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Abstract
The current crisis of antibiotic-resistant bacteria such as Methicillin-resistant Staphylococcus aureus (MRSA) causes the need for a

faster and more efficient methodology for drug discovery. Deep learning approaches show promising results for Virtual Screening
(VS). Herein we perform an in silico and in vitro evaluation of a new peptide from the dermaseptin family for anti-MRSA activity.
We perform VS using two neural networks: AMP-Net, which predicts antimicrobial properties and PLA-Net, which predicts
interactions with human cell receptors. Moreover, we perform an antibacterial microdilution assay with two multi-resistant
and one reference strain. The in silico screening showed that the peptide has a strong antibacterial and anti-tumorigenic effect.
Also, the antibacterial assay shows a minimum inhibitory concentration of > 12.5µM in MRSA strains, which presents the same
efficiency as cefalexin and a higher efficiency than common antibiotics such as ampicillin and vancomycin. We conclude that this
research shows the potential of VS to speed up the drug discovery and repurposing process. Finally, we state that further research
should aim to assess the multi-functionality of this peptide as a potential anti-carcinogenic agent.
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Introduction

There is a dangerous and continuous increase of nosocomial
infections (NIs) due to the indiscriminate use of broad-spectrum
antibiotics in hospitals and healthcare centers [1]. These infections
are caused by opportunist pathogens and they represent a threat to
any medical procedure and hospital stay [2]. Moreover, NIs have
lethal consequences on immunocompromised patients [3]. And
developing countries carry the burden of 75% of these healthcare
associated diseases [4]. Several microorganisms are associated
with NIs, where bacteria account for 90% of the reported cases [5].
Some of the most relevant bacterial species include Pseudomonas
aeruginosa [6, 7, 8, 9, 10, 11], Escherichia coli [6, 7, 12, 13, 14, 15],
Klebsiella pneumoniae [6, 7, 16, 17, 18, 19] and Staphylococcus aureus
[6, 7, 20, 21, 22, 23, 24]. The latter is a Gram-positive, coagulase +,
catalase -, non-spore forming and immotile cocci that behaves
as a facultative anaerobe [25]. S. aureus normally colonizes the
nasal passages and skin [26], which makes it easy to infect the
respiratory tract of immunocompromised people and patients
presenting skin lesions or undergoing surgical procedures [7].
Additionally, common antibiotics such as penicillin are no longer
effective against several S. aureus strains due to the presence of
penicillinase, which opens the β-lactam ring in the molecule [27].
This issue was addressed with the use of cephalosphorines, such
as cephalexine. However, strains of S. aureus developing other
β-lactamases appeared, conferring them resistance to methicillin,
oxacillin, cephalexin, among other β-lactamic antibiotics [28].
Particularly, there are two resistant S. aureus strains that are a main
threat to public safety: Methicillin-Resistant Staphylococcus aureus
(MRSA) and Vancomicin-Resistant Staphylococcus aureus (VRSA)
[29, 30]. Several approaches are currently being tested to tackle
infections with MRSA and VRSA, such as bacteriophages [31, 32],

naturally-derived molecules [33, 34, 35, 36] and Antimicrobial
Peptides (AMPs) [37, 38, 39].

On the one hand, AMPs show promising results in this area.
They are short aminoacid (aa) sequences, ranging from 12 to
100 aa that present high bioactivity, a net positive charge and
amphipatic behavior [40]. AMPs are naturally derived from all
biological reigns, they are usually part of the immune system
and they are located in external regions that are in contact with
the environment. AMPs are commonly grouped in three classes:
α-helix; cystein-rich and peptides with high abundance of proline,
histidine or tryptophan [41]. Furthermore, amphibian AMPs
(a-AMPs) are of high interest due to its strong antimicrobial effects
[37]. One sub-group of a-AMPs is the dermaseptin family, whose
peptides are isolated from frogs of the genus Phyllomedusa, they
are classified as α-helix peptides and they can accumulate in the
bacterial cell wall and create strong hydrophobic forces that cause a
rupture [41].

On the other hand, the search for potential anti-MRSA and
anti-VRSA molecules needs to be more efficient in order to
counteract the rapid adaptation of these strains to our last-resort
treatments. For this reason, computer aided diagnostics are a key
resource thanks to its processing capabilities. One of the most
common Virtual Screening (VS) approach is to calculate the binding
probability of a candidate molecule (ligand) and a target protein
of interest [42]. These ligand-binding affinity algorithms use a
Deep Learning approach and show promising results by analyzing
hundreds of molecules in a matter of minutes, while predicting
accurate binding probabilities without experimental verification.
In this field, PLA-Net [43] is the current state-of-the-art (SOTA).
Developed at Universidad de los Andes, PLA-Net uses Deep Graph
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Figure 1. Overall figure of the materials and methods. The top section shows the virtual screening through AMP-Net and PLA-Net. While the bottom section shows the in vitro
analysis through an antibacterial microdilution assay.

Figure 2. Overview of the AMP-Net architecture developed by Ruíz et al. [46].

Convolutional Networks [44] to predict the binding probability of a
candidate molecule against 102 protein targets described in [45].

Taking into account the aforementioned challenges in drug
discovery, the following project performs an in silico and in
vitro evaluation of one peptide from the dermaseptin family for
anti-MRSA. We perform VS using two neural networks: AMP-Net,
to predict the antimirobial potential of the peptide, and PLA-Net to
predict key target protein interactions that are involved in human
cell receptors. Moreover, we perform an antibacterial microdilution
assay in three resistant strains of S. aureus to experimentally verify
our findings.

Materials andMethods

Figure 1 shows the overall framework for this project. First, we
perform an in silico analysis through two state-of-the-art neural
networks: AMP-Net and PLA-Net to predict antimicrobial prop-
erties and binding affinity with human cell receptors. Then, we
perform an in vitro evaluation with a microdilution assay for an-
tibacterial activity against MRSA strains.

In silico analysis

We analyzed the peptide sequence through two state-of-the-art
(SOTA) neural networks. On the one hand, AMP-Net [46] is a
neural network based on graph representation that predicts the
probability of the candidate molecule to present antimicrobial
properties. Moreover, an overview of AMP-Net is shown in figure
2, the peptide sequence extracted from the work of Muñoz et al.
[40] gets converted into a graph representation, that subsequently
passes through a Graph Convolutional Network (GCN) and linear
layers to get the AMP probability.

On the other hand, PLA-Net [43] calculates the binding
affinity of the peptide against 102 protein targets related to several
metabolic pathways, the overview can be seen in figure 3. Here,
PLA-Net takes the peptide sequence and one cell receptor sequence
and it converts both molecules into graph representations. Then,
each graph passes through a GCN and the updated graph features
are average and combined. Finally, a linear classifier layer takes
the final features and outputs the binding probability of the ligand
against the cell receptor. We kept all the cell receptors that had a
binding probability of 50% or higher. Then, we perform molecular
docking through Autodock Vina [47] in order to verify the binding
affinity.

In vitro experimentation

Materials

Reagents
Sodium phosphate dibasic 99.0% purity, Luria Bertani (LB) media
and LB agar were obtained from Sigma-Aldrich (USA). The 96-well
non-binding microplate was obtained from Thermo Fisher Scien-
tific (USA). Vancomycin, Ampicilin and Cefalexin were donated by
the Fundación Cardio Infantil Hospital (Colombia). Moreover, the
peptide was synthetized by GL Biochem Ltd. (Shangai, China) via
the solid phase method, the peptide is named after the sequence of
the first and last aminoacid (AL).

Peptide characteristics
The AL peptide sequence starts with Alanine and ends with Leucine.
It has a net charge of +3, a hydrophobicity of 63% and a molecular
weight of 1994 g

mol . We refer the reader to [40] for more information.

Strains
Two MRSA strains were isolated and characterized at Fundación
Cardio Infantil Hospital in a previous work [48]. These strains were
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genotypically confirmed as MRSA trough PCR amplification of the
mecA gene and the resistance profile was determined by sensi-disc
analysis. Additionally, one reference strain (ATCC 23235) was
used for comparison. Table 1 shows the origin and resistance profile.

ID Origin Resistance
Vancomycin Ampicilin Cefalexin Methicilin

Reference ATCC - - - -
MRSA27 Secretion - - - +
MRSA33 Secretion - + - +

Table 1. Resistance profile of the three S. aureus strains for in vitro exper-
imentation

Microdilution assay

This assay was performed following the guidelines of Barrero-
Guevara et al. [49]. First, each strain stock was resuspended
in 1mL of LB medium and inoculated by depletion in LB Agar
overnight. Then, one colony was isolated, resuspended in 5mL of
LB and incubated at 37◦C for 5 hours and 110rpm. Subsequently,
the resuspended colony was centrifuged at 3500rpm for 5 minutes
(Thermo Fisher, USA) and the supernatant was removed and
replaced with 2mL of Na2HPO4 pH 7.4 buffer. The sample was
vortexed at low speed and this process was repeated 3 times.
After the washing process, absorbance was measured at 595nm
(Thermo Scientific Multiskan GO, USA) to estimate the bacterial
concentration.

Secondly, a 10mL 105 CFU
mL solution was prepared in Na2HPO4 pH

7.4 buffer. Then, 50µL of the treatment solution was added to a
microplate along with 50µL of the bacterial solution. For this assay,
1:2 dilutions from 100µM to 3.125µM of each treatment were used
for 3 reference antibiotics: vancomycin, ampicilin and cefalexin
and the dermaseptin peptide. The microplate was then incubated
at 37◦C with shaking for 2 hours (Thermo Fisher, USA) and then
100µL of LB medium was added to each well. The microplate
was finally incubated at 37◦C for 16 hours, and absorbance was
measured at 595nm (Thermo Scientific Multiskan GO, USA) to
calculate bacterial viability. This assay was replicated 2 times.

Results and Discussion

In silico analysis

The peptide sequence was analyzed through AMP-Net [46] and the
neural network predicted that the dermaseptin-like peptide had a
97.1% probability of presenting antimicrobial properties. Previous
works with dermaseptins show that these peptides present
strong antibacterial effects [50, 51, 52]. Moreover, this effect is

highly efficient against both Gram-positive and Gram-negative
bacteria [52]. Additionally, binding affinity analysis through
PLA-Net [43] shows that the peptide is an antagonist of two
cell receptors: Cyclin-dependent kinase 2 (CDK2) and X-linked
inhibitor of apopstosis protein (XIAP) [53]. CDK2 is involved in the
progression from S to M phases of the cell cycle [54], the inhibition
of this receptor have shown anti-tumorigenic properties [54].
On the other hand, XIAP inhibits apoptosis protein 3 (IAP3) and
baculoviral IAP repeat-containing protein 4 (BIRC4) [54], the
inhibition of XIAP has been effective in cancer treatment [54].

Antibacterial activity

A microdilution assay was performed with three S. aureus strains
and three reference antibiotics, as well as the dermaseptin-like
peptide. Figure 4 shows the change in bacterial viability w.r.t the
concentration of the treatment. The results are reported with
the mean and standard deviation from the replicas. First, the
subfigure (a) shows the results for the ATCC strain, in which the
dermaseptin shows a strong antibacterial effect with an estimated
Minimum Inhibitory Concentracion (MIC > 12.5µM), which is
more effective than vancomycin (MIC > 25µM) and ampicilin
(MIC > 50µM), and has the same efficiency as cefalexin. Secondly,
subfigure (b) shows the results from the strain with ID MRSA27.
The results are consistent with the previous reference approach
and both the dermaseptin-like peptide and cefalexin have the
lowest MIC. Finally, subfigure (c) shows the results for the MRSA33
which is resistant to both Methicillin and Ampicillin. Here we see
that this strain requires a higher concentration of both cefalexin
and dermaseptin (MIC > 25µM) while being highly sensitive to
vancomycin (MIC > 3.125µM) and resistant to ampicillin.

This peptide shows strong antibacterial effects against all the
S. aureus strains. Previous studies with peptides from the der-
maseptin family show similar minimum inhibitory concentrations
[50, 51, 52, 55]. However, dermaseptins usually have a carpet-
like mechanism in which they accumulate in the cell membrane
and cause rupture due to strong hydrophobic forces. This peptide,
which was extracted and characterized by Muñoz [40], does not
have a carpet-like mechanism. The aforementioned study sug-
gests a cell-penetrating mechanism, but further investigation has
to be done in this regard. Also, the peptide showed a similar effi-
ciency than cefalexin, however, there are MRSA strains that are
already resistant to cephalosporins, such as cefalexin [56]. How-
ever, there are not any reported cases of S. aureus strains resistant to
dermaseptins. Conversely, the in silico study suggests that the pep-
tide has anti-tumorigenic properties, several dermaseptins have
shown the ability to regulate the cell cycle in cancer cell cultures
[57, 58, 54]. For this reason, future work should aim to evaluate
its anti-carcinogenic properties and to study the metabolic path-
ways that may be involved in this process. Finally, the results from
AMP-Net [46] are congruent with the experimental assay. This sug-

Figure 3. Overview of the PLA-Net architecture developed by Ruíz et al. [43].
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Figure 4. Antibacterial microdilution assay of dermaseptin against 3 S. aureus strains. (a) Results in the reference strain, dermaseptin has a MIC > 12.5µM. (b) Results in
MRSA27, the peptide presents a MIC > 12.5µM and (c) Results in the MRSA33 strain, the peptide showed a MIC > 25µM.

gests that in silico screening with state-of-the-art machine learning
models might be useful for drug discovery and repurposing.

Limitations

S. aureus is a bacteria with a high mutation rate. For this reason,
variation between strains is an issue when evaluating the effect of
a therapeutic agent. We consider that working with two resistant
strains and one reference strain does not overcome the error
associated with the genetic variation. Thus, we suggest to expand
this experiment to at least 15 resistant strains in order to evaluate
this peptide in more scenarios. In contrast, PLA-Net is trained
only in human cell receptors, thus, it is not capable of determining
interactions related to microbial communities. Based on this
statement, the neural network should be trained in a bacterial
cell receptor database in order to get a better grasp on possible
interactions and its mechanism.

Conclusions

We performed an in silico and in vitro evaluation of a new peptide
from the dermaseptin family. The virtual screening with neural net-
works show a strong antibacterial effect with a probability of 97.1%
according to AMP-Net, and PLA-Net suggests that the peptide has
inhibitory activity against XIAP and CDK2, which may be related to
anti-tumorigenic properties. On the other hand, the experimental
assay showed a strong anti-MRSA effect with a MIC > 12.5µM in
two multi-resistant strains of S. aureus. This experiment shows
the potential of virtual screening to speed the discovery of new
molecules. Finally, further research should aim to study the possi-
ble multi-functionality of the peptide as an anti-tumorigenic agent.
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