microbial-mimicking membrane when applying the electric field but no pene-
tration. On the other hand, we did not observe attachment to the modelled
mammal membrane, this was reassuring evidence that the capsule could
discriminate between membranes increasing its effective AM activity on the
microbial membrane. To evaluate the energetics of membrane penetration and
the different process of penetration between these two membranes, we did resort
to pulling the capsule through the two model membranes and computed the PMF
profiles, highlighting a sensibly higher energy barrier for the mammalian model.

For the f-annulus simulations with and without electric field, reported here, in
particular we observe lysine residues interacting favourably with the head groups
of the POPS lipids, and these interactions increase in number once the capsule is
in contact with the transmembrane lipidic portion.

The area per lipid (ApL), thickness of the membrane and lateral diffusion of
lipid heads were calculated when the protein does not interact with the
membrane (0.0-1.0 ps), after the interaction (1.5-2.0 ps) and under the effect of
the electric field (4.5-5.5 us), as shown in Table 2. The membrane shows similar
ApL, thickness and lateral diffusion in the simulation without electric field before
and after the capsule attachment, suggesting these interactions do not perturb

Table 2 Membrane properties under the influence of the capsule and electric field®

System ApL, nm” Thickness, nm LD, 10 ®cm?s™*
BCI 0.633 £ 0.0005 3.90 + 0.07 0.251 + 0.016
ACI 0.633 £ 0.0003 3.88 £+ 0.05 0.210 £ 0.001
ACI-EF 0.631 £+ 0.0011 3.73 £ 0.16 0.162 £ 0.012

% BCL: before capsule interaction; ACIL: after capsule interaction; ACI-EF: after capsule
interaction with electric field.
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the membrane. On the contrary, the electric field deforms the membrane and
leads to a decrease in the lipid lateral diffusion in the presence of the capsule
(Table 2). It is therefore speculated that the membrane-capsule interactions
reduce the lateral mobility and elicit pore formation in the presence of an electric
field. However, once the pore is stabilised, the order of the lipid tails shows only
a slight decrease with respect to the value before the capsule attachment (Fig. 10).
Similar simulations (SIRAH force field, 4 mV nm " electric field, POPC/POPS
3:1 membrane) for the capsule tested in ref. 4, 5 and 19 (capzip) showed
attachment to the membrane but no disruption. This is particularly relevant as
capzip has experimentally proven antimicrobial activity. In this context, the
simulations would suggest higher AM potency for the f-annulus capsule. This will
have to be tested experimentally in future work. The capzip capsule relies on the
same antimicrobial sequence, a similar triskelion structure, but a shorter linker
(namely Lys-Lys—BAla). This results in a higher charge-to-hydrophobic residues
ratio, which promotes attachment to the negatively charged membranes but
allows for less plasticity. Additionally the capzip capsule is double layered and
therefore intrinsically less bendy and malleable. The B-annulus capsule instead,
displays more flexibility, and the simulation shows plastic rearrangement of its
structure, contributing to pore initiation. For the capzip capsule the interaction
with the membrane is especially mediated by the positively charged residues
(arginine), analogously to what is observed in the present study. In both cases, the
positive residues interact with the negative heads of the POPS lipids.®
Furthermore, it is interesting to observe how different force fields require
different intensities of the electric field to achieve poration. In our previous work,
where capzip molecules were simulated on a model microbial membrane, a field
of 130 mV nm ' was necessary to porate the membrane in an atomistic
description with a value of 40 mV nm™" for a MARTINI description (simulation

0.3 T T T T
i POPC | POPS |

0.251- -

0.2

Scd

0.15

0.1

005 | | | | | | | |
Atom

Fig.10 Order parameter of the POPC and POPS acyl chains 1 (circles) and 2 ( triangles) for
the simulations without electric field and before capsule interaction (open symbols), and
with electric field and a stable capsule interaction, in the last ps of simulation (filled
symbols).
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length of few hundreds of nanoseconds). These values were not sufficient for
poration in absence of the capsule. The simulations performed with the (-
annulus capsule can instead be compared with the work of Zonta and
coworkers,** who tested different values of an electric field on a SIRAH membrane
with a hemichannel structure inserted. In this work, a field of 100 mV nm™* was
sufficient for poration, while values in the range of 30 mV nm ™" were not able to
perturb the simulated system. Therefore, the value used in the present work can
accelerate poration in conjunction with the antimicrobial capsule, however it is
unlikely to be sufficient to disrupt the membrane per se. The role of coarse-
grained parametrization in responding to external perturbations like the elec-
tric force field explored here, should be investigated in more detail in the future.
For the data presented here, further work is needed to prove the activity of the
B-annulus capsule: in line with previous work,*'® time-resolved imaging of the
supported lipid bilayer transfected with the capsule would verify if the capsule
breaks simple membranes. Such experiments are the ones most closely related to
the simulations. Additionally, the viability of bacterial cells exposed to the capsule
can be measured. If the compound effectively acts as an antimicrobial, high-
resolution imaging would give information on how the membrane is porated.*

Conclusions

We have proposed a framework for the in silico design of an antibacterial nano-
capsule that is predicted to self-assemble in solution and is able to porate
bacterial membranes. The originality of the design is in the combination of
already recognised self-assembling triskelion B-annulus units with antibacterial
peptidic sequences that have been demonstrated to form supramolecular
arrangements rich in pB-sheet structures. The AM-B-annulus dodecahedral nano-
capsule is stable as a monolayer assembly: this allows for increased solubility and
flexibility when compared to previous designs. The designed nanocapsule is able
to interact with a bacterial model membrane and to cause poration through
a stable pore induced by the application of a small electric field. The pore remains
stable for the last 1 us of simulation, as measured from the protein and lipid
membrane atomic contacts occurring in the simulation. Future in silico studies
will explore the delivery of small drugs within the model membrane and, in
parallel, the synthesis of the designed units and their assembly in vitro.
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