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ABSTRACT: Antibiotic resistance is one of the greatest
challenges of our time. This global health problem originated
from a paucity of truly effective antibiotic classes and an
increased incidence of multi-drug-resistant bacterial isolates in
hospitals worldwide. Indeed, it has been recently estimated that
10 million people will die annually from drug-resistant
infections by the year 2050. Therefore, the need to develop
out-of-the-box strategies to combat antibiotic resistance is
urgent. The biological world has provided natural templates,
called antimicrobial peptides (AMPs), which exhibit multiple
intrinsic medical properties including the targeting of bacteria.
AMPs can be used as scaffolds and, via engineering, can be
reconfigured for optimized potency and targetability toward drug-resistant pathogens. Here, we review the recent development
of tools for the discovery, design, and production of AMPs and propose that the future of peptide drug discovery will involve
the convergence of computational and synthetic biology principles.
KEYWORDS: antimicrobial peptides, peptide design, computational biology, synthetic biology, peptide chemistry, rational design,
molecular design frameworks, peptide discovery

INTRODUCTION

Antibiotic resistance is one of the greatest medical problems in
our society,1 currently accounting for more than 25,000 deaths
per year in Europe and 35,000 in the United States. For several
decades, the number of antimicrobial-resistant microorganisms
has been growing. The lack of effective treatment options for
infections caused by these organisms deeply impacts the
economy2 and our wellbeing.3 The estimated magnitude of the
problem worldwide is alarming, especially as there has been a
discovery void of antibiotics in the last couple of decades.
Therefore, it is crucial that we develop antimicrobials that can
combat multi-drug-resistant microorganisms4 and slow down
the evolution and spread of antibiotic resistance.5

Antimicrobial peptides (AMPs) are produced naturally by
essentially all organisms on Earth6 and act as a defense system
against invading pathogens through diverse mechanisms of
action.7 These molecules have evolved over billions of years as
part of immune systems8 and provide broad-spectrum
protection against a range of pathogenic microorganisms,
including bacteria, fungi, viruses, and parasites.9 AMPs are

small in size (between 6 and 50 amino acid residues in length)
and have an amphipathic and cationic structure, generally with
a net positive charge between +2 and +9, due to the presence
of Lys and Arg residues. About 50% of their primary structure
comprises hydrophobic and aliphatic residues that enable
interaction with membranes and translocation into cells.10

Because of their potent antimicrobial activity, size, and
physicochemical characteristics, AMPs represent versatile
scaffolds for engineering and have been extensively studied.11

Several obstacles (Box 1), however, such as toxicity, limited
bioavailability, insufficient specificity toward pathogens, and
the difficulty of large-scale production, have prevented the
development of AMPs as therapeutic agents to treat infectious
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disease. Nevertheless, recent advances in design strategies,
synthesis methodologies, and delivery systems are transforming
the landscape of possibilities to enable translation of synthetic
AMPs into next-generation standard-of-care antibiotics for the
treatment of drug-resistant infections.4,11,12

This review provides an update on the latest computational
and synthetic biology tools developed to advance the
application of AMPs as a generation of antimicrobial agents
to help replenish our current antibiotic arsenal.

AMPs: MULTIFUNCTIONAL SCAFFOLDS FOR
ENGINEERING

AMPs exhibit numerous intrinsic medical properties:13 they
can kill bacteria,14 target drug-resistant microbial biofilms,15−18

promote wound healing, and modulate the immune
response.13 The multifunctional nature of these molecules19−21

(Figure 1A) makes them excellent templates for drug
development (Box 2), including promising alternatives to
clinically available antibiotics.14 For example, cationic AMPs,
such as polymyxin B22 and gramicidin S,23 have been used for a
long time in the clinic and as topical over-the-counter
medicines, and the cationic lantibiotic nisin is commonly
used as an antimicrobial food additive.24,25 However, so far,
only a few AMPs, such as D2A21, SGX942, p2TA, and
omiganan, have demonstrated efficacy in Phase III clinical
trials (Table 1),26 thus highlighting the limitations of
conventional AMPs, which still need to be addressed.11

Here, we describe the promise and challenges of this diverse
set of molecules and describe routes to maximizing their
potential through the use of synthetic biology and computa-
tional biology technologies for discovery, design, and
production.

Figure 1. Multifunctional and diverse nature of AMPs and opportunity for sequence space exploration. (A) Schematic of AMPs as promising
scaffolds for engineering multifunctional antimicrobial agents. Peptides are shown as well-known antimicrobial and antibiofilm agents and
also as immunomodulatory, chemotactic, and anticancer therapeutics. (B) Biological evolution has only explored a tiny fraction of the total
space of possibilities of all potential peptide molecules. Computational methods enable exploration of previously unexplored regions of
sequence space that may yield synthetic peptides with enhanced biological function.
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The discovery of truly bioactive peptide molecules may help
change the success rate of translating AMPs into the clinic;
however, this remains an outstanding challenge.27 The vast
sequence space of peptides (Figure 1B)28,29 offers numerous
possibilities that have not been explored and that may yield
innovative peptide sequences that may constitute therapies. As
we have little knowledge of the biological, physical, and
chemical properties of distinct peptide sequences, it is difficult
to predict each of the numerous biological activities that
peptides can present.30 Over the last few decades, several
computational resources have been developed to facilitate
AMP design,31 including databases,11 prediction tools,32−38

and design models.10,11

MOLECULAR DESCRIPTORS
Understanding the role and importance of each amino acid
residue in a given sequence is fundamental for programming
peptide and protein biological function precisely and on
demand. However, little is currently known about the basic
chemical and physical principles underlying peptide structure−
function relationships. Indeed, small changes made to the
sequence of these molecules (even single amino acid
mutations) often lead to complete loss- or gain-of-function
and to changes in structure. Even these minimal changes to
peptide sequences are not well understood. Insights into the
physicochemical and structural descriptors, which are vectors
that provide information about the physicochemical properties
of amino acids (Box 3), may reveal previously unknown rules
for programming these molecules.
Computational approaches and heuristic substitutions are

common ways to predict the structure and function of AMPs.
Generally, noncomputational (heuristic) structure−activity
relationship (SAR) studies employ the simplest descriptors
known, such as empirically obtained descriptors or well-known
standard physicochemical properties;39 however, the recent
increase in computational power and data availability has
increased descriptor complexity, thereby enabling peptide
programming.40 Several computational methods have been
described to elucidate the SAR. For example, quantitative
structure−activity relationship studies (QSAR) have been used
to describe amino acid residues and their features.41 In this
case, the physicochemical and structural descriptors might be
correlated or dependent on each other and have weight in
QSAR modeling and the final biological activity studied.42

Numerous descriptors have been reported in the literature,43

which are frequently divided into different dimensional groups
according to their source or the properties considered for their
conception.
Most researchers in the field use linear correlations between

intrinsic properties (or unidimensional descriptors) and
biological activities. Descriptors such as net charge, hydro-
phobicity, and length are commonly used for the definition
algorithms or classifiers that can categorize peptides based on
their potency.44 Classifiers are scoring functions determined by
analyses of the theoretical influence of some of these
descriptors for simultaneously predicting activity and/or
structure. The use of classifiers is powerful as they may even
provide information on the relative contributions of each
parameter to antimicrobial potency, even at the level of strain
specificity. After the relevance of the descriptors to biological
activity is determined, hybrid and looped computational−
experimental approaches offer a reliable discovery strategy if
followed by an evaluation of prediction efficacy.

Supady et al.45 identified structural descriptors, such as low-
energy conformers, using a genetic algorithm that identified
segments of the conformation space of peptides exhibiting
lower energetic profiles. The authors predicted all conformers
within an energy window above the global minimum instead of
finding the global minimum energy. This strategy prevents
potentially biased results from the parametrization of a
particular force-field, thus making the search applicable to a
wider selection of parameters and enabling a broader
exploration of conformational space. The identification of
structural descriptors is also useful for organic compounds
other than peptides. The lack of first-principles in the
understanding of AMPs has led the field to rely on heuristic
design approaches, which are time-consuming and costly.11

NONCOMPUTATIONAL DESIGN APPROACHES
Traditional AMP design approaches have relied on non-
generalizable experimental trial-and-error. These noncomputa-
tional methods are capable of yielding highly active AMPs,
despite the limitations imposed by a lack of standardized
design and experimental methods,46 conditions that prevailed
before large data sets and proper computational power became
available. Below, we outline the most significant strategies used
thus far.

Structure−Function Relationship Heuristic Ap-
proaches. Mutating natural peptides by adding, deleting, or
replacing amino acid residues is useful for evaluating the effects
of each residue on any given peptide template. Features
correlated to the activity of the peptide can be evaluated by
comparing how peptide function is affected by differences in
absolute or mean values of properties such as hydrophobicity,
amphipathicity, net charge, and topological surface-related
properties. Some of these biological descriptors are easily
extracted empirically or by simple sequence analysis. However,
more complex descriptors such as the ones derived from
molecular dynamics and quantum calculations (e.g., topological
and energetic parameters)47 have been described in the past
decades using bioinformatics and computational tools.
Systematic single residue substitutions can cover a

substantial portion of sequence space and represent the most
straightforward experimental approach to identify and
characterize the effect of physicochemical and structural
properties on biological activity. The two main approaches
for performing systematic amino acid substitution studies are
single mutation peptide libraries, which involve introducing a
desired amino acid residue (e.g., Ala) into each position within
a peptide sequence in order to elucidate the function of each
residue, and high-throughput screens, where a large number of
variants are synthesized and analyzed. With scanning
combinatorial libraries, the number of variants generated
depends on the initial number of amino acids present in a
given peptide. For example, a 12-mer peptide would present
2012 ≅ 4.1 × 1015 variations, and this is just considering the 20
naturally occurring canonical amino acids. As this number of
variations is not feasible for experimental analysis, however,
specific residues such as Ala can be fixed within the sequence
for the generation of combinatorial libraries. These scans are
used in studies that aim to describe determinant hotspots and
their effect on biological activity. As an example of the
effectiveness of scanning combinatorial libraries, Torres et al.39

reported a comprehensive physicochemical-guided approach
for reprogramming a toxic α-helical wasp venom peptide into a
nontoxic antibiotic. This study systematically analyzed the
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contribution of each amino acid residue to both structure and
physicochemical properties, which enabled a subsequent
structure-guided design that generated optimized synthetic
peptides with minimal or no cytotoxic and hemolytic activities
and increased antimicrobial function compared to the template
toxin. The optimized AMPs were active against bacteria and
fungi both in vitro and in vivo. The modifications made to the
original sequence, which led to higher helical content
compared to the wild-type molecule, led to increased
antimicrobial activity. Maintaining mean hydrophobicity values
within a specific hotspot range, while respecting the
amphipathic balance of the helical structure, led to suppression

of cytotoxicity. In addition, positive charges inserted into the
hydrophilic face of the template peptide decreased both
cytotoxicity and hemolytic activity.
Another example of the use of descriptors to investigate the

SAR of Trp-rich AMPs was reported by Arias et al.48 The
authors substituted certain amino acids from the sequence with
positively charged amino acid residues (Arg, Lys, and their
derivatives) and correlated antimicrobial activity with mech-
anism of action and structure. Peptides substituted with Lys
residues exhibited reduced antimicrobial potency compared to
Arg-substituted ones. The weakened activity was attributed to
poorer permeabilization of the Escherichia coli cytoplasmic

Figure 2. AMP manufacturing approaches. (A) AMPs can be manufactured by traditional chemical synthesis using solid-phase strategies, but
these are time-consuming and costly. (B) High-throughput methods have been developed to speed up the process and make it cheaper and
greener, allowing the exploration of AMP chemical space. (C) Large-scale manufacturing is needed for late-stage clinical trials and
commercial production, and these processes have been boosted by synthetic biology techniques that allow the expression of peptides by
living organisms. These are efficient and low-cost processes that can be used for diverse types of microorganisms and strategies.
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membrane. Additionally, the authors presented evidence that
the presence of Arg and Lys residues rendered the peptides
susceptible to degradation by proteases. The authors also
investigated the effect of the length of basic residues’ side chain
on peptide stability. Introduction of basic amino acids residues
with different length in hydrocarbons, such as ornithine,
diaminopropionic acid, diaminobutyric acid, and homoargi-
nine, resulted in enhanced stability to trypsin digestion, and
shorter side chains maintained and even improved antimicro-
bial activity. These results suggested that Arg-to-Lys
substitutions, coupled with side chain length modifications,
can directly affect the activity and stability of AMPs.
High-throughput screening of peptides is also effective;

however, generally, the reported number of molecules needed
to achieve conclusive SAR studies is higher than that required
for structure-guided screening approaches, mainly because of
redundancy in the descriptor values. The main advantage of
large screens is the higher probability of obtaining hits, helping
to select and optimize complex molecular descriptors and
increase the information obtained for a more precise definition
of less complex molecular descriptors. Haney et al.49 reported
the use of a high-throughput screening strategy for the
simultaneous optimization of antibiofilm (against Pseudomonas
aeruginosa and resistant Staphylococcus aureus strains) and
immunomodulatory activity. Identified immunomodulatory
peptides stimulated the production of monocyte chemo-
attractant protein (MCP-1) and suppressed LPS-induced
interleukin (IL)-1β production in human peripheral blood
mononuclear cells (PBMCs). This proof-of-concept study
demonstrated that multiple peptide activities can be optimized
simultaneously to generate sequences that possess a variety of
biological properties.
Knappe et al.50 described the use of high-throughput

screening to explore oncocin, a Pro-rich peptide, which led
to the design of variants with broad-spectrum activity
compared to the wild-type peptide. The combination of single
residue substitutions yielded synthetic sequences with multiple
mutations that were 10-fold to 100-fold more active than the
wild-type molecule against P. aeruginosa and S. aureus,
respectively.
Exhaustive modifications with unusual synthetic strategies

are also an alternative to conventional SAR studies, allowing
the exploration of properties and structural patterns inexistent
with canonical residues. Along these lines, Abdel Monaim et
al.51 reported the design of synthetic alternatives to
teixobactin, a small cyclodepsipeptide from β-proteobacteria,
which was utilized as a scaffold for generating enhanced AMPs
with a large variety of synthetic pathways and active analogues
(>85% similarity) or derivatives (>50−85% similarity). This
study thoroughly showed the influence of single, double, triple,
and quadruple substitutions and cyclizations on the antimicro-
bial activity of the analogues generated.
Chemical Modification Strategies. Advances in syn-

thetic chemical strategies and routes combined with the
development of several protecting groups with diverse
orthogonality (Figure 2A) have enabled high-throughput
synthesis (Figure 2B) and more elaborated SAR studies for
peptides containing noncanonical, constrained analogues, and
even those that are conjugated to other molecules such as
lipids, organic compounds, and nanostructures.52

Solid-phase peptide synthesis (SPPS) allows high-yield and
purity incorporation of unusual amino acids to peptide
sequences. Among the strategies to improve AMPs, the partial

or complete replacement of L-amino acids with their D-amino
acid counterparts is a method53 that has consistently been
shown to improve key functional parameters such as peptide
activity,11 toxicity,54 and resistance to degradation55−57 in the
presence of peptidases.58,59 AMPs containing D-amino acids
have also been shown to act as potent antibiofilm,60,61

anticancer,62,63 antiparasitic,64 antifungal,65 and immunomo-
dulatory66,67 peptides.
Generally, AMPs made of D-amino acids (inverso-peptides)

present physicochemical and structural properties similar to
those of all-L-AMPs with the same sequence.68 These
similarities extend to their mechanisms of action on bacterial
cells, especially if the peptides act by destabilizing or disrupting
the cell membranes, rather than having specific interactions,
such as binding to receptors and proteins.69 For binding and
specific interactions, peptides are designed in their retro-
inverso form, which leaves their physicochemical and structural
properties essentially unchanged compared to those of their L-
form.63,68,70

Synthetic noncanonical amino acids can be coupled directly
to the peptide sequence during synthesis or transformed after
coupling; in fact, multiple post-translationally modified amino
acids have been described.71 There is a considerable number of
amino acid derivatives that are responsible for narrowing the
spectrum of activity of AMPs or transforming them into agents
with multimechanisms of action72 by favoring interactions
between bacterial cell components and specific functional
groups present in side chains of noncanonical amino acids or
changing significantly the structure upon contact with the
membrane.
Noncanonical amino acids, such as β-amino acids (β3 and

β2), homoamino acids, proline and pyruvic acid derivatives, 3-
substituted alanine derivatives, glycine derivatives, ring-
substituted phenylalanine and tyrosine derivatives, linear core
amino acids, and N-methyl amino acids, are useful building
blocks for generating antimicrobial compounds with different
capabilities. Their properties and structures make them
invaluable as starting materials for syntheses. Because of their
non-natural side chains, unusual amino acids can yield peptides
with different characteristics in addition to increasing sequence
and descriptor space for SAR investigations.51,73,74

Cyclizing and constraining peptides are alternative ap-
proaches for increasing serum stability and sometimes favoring
specific interactions, such as receptor-binding affinities.75

Depending on its functional groups, a peptide can be cyclized
in four ways: head-to-tail (C-terminus to N-terminus), head-
to-side chain, side chain-to-tail, or side chain-to-side chain.76

There are several examples of natural cyclic peptides that have
inspired the development of cyclization techniques over the
last decades.77 Disulfide-bridged peptides are the most
common constrained peptides reported and advances in
orthogonal protecting groups have allowed their synthesis
through different SPPS strategies.78,79 However, several other
cyclic or constrained peptides have been described with
different structures, bridge-head elements, and ring sizes.
Lactams, lactones, and macrocycles are also frequent in SAR
studies with constrained peptides, and the most important
feature of constrained or cyclic peptides is their ring size. The
success of synthesis and the final yield of cyclic peptides is
dependent on the size and components of the ring.
Alternatively, peptide stapling is a promising approach to
reducing proteolytic degradation of peptides in the presence of
enzymes. Stapled peptides are molecules constrained by a
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covalent carbon−carbon bond between amino acid residues’
side chains forming a macrocycle that preserves the helical
structure of the molecule. This macrocyclization technique has
not been frequently used for the design of AMPs since it leads
to decreased selectivity toward bacteria and, consequently,
increased cytotoxicity. However, this approach has been shown
to successfully increase peptide bioavailability, as reported by
Mourtada et al.80 The authors created a library of stapled
magainin-II derivatives based on their hydrophobic and
hydrophilic content and strategic positioning residues to
balance the amphipathic structure. The resulting molecules
were more stable and displayed enhanced antimicrobial
selectivity. White and Yudin reviewed current strategies for
the macrocyclization of peptides, describing the challenges and
most recent developments of this class of stable peptides.81

Among the several cyclization methods that have been
described for peptides, catalyzed reactions have been more
thoroughly explored because their yields and specificity are
higher than those of older, more common, more expensive,
and time-consuming techniques (e.g., cysteine oxidation and
tail-to-tail cyclization using standard coupling agents). One
example of a catalyzed cyclization reaction is the stereo-
selective synthesis of cyclic peptides by a synthetic rhodium-
based catalyst that can selectively bind a dehydroamino acid
residue to initiate a sequential cyclization process. The authors
also showed that the catalysis process undergoes a cascade
reduction with high stereocontrol and proceeds in one
direction around a macrocyclic ring.82 As the catalyst can
dissociate from the peptide, the C to N directionality of the
hydrogenation reactions is controlled by catalyst−substrate
recognition rather than by a progressive mechanism in which
the catalyst remains bound to the macrocycle.82

Peptides may also be used to guide the macrocyclization of
more complex molecules, such as the functionalization and
macrocyclization of bioactive peptidosulfonamides by Pd(II)-
catalyzed late-stage C−H activation. In this case, the peptides
act as internal directing groups and enable site-selective
olefination of benzylsulfonamides and cyclization of benzo-
sulfonamides to yield benzosultam peptidomimetics. This
approach facilitates the self-guided macrocyclization of
sulfonamide-containing peptides by intramolecular olefination
with acrylates and unactivated alkenes, giving rise to bioactive
peptidosulfonamide macrocycles of various sizes. These
examples highlight the utility of peptides as internal directing
groups in facilitating transition-metal-catalyzed functionaliza-
tion of peptidomimetics.83

The limited understanding of first-principles and lack of
standardized systematic studies, with some exceptions,39 have
made it difficult to determine which physicochemical and
structural features directly influence peptide structure and
biological activity. Attempts have been made to rationally
design AMPs based on the identification of functional hotspots
that enhance biological activity.11,39 Once precise control of
peptides is achieved in the laboratory, these sequences may be
digitized to enable further molecular discovery using
computers. Next, we will outline strategies for chemical and
biological control of peptide sequences.

PLATFORMS FOR CHEMICAL AND BIOLOGICAL
CONTROL

Once we have learned the amino acid sequences that make up
potent AMPs, we can use chemical and biological systems to
produce these molecules. Most peptides described in data-
bases31,84−99 are naturally occurring molecules,100 which are
generally divided into two categories: gene-encoded, made by
ribosomes, and non-gene-encoded peptides, generated by
multiple enzyme-catalyzed reactions. Gene-encoded peptides
are more common as they are produced within the host
immune system.7 Such natural peptides, and their synthetic
derivatives, can be synthesized either chemically or biologically
using several approaches, including SPPS,101,102 cell-free
systems,103−106 and recombinant production in bacteria107

and fungi (Table 2).108−111

Platforms for Biological Synthesis. Recombinant
expression (Figure 2C), which plays a central role in
therapeutic protein production (e.g., scale-up of insulin
production),112 represents a promising approach for
AMPs.113 A DNA sequence encoding the peptide of interest
may be introduced into the host or a cell-free extract, after
which the native transcriptional and translational machinery
produces the peptides. Recombinant expression can produce
virtually any given peptide or protein from its corresponding
DNA sequence without any size limitation, and scaling up
production is now possible with refined recombinant
methods.108 Currently, the typical manufacturing cost for
protein drugs is about $10−50 per gram for 10,000 L scales
(Table 2).
In addition, genomic sequencing and transcriptomics can be

used for the design and generation of large peptide libraries.114

Recombinant technologies also provide scalable and cost-
effective production of AMPs, producing higher yields than
chemical synthesis routes, because engineered microorganisms,

Table 2. Comparison of AMP Production Systems

E. coli expression

native sources chemical synthesis
cell-free
systems fusion protein direct expression yeast expression

tag protein no no noa yes no noa

downstream
process
burden

high low low to
medium

medium medium low

productivity
(mg/L)

N/A N/A 50−200 1−100 1−50 up to 1000

production scale amall small to medium small medium to large medium to large medium to large
application preliminary tests,

peptide
characterization

functional assays, animal
and clinical studies

functional
assays

functional assays, large-
scale production

functional assays,
large-scale
production

functional assays,
large-scale
production

cost high high high low low low
aSome specific examples have tag proteins.
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such as bacteria and yeast107,115 or their cell-free extracts can
be genetically manipulated. To prevent peptide degradation
and toxicity against the host, AMPs can be expressed as fusion
proteins107 consisting of carrier and purification tag proteins
followed by a cleavage site the desired AMP sequence.116

Biological Libraries and Whole-Cell-Based Screening.
Multiwell plate assays are the most commonly used methods to
screen the activity of chemically synthesized libraries, whose
design and readout are straightforward and flexible. However,
this approach is only suitable to screen small libraries; the
process is highly laborious and time-consuming for libraries
composed of >103 members. To produce libraries of larger size
and higher diversity, DNA-encoded peptide libraries can be
prepared via in silico design or site-directed saturation
mutagenesis and subsequently used to transform a specific
host (either bacteria or yeast) to produce the final peptide
libraries. Guralp et al. cloned in silico designed AMP-encoding
oligonucleotide libraries of 12K into a periplasmic leaky E. coli
strain for the efficient secretion of the AMP.117 The peptide-
producing E. coli libraries were diluted and plated with Listeria
innocua ATCC 33090, and the colonies created large inhibitory
zones that were selected and sequenced. The authors isolated
two plantaricin-423 mutants composed of 37 amino acids,
which had MICs that were 2-fold lower than those of the wild-
type AMP against the testing strain.
Another example is the surface localized antimicrobial

display proposed by Tucker et al.118 as a high-throughput
platform for the discovery of peptides by bacterial self-
screening of peptide libraries displayed onto a surface. This
method allowed the evaluation of approximately 800,000
peptides, reporting insights into the mechanisms of action of
thousands of AMPs, such as pore formation, carpet-like
activity, and membrane depolarization, in addition to
indicating the most important physicochemical determinants
that influence their antimicrobial activity.
Site-directed saturation mutagenesis is better suited for

peptide library generation than error-prone PCR, which is
commonly used to generate diversity in protein libraries. For
site-directed saturation, DNA mutations are introduced at
selected positions within sequences encoding AMPs using
degenerate oligonucleotides during PCR amplification. Tomi-
naga et al. created a set of Pediocin PA-1 analogues with
saturation mutations at the amino acids of interest to study
their biological role.119 Rao et al. used codon shuffling to
synthesize and select those active AMPs with an α-helix as the
predominant secondary structure.120 The designed hexamer
DNA duplexes were randomly assembled in vitro and inserted
into an inactive gene scaffold to make the peptide library, and
the active peptides that were produced upon induction with
IPTG inhibited the growth of the host cells. Such strategies
resulted in each strain producing only one type of peptide and
allowed screening of >103 members on a large Petri dish. The
test strain can be the host strain if the AMP is intracellularly
expressed or different from the host strain if the AMP is
secreted. These biological approaches can lead to the
generation of peptide libraries composed of >107−109
variants.121

Cell-Free Extracts. Cell-free synthesis has been used for
decades for the rapid and efficient production of proteins and
peptides without the need to use living organisms. Recently,
efforts have been aimed at delineating specific conditions that
maximize peptide yields. Synthetic biology has been used to
develop cell-free production systems that are more versatile,

better characterized, and simpler to manipulate106 than earlier
versions. Cell-free systems have been used to build on-demand
biomolecular manufacturing systems using freeze-drying
processes, to produce proteins on paper while remaining
abiotic, sterile, and portable, thus allowing in situ diagnosis at
low cost.103

Cell-free methods are also amenable to automation, making
them candidates for HT peptide production and screening. For
example, a bioreactor module was used with eukaryotic (or
prokaryotic) lysates and programmed for combined tran-
scription and translation of an engineered DNA template
encoding specific protein targets. The purification of the
proteins took place in separated modules responsible for the
specific isolation of different proteins. This approach led to a
flexible, scalable, and rapid production of proteins with
pharmaceutical value.104

Bacterial Cells as Hosts for Peptide Production. The
main challenge associated with the expression of AMPs is their
lethality toward host bacteria. Fusion proteins can mask the
peptide, thus reducing toxicity toward its host. Other
additional strategies have been developed to overcome this
issue. Recently, Ishida et al. found that a ubiquitous eukaryotic
calcium sensor protein, calmodulin (CaM), which has a
negatively charged surface, can be used as a universal carrier
protein to produce multiple types of AMPs.122 CaM has a
structure of two flexible and independent globular domains
allowing binding to AMPs and masking their toxicity.122,123

Another way to minimize toxicity to the host is to produce
peptides in E. coli via the formation of inclusion bodies, which
bury the AMPs in insoluble aggregates.107,124 Inclusion bodies
enable a high level of protein expression and a simple
purification process. Several carrier proteins that form
inclusion bodies under certain conditions, such as PurF
fragment,125 PaP3.30,126 and C-terminus of Onconase127

have been identified.
Yeast Cells as Hosts for Peptide Production. A

promising alternative to bacterial cells for the production of
peptides is the use of yeast, as these organisms have the
advantage of being resistant to AMP-mediated killing and
possess eukaryotic post-transcriptional and post-translational
modification systems. Moreover, yeast species such as Pichia
pastoris can efficiently secrete peptides to their surrounding
medium to increase titers and reduce purification costs128,129

and can be tightly regulated using systems such as methanol-
inducible protein AOX1. We recently developed a recombi-
nase-based gene integration platform for reliable and rapid
strain engineering and biologics production in Pichia
cells.130−132 Pichia pastoris has been used to produce AMPs
such as defensins,133,134 plectasin-derived peptides,135,136 and
cecropin137,138 without the need for carrier proteins.
Recently, Chen et al. significantly enhanced the expression of

apidaecin in Pichia pastoris by employing N-methyl-N′-nitro-N-
nitrosoguanidine (NTG) mutagenesis to produce a strain that
exhibits decreased loss of plasmid integration into the
genome139 than the wild-type strain. GAP is a commonly
used constitutive promoter in Pichia, thus obviating the need
to use methanol; however, its constitutive expression limits its
application when the proteins expressed are toxic. As a result,
this promoter has only been used to express a few AMPs,
including defensin,140 cecropin D,138 and MP1102.135

However, similar to E. coli, endogenous yeast proteases can
degrade AMPs, and the net positive charge of these molecules
may hinder their secretion from the cell because of electrostatic
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interactions with negatively charged molecules on the surface
of the membrane. To enhance protein secretion and overall
yield, our lab recently developed a human serum albumin
(HSA) fusion protein-based AMP production system in P.
pastoris. HSA can facilitate protein expression and secretion in
P. pastoris, and a number of HSA fusion proteins have been
produced in high titers (i.e., between 10 and 30 g L−1). To
purify and release AMPs, we also inserted a polyhistidine tag
(His-tag) and a TEV protease cleavage site between the carrier,
HSA, and the AMP sequence. The titer of the HSA−AMP
fusion protein in the supernatant was greater than 700 mg L−1,
much higher than yields obtained using E. coli.
Once we have understood from first-principles the

structure−function relationships of AMPs, and once chemical
and biological control have been achieved, we are in a position
to digitize this information to enable machine-driven molecular
discovery.

COMPUTER-GUIDED DESIGN

Nearly all peptide engineering performed so far has involved
the modification of naturally occurring molecules. However, by
proposing mutations in natural sequences, computer-guided
peptide design allows the exploration of larger regions of
sequence space, which have previously not been analyzed in
the lab or throughout evolution. Computer-guided design has
the added advantage that it obviates the need to synthesize and
screen every single variant generated, thus saving time, labor,
and expense (Figure 3A). Computer-guided methods are based
on physicochemical principles that underlie structural tenden-
cies and biological activities. Currently, one of the major
limitations of computer-guided methods for predicting AMP
function is the need for standardized and reliable biological
data as input for an efficient design process. Computational
methodologies have advanced to the point that computers can
be trained to develop and enhance analysis to optimize
traditional noncomputational design methods, such as different
types of SAR strategies.39,141,142 These technologies may be

Figure 3. Discovery tools for antimicrobial peptides. (A) AMPs might be generated by combinatorial synthesis, in silico or extracted from
nature; however, these processes are time-consuming and costly. To optimize the discovery of AMPs, computational frameworks based on
different methodologies have been developed. (B) Genetic algorithms are commonly used to evaluate and evolve sequences from templates.
Another option is to use (C) pattern recognition algorithms to identify minimal portions that are responsible for the biological activities of
peptides in redundant sequences or (D) quantitative structure−activity relationship studies to identify activity determinants that might be
isolated for the generation of shorter peptides with optimized features for displaying targeted activity.
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combined with a wide range of structures whose designs are
based on natural sequences. Peptides can be generated with
accuracy or improved by evolving a template to generate
bioactive peptides, as we will discuss next.
Prediction Techniques. Ligand-based models are effective

for AMP prediction when the potential activity spectrum of the
molecule is not known. Using data mining, Mardirossian et
al.143 identified Tur1A and Tur1B, two proline-rich AMPs
from bottlenose dolphins. Specific transporters enable these
proline-rich AMPs to be internalized by susceptible bacteria,
and once internalized, these agents interfere with protein
synthesis and folding, leading to cell death. The authors
showed that Tur1A is internalized by E. coli through the inner
membrane transporters SbmA and YjiL/MdM without causing
membrane damage and that it inhibits bacterial protein
synthesis by binding to the ribosome and blocking the
transition from the initiation to the elongation phase. Tur1B,
on the other hand, modestly inhibits protein synthesis and
appears to exert its antimicrobial activity through a different, as
yet unknown mechanism of action.
Increasingly, large databases are enabling the generation of

machine learning (ML)/artificial intelligence (AI) algorithms
for AMP prediction.144 For example, Yoshida et al.145

presented a proof-of-concept study describing an efficient
strategy for AMP discovery via sequence space exploration.
The authors used a closed-loop approach combining a genetic
algorithm, ML, and an in vitro evaluation to improve the
antimicrobial activity of peptides. These efforts led to the
discovery of 44 lead peptides from a small natural cationic
template, Temporin-Ali (FFPIVGKLLSGLL-NH2). The hits
obtained were up to 160-fold more active than the wild-type
natural AMP after only three cycles of iterations. This work
also increased the degree of helical conformation present in the
peptides generated and demonstrated that their helical content
was higher compared to that of the template and the first
generations created. AMPs with higher helicity were more
active than the wild type, confirming the authors’ structural
prediction. The results obtained by the authors are an example
of how ML can accelerate the discovery of peptides with
promising antimicrobial activities, while allowing exploration of
many structural patterns and revealing the influence of
descriptors on the biological activities of peptides.
Support vector machine (SVM)-based classifiers are also

effective for predicting AMPs through their mechanism of
action. Lee et al.146 developed a classifier for investigating
helical AMPs that act by destabilizing membranes. This
method considered helical structure as the most important
activity descriptor when analyzing similar peptides. The
authors observed that the AMPs were increasing the negative
Gaussian membrane curvature, which is characteristic of
phospholipidic membranes undergoing fission processes.147

This effect indirectly correlates with antimicrobial activity;
therefore, the study provided key topological insights on the
activity of helical peptides toward bacterial membranes.
De Novo Design. The de novo design of AMPs has led to

the generation of completely sequences having few similarities
with AMPs from databases.148 De novo techniques, such as
extrapolations from the predictions made by classifiers and
improved algorithms, have yielded biologically active sequen-
ces.149 AMPs are generated de novo based on the frequency of
appearance of residues in existing natural sequences. This
technique has been an insightful source of pharmacologically
active peptides, such as the hyperstable constrained peptides

proposed by Bhardwaj et al.150 The authors designed highly
stable 18−47 residue, disulfide-cross-linked peptides, a subset
of which were heterochiral and/or N−C backbone-cyclized.
The structures of these peptides were nearly identical to those
of the computational design models.
Hosseinzadeh et al.151 used a de novo approach to design

mixed-chirality peptide macrocycles. The authors enumerated
the stable structures adopted by macrocyclic peptides
composed of L- and D-amino acids by near-exhaustive
backbone sampling followed by sequence design and energy
landscape calculations. This technique allowed identification of
more than 200 peptides predicted to fold into single stable
structures that, when analyzed, were found to be similar to
peptides predicted by the computational models.

Genetic Algorithms. Computational methods for elucida-
tion of structure−function relationships are emerging as useful
tools to study the interactions of peptides with membranes of
microorganisms.152 Recent efforts have “trained” computers to
execute Darwin’s algorithm of evolution, and through
mutation, selection, and recombination of input peptide
sequences, the machine was capable of evolving such molecules
to build artificial peptide antibiotics (Figure 3B) with anti-
infective activity in vivo.121 These tools are promising but can
be optimized further. For example, genetic algorithms (GA)
can generate optimal solutions that include approximately half
of the natural AMPs already described in available databases,
thus leaving room for improvement to explore completely
artificial sequences. These technologies are currently limited by
the use of a restricted set of amino acids whose
physicochemical features have already been described.
An exciting computer-aided design strategy was used by

Porto et al.121 to optimize the peptide Pg-AMP120, which
resulted from taking plant sequences as AMP templates for the
subsequent computer-aided design of synthetic sequences. Pg-
AMP120, a glycine-rich peptide, served as a template to
generate artificial AMPs called guavanins. To design innovative
peptides, the machine implemented a GA that generated point
modifications and that was driven by a fitness function instead
of a ML classifier. Previously unexplored combinatorial
sequence space was explored via interruption of the algorithm
before it reached a plateau solution. Computer-made guavanin
2 emerged as a promising AMP that is unstructured in water
and undergoes a coil-to-helix transition in hydrophobic
environments. Guavanin 2 was bactericidal at low micromolar
concentrations, an effect caused by membrane disruption.
Most importantly, guavanin 2 demonstrated promising anti-
infective activity in a mouse infection model of preclinical
relevance.

Pattern Recognition Algorithms. Algorithms may also
be used for the prediction of peptides with a defined structure
(Figure 3C). Pattern recognition algorithms, commonly used
for image and speech recognition, are useful for identifying
amino acid patterns encrypted in the structure of larger
proteins or precursors and for analyzing the internal structure
of large AMPs, making it possible to identify specific structural
features153 and molecular determinants31,149,154 of antimicro-
bial activity.
Previous knowledge of the sequence requirements for

antimicrobial activity enables searching for such patterns in
large databases. For instance, Pane et al.155 used pattern
recognition to discover cryptic AMPs within the main human
stomach protease, pepsinogen A. These peptides have low
toxicity toward human cells and exhibit anti-infective activity in
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a mouse model. This work demonstrates that it is possible to
mine natural biological systems archived in large protein
databases to discover promising classes of antimicrobial
molecules.
Sequence alignment is a commonly used method for

comparing biological sequences156 and represents the simplest
approach for searching for similar sequences in large databases
comprising thousands of proteins. The main tools to achieve
this are FASTA157 and BLAST.158 Despite the widespread use
and efficacy of local alignment for finding AMPs in
databases,159 this strategy may occasionally fail to identify
AMP sequences. In this case, other methods are needed to
identify interesting patterns with potential bioactivity. There
are two main approaches to search for AMP patterns: hidden
Markov models (profile-HMM)160 and regular expressions
(REGEX).161 These strategies both operate by aligning a set of
homologous sequences. The alignment results are then
submitted to specific computer programs such as
HMMER162 or Pratt.163 An important feature of REGEX is
that amino acid physicochemical properties that contribute to
function may be incorporated empirically into the platform.
However, some analyses may be limited. For example,
Silverstein et al.164 showed that some sequences from different
peptide families could score well against profile-HMMs, as
observed for thionins and snakins/GASA peptides. Therefore,
in the case of REGEX associated with InterProScan,165

cysteine conservation could also be used to define different
AMP classes, similar to thionins and snakins.
In addition to its use for AMP identification, REGEX may be

utilized to explore different biological functions166 and to
design unconventional AMPs.167 Once the primary sequence
of those peptides has been identified, sequences with similar
amino acid composition can be designed, maintaining similar
averaged values of physicochemical features, such as mean
hydrophobicity or net charge. Thus, databases can be used in
the search for peptides with different sequences but having
similar averaged physicochemical and structural proper-

ties.166,168 This approach was used to analyze promiscuous
AMPs,169,170 that is, peptides with multiple biological functions
under different environments or conditions. The versatility of
such pattern matching was also demonstrated by Loose et
al.,167 who developed a different method for rational AMP
design, in which the sequences of approximately 700 AMPs
were extracted from multiple databases, yielding a varied set of
AMPs of similar properties of interest for antimicrobial
applications. Such robust analyses suggest that REGEX could
be utilized to extrapolate the sequence content of AMPs from
databases, generating sequences with potential antimicrobial
activity.
In recent years, the increasingly large amount of information

available in databases has enabled the design of algorithms
that, in addition to performing sequence alignment and amino
acid content comparisons, are able to provide structural
information and structure classification among several other
structural tools.89,93,97 Thus, accurate predictions of patterns
have been achieved through very precise analysis of the amino
acid sequence of peptides and proteins, as a large number of
descriptors depend on structural information.171−173

Pane et al.44 reported that the antimicrobial activity of AMPs
is linearly correlated to the product Cm × Hn × L, where C is
the net charge, H is a consensus averaged value of the mean
hydrophobicity of the entire sequence, and L is the length of
the AMP. Exponents m and n define the relative contribution
of the net charge and mean hydrophobicity to antimicrobial
activity. The authors reported an effective computational
strategy to identify AMPs encrypted within the structure of
larger proteins or precursors.
Using the Joker algorithm, Cardoso et al.174 derived the

AMP EcDBS1R5 from the E. coli MerP fragment, an 18 amino
acid peptide which was previously predicted as an antimicro-
bial agent by the algorithm.149 The E. coli MerP fragment
presents a high helical content but not the standard predictable
physicochemical features that characteristically confer anti-
microbial activity to small helical cationic peptides, such as low

Figure 4. High-throughput frameworks for peptide design. (A) Structure-guided exploration of the functional hotspots of structural and
physicochemical descriptors of AMP activity. (B) Algorithms and statistical models combined with existing bioactive peptide templates.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c09509
ACS Nano 2021, 15, 2143−2164

2153

https://pubs.acs.org/doi/10.1021/acsnano.0c09509?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09509?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09509?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09509?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c09509?ref=pdf


net positive charge versus length (+2) or high hydrophobicity
(∼80% of the amino acids of the sequence are hydrophobic
residues). EcDBS1R5 was designed using the same α-helical
pattern (KK[ILV]x(3)[AILV]) displayed by the MerP fragment
but with a higher net positive charge (+5). This modification
was made by insertion of a lysine-rich motif, which led to
decreased hydrophobicity (∼58%) and a higher hydrophobic
moment, properties that contributed to the high antimicrobial
and anti-infective activities of EcDBS1R5 in vivo, in addition to
high antibiofilm activity.
Statistics-Based Peptide Design. Statistics-based com-

putational methods represent an alternative strategy to
conventional computer-guided peptide design. Such ap-
proaches use bioinformatics tools, such as statistical modeling,
SAR studies, neural networks, and ML, to analyze and enhance
the activities of AMPs described in databases. An extensive
overview of AMP databases and data mining was recently
published by Porto et al.31 The use of computational methods
coupled with structural and physicochemical features can lead
to accurate predictions of antimicrobial molecules.
Molecular Dynamics. Molecular modeling (MM) and

molecular dynamics (MD) are effective methods for analyzing
the relationship of structure to the activity of AMPs (Figure
3D) against biological membranes or artificial membranes that
mimic them. MD may be used either to propose the
mechanism of action of AMPs or to extract biological
descriptors that influence antimicrobial activity (Figure
4A).175 However, the time scale and the need for validation
through empirical assays are still limiting factors for this
technique. The most important biological processes, including
AMP internalization or interactions with the membrane prior
to their destabilization, are milliseconds long. However,
current MD simulations run on the order of nano- to
microseconds. Therefore, there still exists a gap of several
orders of magnitude to enable precise modeling of complex
biological processes. The gathering of experimental data
needed to feed or validate MD simulations is nontrivial and
costly. Only a few groups have been able to access, at small
scale, experiments that enable the validation of MD simulation
predictions.
The increase in computational power and the development

of more accurate techniques used to simplify simulations and
their conditions have increased our understanding of the
interactions between peptides and microorganisms.176 Thus,
we anticipate that MD simulations will allow prediction of the
AMP structure and provide complete atomic detail trajectories
of these agents in contact with microbes, thus enabling in silico
mechanism of action elucidation studies.176 Melo et al., for
instance, developed an integrated and comprehensive suite for
the precise in silico analysis of complex processes by combining
quantum mechanics and molecular mechanics.47 The authors
merged the molecular dynamics and visualization software
(NAMD and VMD) with the quantum chemistry packages
ORCA and MOPAC, creating an interface for dynamic
processes, such as peptides interactions with membranes and
membrane components.
Self-Learning Computational Approaches. The use of

neural networks, and in particular deep learning,177 as a
computer-guided approach is accelerating the development of
AMPs (Figure 4B). The direct prediction of AMP activity and
potential for building sequences by self-learning is a distinct
advantage of this method over others. For example, GA aims to
evolve sequences based on the input sequences, which serve as

an initial data set whose results are not used for improving the
algorithm. Generally, the different layers of the neural network
are hierarchically grouped into decision trees, so that the
output data for one of the layers leads to a set of deeper related
layers that measure the direct influence of the previous ones,
especially from descriptors related to intrinsic properties and
activity. The initial descriptors are one-dimensional static
values and, therefore, used as a basis to calculate or compose
other descriptors.
Supervised ML methods have been proposed to develop

antimicrobial activity prediction models.178 Two distinct
prediction strategies have been used: sequence size variation
and sequence order. Once sequence order is selected, size
cannot be modified, and prediction is performed on the basis
of amino acid residue frequency per position. Otherwise, if
sequence size variation is an option, the sequences are
transformed into descriptors.167

Although these methods are promising, particularly in terms
of their accuracy, we still lack the ability to perform direct
database searches, with the exception of methods developed to
identify encrypted AMPs hidden inside larger proteins.51,179,180

AMP heterogeneity represents an additional challenge in the
field of peptide design, and prediction methods, such as GA,
ML, and deep learning, have been applied to complement
other sequence search methods. Another important tool that
could be used to better understand and design AMPs is MM,
normally associated with MD. MM enables the identification
of homologous sequences sharing very limited identity, as long
as there is high structural conservation.181 Modeling enables
the identification of similar sequences via two techniques:
threading and ab initio modeling. Threading methods predict
three-dimensional structures from a query sequence using
templates, whereas ab initio modeling, also known as de novo or
free modeling, predicts a protein structure without previous
structure information, using designed energy functions and
generalized conformer probabilities that guide the conforma-
tional search. These methods have been successfully applied to
select cysteine-conserved peptides including defensins, cyclo-
tides, and snakins182 and also to elucidate antileishmanial
peptides.183 Another challenge associated with peptide MM is
correlating structure and function for similar structures that
have different biological activities.170,184 In this context, the
identification of a sequence with high identity to a known
AMP structure does not necessarily prove that such a sequence
is a canonical AMP.
Alternative deep learning technologies have also been useful

to generate AMPs. Müller et al.185 presented a recurrent neural
network able to generate de novo peptides by combinatorial
design, for example, single mutational screening with different
amino acid residues. The model captured patterns in α-helical
AMP sequences, thereby generating peptides from the learned
context. The methodology resulted in 82% of active AMPs
predicted compared to 65% of randomly sampled sequences
with the same amino acid distribution as the training set. These
strategies offer alternatives for peptide generation, potentially
eliminating the need for exhaustive high-throughput screens of
sequence libraries.
Phosphorodiamidate morpholino oligonucleotides, recently

approved by the FDA, are being developed as an antisense
therapeutic for the treatment of Duchenne muscular dys-
trophy. Wolfe et al.186 used ML for predicting cell-penetrating
peptides as a means of effective delivery of these oligonucleo-
tides. Sixty-four oligonucleotide−peptide conjugates were
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synthesized, and the activity data were used to fit a random
decision forest classifier to predict whether or not the covalent
attachment of a given peptide would enhance the activity of
the compounds. All computationally predicted positive
sequences were active in the assay. The library generated
may serve as a useful training set for a computational model to
predict efficient delivery mediated by cell-penetrating peptides,
showing the versatility of this approach and suggesting that it
may lead not only to potent and AMPs but also to peptides
with a variety of other biological activities.
Hybrid predictive computer-guided methods have been

described as an alternative to AMP prediction strategies.
Schneider et al.187 combined hybrid network and deep learning
models to create an architecture that brings together diverse
and multidimensional descriptors in a self-organizing map. It
converts the descriptors to two-dimensional images for further
processing; the two-dimensional images are then used as an
input layer for feed-forward neural networks. The hybrid
model proposed resulted in improved classification accuracy
and higher predictive robustness compared to feed-forward
network classifiers that lack the self-organizing map.
A disadvantage of using computational methods for AMP

design is that the prediction−validation step is not connected
to the next rounds of optimization and prediction of AMPs.
Therefore, additional methods are needed to more compre-
hensively evaluate peptide−membrane interactions. As men-
tioned, MD simulations represent a powerful approach that
provides dynamic information (as opposed to static) at the
atomic level of interactions between AMPs and biological
membranes. Despite being costly and time-consuming, this
method has been used to elucidate simple modes of action of
AMPs and has been applied to the design of peptides that act
by forming pores and/or disrupting cell membranes.188,189

CONCLUSIONS AND FUTURE DIRECTIONS
Since peptides were first described as antimicrobials, attempts
have been made to enhance their activity to turn them into
effective alternatives to existing antibiotics. We believe that the
successful translation of AMPs into therapies will involve the
following steps: (1) to understand the molecular descriptors
that play an important role in peptides’ antimicrobial activity;
(2) to accurately predict their in vitro activity; and (3) to
digitize them in silico and computerize the entire workflow of
design, synthesis, and analysis to effectively exploit their
sequence space and accurately predict their antimicrobial
activity.
In recent years, several obstacles that have previously

prevented the translation of these molecules into drugs have
been overcome. For instance, advances in methodologies for
constraining and stapling peptides have increased stability and
the design of peptides with shorter sequences that can
selectively target pathogens and can be readily expressed or
synthesized using synthetic biology and high-throughput
techniques. Particularly, tools and technologies for the design,
discovery, production, and rapid biological function assess-
ment, enabled by concepts from computer science and
synthetic biology, are likely to transform this field. Such
frameworks have already been used applied to produce
complex data sets (from predictions, calculations, and
functional screens), which need to be adequately analyzed.
We have traditionally been unable to program AMPs

because we do not fully understand these molecules from
first principles. AMP design has been done using averaged or

approximated physicochemical and structural descriptor values
obtained from nonstandardized experiments. The lack of
standardized assays to measure peptide properties, including
antimicrobial activity, has led to the generation of databases
that, while very helpful, are not sufficiently accurate for
predictably understanding peptide function from structure
using present-day computational power.
In this review, we have described recent advances that we

believe may make it possible to program AMP molecules on
demand. The standardization of empirical and computational
methodologies and tools is still in its infancy in biology.
Incorporating principles from computer science, modeling, and
synthetic biology will allow a more systematic exploration of
the mode of action and activity of peptides, leading to a
generation of antibiotics.

Box 1: Grand Challenges for the Translation of AMPs
to the Clinic. AMPs hold great promise as alternatives to
classical antibiotics; however, several limitations need to be
overcome, namely, their potential toxicity, stability, and
scalability. Here, we outline approaches to overcome these
challenges.

Toxicity. The diverse, amphipathic, and cationic structures
of AMPs may make these agents occasionally toxic not only for
pathogens but also for the host. Therefore, repurposing toxic
AMPs is necessary prior to testing their efficacy in vivo. Several
design strategies have been devised to maximize antimicrobial
activity and resistance to proteolytic degradation while
minimizing toxicity toward the host. Such approaches typically
involve fine-tuning physicochemical and structural properties
that affect AMP biological function (e.g., net charge, hydro-
phobicity-related features, and amphipathicity).11 Tools
previously reported include directed, random or semirandom
screenings and subsequent structure−activity relationship
studies, which provide structural and physiscochemical
information and may be used as a basis for establishing
efficient computational rational design strategies, such as
pattern matching and recognition machine learning (ML)
algorithms, database data mining, and chemoinformatics.10,190

AMPs have yet to enter the market for systemic, parenteral
and oral administration for the treatment of infections. In fact,
all clinical trials to date have involved AMPs applied topically
to address skin infections, likely due to their potential for
toxicity when administered otherwise. Some nonspecific
peptides delivered systemically may interact with molecules
that are found in both microorganisms and human host cells
thus leading to toxicity. More specifically, amphipathic
conformational changes may occur during the structuring
process of the peptide that favor general interactions between
peptides and membrane components common to both
prokaryotes and eukaryotes.
Alternatively, several methods have been used to minimize

the interaction of peptides with eukaryotic cells, most of which
exploit differences in membrane composition between
eukaryotic and prokaryotic cells, such as resultant net charge
and fluidity of the membrane, or changes in structural patterns
of peptides that are directly related to the features that define
their biological activity.
Most AMPs interact with cell membranes by destabilizing

them or making them permeable through a variety of
mechanisms.191 Here, we discuss design approaches that
have been developed in recent years to drastically reduce
toxicity, primarily based on our improved understanding of the
amino acid requirements associated with toxicity.
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Peptides with amphipathic structure have higher antimicro-
bial activity than peptides that lack such structure. The most
common secondary structure adopted by amphipathic peptides
is α-helical; however, other structures have also been reported,
including β-like structures, such as β-turns and β-sheets, and
cyclic ones. In order to preserve intrinsic structure that is
known to be related to enhancing AMP activity, several studies
have increased positive net charge to search the best
amphipathic balance between hydrophobic and hydrophilic
regions of the peptides.192

Stability. Another disadvantage of peptides is their
propensity to degradation by host proteases and peptidases,
leading to unfavorable pharmacokinetics. AMPs are particularly
susceptible to enzymes that attack proteins at basic residues
(e.g., chymotrypsin enzymes). This issue has been partially
solved by a series of chemical modifications, including the use
of noncanonical D-amino acids, nonpeptidic backbones, the
generation of cyclic peptides, or the use of liposome
formulations, all of which increase peptide stability. In
addition, AMPs can be designed based on protease-resistant
cyclic structures.193

Scalability. The high cost and small scale of peptide
manufacturing have limited both the testing and development
of large numbers of synthetic peptide libraries and the
potential clinical targets to which these AMPs can be applied.
It costs between $100 and $600 per gram or more to produce
peptides by solid-phase chemical synthesis. A dose of about a
gram would correspond to an average daily dose for most
systemic therapies, making peptide-based therapies very costly
($700−$4200/week). Recombinant peptide production has
been applied to reduced costs associated with large-scale
manufacturing of peptides, with various methods being
developed to increase the productivity and simplify the
downstream manufacturing process.
Box 2: AMP Application in Devices. AMPs have

therapeutic properties can be usefully applied in constructing
antimicrobial materials. Different kinds of peptide-function-
alized material might be designed for enhanced selectivity
toward pathogens or specific biological activity resulting in
peptides less prone to degradation by peptidases and with
higher bioavailability.194−196 Several examples of AMP-based
materials have been described, such as the functionalization of
peptides with titanium via surface immobilization to create
artificial cornea skirts with antimicrobial properties against S.
aureus and P. aeruginosa.197 AMPs can also be used for dental
care by coating hydroxyapatite surfaces by electrostatic
deposition, which prevented infections by Gram-positive and
Gram-negative bacteria for over a year.198 Implanted surfaces,
such as those of catheters, can also be coated with AMPs to
prevent bacterial contamination, for instance, coating an
antiadhesive hydrophilic polyurethane with an arginine-rich
AMP to combat catheter-associated urinary tract infections.
This surface coating prevented adhesion by up to 99.9% of
both Gram-positive and Gram-negative bacteria and inhibited
planktonic bacterial growth by up to 70%.199

Another way to combine these molecules with functional
materials and devices is the use of hydrogels as matrices for
AMPs. Two types of hydrogels containing the peptide
cateslytin have been described: the first type is based on
alginate modified with catechol moieties, which adhere
strongly to various surfaces; and the second type is a mixture
of alginate catechol and thiol-terminated pluronic, which is a
well-known biocompatible polymer. These two hydrogel

formulations offer possibilities for clinical use, as they can be
injected and as they jellify in a few minutes. These gels strongly
adhere to implant surfaces and gingiva and, once gelled,
demonstrate rheological properties and stability. The cateslytin
hydrogels exhibited potent antimicrobial activities against
Porphyromonas gingivalis and presented low toxicity for
human gingival fibroblasts.200

Box 3: Structural and Physicochemical Determinants
of the Antimicrobial Activity of AMPs. Computer-
generated descriptors provide information about the phys-
icochemical parameters of each amino acid in a sequence and
their impact on the structure of a given peptide. Slight
modifications in amino acid composition can change the whole
geometrical disposition and physicochemical properties of an
AMP. Basic features, such as sequence and hydrophobic/
hydrophilic ratio, are as important for designing peptides as
anisotropic structural properties.

Sequence. AMPs present varied composition and motifs.
Antimicrobial activity has been attributed to the specificities of
the overall sequence, such as amino acid composition (basic,
acidic, aliphatic, or aromatic) and physicochemical features.201

Indeed, these features are intrinsic to specific amino acids, and
subtle changes may lead to major functional differences that in
turn affect the ability of the peptides to kill microbes and their
toxicity toward host cells.
The physicochemical determinants of AMPs function are

not fully understood,202,203 which is why most parameters used
are based on statistical methods. However, uncertainties are
introduced using statistics to study processes as complex and
unpredictable as peptide folding in secondary structures and
peptide interactions with biological membranes. For example,
two or more peptide molecules with identical compositions but
different sequences may lead to two completely different
functional outcomes when used as templates for SAR studies.
Moreover, the origin of the templates is usually not considered,
and therefore, the peptides might belong to different peptide
families, leading to a design that has not been judiciously
refined by considering the most likely features presented by
peptides from the same family.
The sequence-based design of AMPs often ensures the

conservation of residues within certain regions of peptide
molecules, even if these residues do not have the same length
or the same effect on the overall structure of the peptide. The
most common features relevant for antimicrobial peptide
design are net charge, hydrophobicity, and energetic penalty of
each residue separately for the formation of helical structure.204

The design often involves inserting, substituting, or modifying
residues of the AMP sequence in specific positions where they
are more likely to affect antimicrobial activity according to
statistical methods.205−208

Structure. Peptides undergo conformational changes during
their interactions with biological membranes.209 The most
common structural tendency observed for AMPs in contact
with membranes is α-helical.210 Lifson and Roig’s helix−coil
transition theory211 is the most widely accepted explanation of
how AMPs tend to assume helical structures over other types
of three-dimensional arrangements. Most cationic amphipathic
AMPs are unstructured in the presence of a polar protic
medium, and their net positive charge leads to electrostatic
interactions between the peptide and the membrane, thus
drawing the peptide toward the microorganism membrane.
After the initial contact with the membrane, the amphipathic
sequence tends to reorganize while Coulombic interactions are
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interchanged by hydrogen bonds stabilizing both portions of
the molecule. One portion is hydrophobic, which is where
aliphatic and hydrophobic residues tend to interact with the
lipids buried in the membranes; and another portion is
hydrophilic, which is where polar charged and uncharged
residues continue to interact with polar protic solvents through
hydrogen bonds between side chains and water. This stable
helical secondary structure is optimal for prolonging peptide
interactions with the membrane core. Destabilization of the
membrane may be followed by the peptide penetrating into the
cell and reaching the intracellular medium by an entropy-
driven process and potential difference, caused by negatively
charged headgroups of lipids that compose the internal part of
the lipid bilayer.204

To improve the ability of AMPs to kill bacterial cells by
these mechanisms involves important design choices for
manipulating peptide structure, including the introduction of
conformational stabilizers or destabilizers, variation of the
amphiphilicity, and changes in peptide net charge.212,213 The
energy involved in structure formation is also taken into
consideration when a peptide is designed.214 For example,
there are estimated differences in free energy (ΔΔGo) between
residues or even residue conformers, given in kcal/mol per
residue in a helical configuration.215

Net Charge. A common feature of all bacterial membranes
is the presence of a large number of negatively charged
molecules, which influence their interactions with AMPs.216

Natural AMPs vary in cationicity (0−20 positive charges);
however, most active peptides present a net charge of +2 to +6.
SAR studies are being conducted to verify polarizability and
net charge distribution profiles for optimal activity. Additional
parameters that are being considered in prediction methods to
increase AMP accuracy and sensitivity include secondary
interactions, solvation, and amino acid composition. These
parameters dictate how these molecules are going to interact
with prokaryotic cell membranes and which peptides are most
likely to have broad-spectrum or selective activity toward
pathogens.217−219

Hydrophobicity. The percentage of hydrophobic residues in
naturally occurring AMPs ranges between 40−60%,204
consistent with the requirement for energetically stable
amphipathic structures for antimicrobial functions. There is a
wide range of hydrophobicity scales, which are based on
different approaches, but all of them aim to compare side chain
hydrophobicity. Because hydrophobicity plays a central role in
AMP activity, efforts have been made to group the approaches
according to the similarities of the parameters used for defining
their hydrophobicity values and approximations.220

These scales are essential for AMP design because
categorizing hydrophobicity is crucial for the comparison and
optimization of peptide templates for specific applications,
such as selectivity toward a particular class of microorganism.
Charge and hydrophobicity are not necessarily inversely
proportional to each other. Some peptides have a reduced
charge but contain a relatively high number of noncharged
polar residues or have a balance of positively charged and
acidic residues, and their activity depends on how their
electronic density is distributed.
Amphipathicity. The ratio of the hydrophobic/hydrophilic

amino acid residues is considered essential to peptide
antimicrobial activity and has been closely tied to mechanism
of action.221 The peptide’s hydrophilic portion, usually
composed of cationic amino acids, is responsible for initial

peptide−membrane electrostatic interactions with lipid anionic
or zwitterionic headgroups. Subsequently, the hydrophobic
moiety interacts directly with the hydrocarbon chains of lipids.
Most peptides are unstructured until hydrophobic interactions
take place and become prevalent, after which intramolecular
interactions increase and the lowest energy conformations are
generated.
Amphipathicity has been closely tied to hydrophobic-related

features of AMPs,222,223 particularly to the structural
distribution of hydrophobicity and the effects of neighboring
residues on the scalar value of these vectors.224 The structural
tendency related to the amphiphilicity of peptides222,223 has
been used to predict possible mechanisms of action or to
design peptides with different selectivity based on structural
features. The Eisenberg plot is the most widely used tool to
relate mean residue hydrophobic moment to mean hydro-
phobicity. Most AMPs, independently of their length or
composition, show moderate or high values of amphipathicity
and can be plotted near the surface and globular regions of the
Eisenberg plot.220

The recently introduced term “hydrophobic submoments”
presents a more accurate way of estimating the hydrophobic
behavior of peptides, because it considers overlapping peptide
segments as a descriptor that makes use of a three-dimensional
peptide conformation rather than an idealized α-helical wheel
representation to appropriately include local deviations from
an overall amphiphilic distribution of amino acids.224 This
approach offers a way to overcome the conceptual limitations
of the Eisenberg plot and may be a useful tool to more
precisely describe the role of amphipathicity in AMP mode of
action.
AMPs can have high amphipathicity values with markedly

different hydrophobicity scores because they maintain well-
defined hydrophilic and hydrophobic portions, but the sizes of
these portions vary. Thus, both hydrophilic and hydrophobic
portions are usefully taken into consideration in the designing
of amphipathic peptides. The scope of the potential application
of the AMP also comes into play. The hydrophobic angle has
often been discussed in the context of cytotoxic and hemolytic
activities, but it is also important to consider additional effects
of the peptide on antimicrobial,225,226 antifungal,227 antipar-
asitic,227 and anticancer228 activities.
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VOCABULARY

Multi-drug-resistant microorganisms, pathogens that evolved
resistance to the point-of-care antibiotics through different
mechanisms; molecular descriptors, physicochemical and
structural properties of molecules, e.g., amino acids, that
characterize their biological functions; retro-inverso peptides,
peptides formed by D-amino acids in the opposite sequence
compared to the template molecule, retro-inverso peptides
have similar properties and might exert the same biological
functions with the advantage of being resistant to enzymatic
degradation; noncanonical residues, amino acid residues that
are nonproteinogenic or unnatural to any organism, they
enable labeling and different physicochemical and structural
properties of peptides or proteins with biological functions;
heuristic peptide design, the design of peptides using the
most conventional noncomputational approaches, including
systematic mutations, combinatorial approaches, and structure-
guided generation of peptide analogues
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Chemical Space: Big Data Challenge for Molecular Diversity. Chimia
2017, 71 (10), 661−666.
(30) Nardo, A. E.; Añón, M. C.; Parisi, G. Large-Scale Mapping of
Bioactive Peptides in Structural and Sequence Space. PLoS One 2018,
13 (1), No. e0191063.
(31) Porto, W. F.; Pires, A. S.; Franco, O. L. Computational Tools
for Exploring Sequence Databases as a Resource for Antimicrobial
Peptides. Biotechnol. Adv. 2017, 35 (3), 337−349.
(32) Fjell, C. D.; Jenssen, H.; Hilpert, K.; Cheung, W. A.; Panté, N.;
Hancock, R. E. W.; Cherkasov, A. Identification of Novel
Antibacterial Peptides by Chemoinformatics and Machine Learning.
J. Med. Chem. 2009, 52 (7), 2006−2015.
(33) Fernandes, F. C.; Rigden, D. J.; Franco, O. L. Prediction of
Antimicrobial Peptides Based on the Adaptive Neuro-Fuzzy Inference
System Application. Biopolymers 2012, 98 (4), 280−287.
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