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1 | INTRODUCTION
Decades ago, Hans Boman asked a basic question of why
invertebrates such as insects can survive without adaptive
immune systems. His study led to the discovery of
cecropins, which re-ignited the interest in search of new
antimicrobial peptides (AMPs)."* The work of Hoffmann
and colleagues went further and elucidated the Toll and
Imd pathways that lead to the expression of different AMPs
in response to the type of invading pathogens.” With the
discovery of daptomycin, AS-48, apidaecins, magainins,
o-defensins, cathelicidins, and histatins from Dbacteria,
insects, amphibians and humans in the 1980s,* it is clear
that such peptides are widely distributed in nature. Signifi-
cantly, the Toll receptor is also involved in the expression of
human cathelicidin LL-37 via the vitamin D receptor."'
Human defensins, cathelicidin LL-37, and frog
magainins show broad activity and inhibit the growth of
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The antimicrobial peptide database (APD) has served the antimicrobial peptide
field for 18 years. Because it is widely used in research and education, this arti-
cle documents database milestones and key events that have transformed it
into the current form. A comparison is made for the APD peptide statistics
between 2010 and 2020, validating the major database findings to date. We also
describe new additions ranging from peptide entries to search functions. Of
note, the APD also contains antimicrobial peptides from host microbiota,
which are important in shaping immune systems and could be linked to a vari-
ety of human diseases. Finally, the database has been re-programmed to the
web branding and latest security compliance of the University of Nebraska
Medical Center. The reprogrammed APD can be accessed at https://aps.
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bacteria, viruses, fungi, and parasites.'*'* However,
some AMPs have narrow-spectrum activity. For instance,
nisin inhibits only certain Gram-positive bacteria, while
proline-rich AMPs kill primarily Gram-negative bacteria
such as Escherichia coli.'>'” A classic view is that cat-
ionic AMPs kill bacteria by punching a hole in mem-
branes. Barrel-stave and carpet models have been
proposed to explain the mechanisms of action of
membrane-targeting AMPs.'*2° However, some peptides
do not cause membrane leakage and may work via lipid
clustering and domain formation.** Since all the events
occur in the water-membrane interface, an interfacial
model was also proposed.* In our opinion, these models
reflect different stages of bacterial killing and may be
merged into a dynamic phase model that covers all the
scenarios on the membranes due to the peptide action.
The formation of a particular membrane phase is deter-
mined by the types of bacteria, peptides, ratio between

92 | © 2021 The Protein Society.

wileyonlinelibrary.com/journal/pro

Protein Science. 2022;31:92-106.


https://orcid.org/0000-0002-4841-7927
mailto:gwang@unmc.edu
https://aps.unmc.edu
https://aps.unmc.edu
http://wileyonlinelibrary.com/journal/pro

WANG ET AL.

Boos-WiLey L >

them, and environmental conditions. Three basic
membrane-damaging phases are: (a) initial attachment to
the membrane surface, which may lead to lipid domain
formation; (b) membrane leakage due to the formation of
pore or undefined membrane defects; and (c) membrane
lysis into smaller pieces, leading to a clear solution. How-
ever, the action of AMPs is not limited to the classic
membrane target. Some peptides, such as nisin and
human o-defensin HNPI1, inhibit bacteria cell wall
synthesis,>>** while proline-rich AMPs can inhibit pro-
tein synthesis via binding to ribosomes.'®'’

Structurally, a linear cationic peptide may fold into
an a-amphipathic helix, ideal to associate with anionic
bacterial membranes via both hydrophobic and electro-
static interactions."!® Defensins are known to form a
B-sheet structure stabilized by three disulfide bonds. In
addition, p-defensins (average length in the APD:
44 amino acids) have an af fold since its sequence is
slightly longer than that of a-defensin (average length:
34 amino acids). However, proline-rich peptides appar-
ently adopt an extended non-of structure in complex
with ribosomes."® Therefore, AMPs are diverse in biologi-
cal source, structure, activity, and mechanism of action.

Remarkably, AMPs can kill bacteria rapidly with a
low chance of resistance development. In addition, AMPs
are capable of eliminating antibiotic-resistant pathogens,
including persisters and biofilms.*>*” Such features made
them attractive for developing a new generation of anti-
microbials to combat multidrug resistant pathogens.
Indeed, a few peptide antibiotics such as daptomycin and
colistin are already used clinically. In addition, nisin A
has been utilized as a food preservative by over 50 coun-
tries.”® These successful examples inspire the develop-
ment of additional peptides into antimicrobials. While
most of the developments focus on topical applications,
some AMPs may be suitable for systemic treatment.?’
The synergistic effects of AMPs were noticed some time
ago.? It is proposed that such an effect plays an impor-
tant role in preventing host infection since AMPs can
work below lab determined minimal inhibitory concen-
trations (MIC).*® In the presence of an antimicrobial pep-
tide, the efficacy of traditional antibiotics may be
enhanced, opening a practical avenue to potential appli-
cations of AMPs.**°

The benefits of AMPs can extend beyond antimicrobial
effects since they may also boost the immune response to
further combat pathogen infection.*'** The immune regu-
lation results from the interaction of AMPs (usually below
MIC) with host cell receptors. A combined antimicrobial
and host immune regulatory effect makes AMPs outstand-
ing candidates as a new class of antimicrobials. In addi-
tion, AMPs may possess other biological functions in
determining hair color and egg fertilization.>>**

Our antimicrobial strategies are expanding. Cumulative
evidence reveals that commensal bacteria play a critical role
in shaping our immune system. In this process, bacteriocins
are important components of host microbiota, since they
may be able to selectively eliminate a particular type of
invading pathogens and leave the community intact. Based
on this idea, different methods, such as highly purified bac-
teriocins, probiotics, and fecal microbiota transplants, are
utilized to restore the gut ecosystem.>>>°

Databases would be a useful tool to help organize such
rich peptide information. In 2002, we started to construct
the antimicrobial peptide database (APD) as a tool for
designing antimicrobial and anticancer peptides.>” There
was an unanticipated competition as witnessed by the
side-by-side publication of the APD*” and ANTIMIC®® in
the 2004 database issue of Nucleic Acids Research. Users
preferred the APD built by the antimicrobial peptide lab,
establishing its leading position in the field. In the previ-
ous Protein Science Tool article,”® Wang briefly described
the three versions of the APD, published in 2004, 2009,
and 2016,>”*** respectively, and summarized the parame-
ter space nature uses to build AMPs with different scaf-
folds. This invited article describes the major events and
milestones of the APD in the past 18 years that evolved to
the current status. We then compare the peptide statistics
between 2010 and 2020. We also highlight recent database
additions. Importantly, the APD has been annotating the
AMPs from defined host microbiota (e.g., skin and gut).
Our continued successful additions and expansion of new
peptide features in the APD reinforce our original idea
that this database provides a flexible platform for research
and education of antimicrobial peptides, the key compo-
nents of host innate immunity.

2 | MAJOR EVENTS AND
MILESTONES OF THE APD

The construction of the original APD during 2002-2003
had a clear goal to facilitate peptide search, prediction,
and design (Figure 1a). Starting the second version,* the
APD stepped on the journey to expand peptide search
functions (e.g., antibacterial and hemolytic), leading to a
significant increase from five in the first version®” to
19 in the third version of the APD (APD3).*! The data-
base is now dedicated to glossary, nomenclature, classifi-
cation, information search, prediction, design, and
statistics of AMPs and beyond (Figure 1b). In 2021, the
APD was modernized to the web branding and the latest
security standard of the University of Nebraska Medical
Center (UNMC; Figure 1c). Table 1 summarizes the
major developments and milestones of the APD from
2003 to 2021, which we highlight below.
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FIGURE 1 Web main pages for the Antimicrobial Peptide

Database (APD) in 2003 (a), between 2008 and 2021 (b), and
starting June 2021 (c)

2.1 | Database scope: Natural, synthetic,
and predicted peptides

The initial APD covered natural, synthetic, and predicted
AMPs with a particular emphasis on the structure-
activity relationship (SAR).>” By the time this manuscript
was completed, there were 2,991 natural peptide
sequences with experimental activity data, 210 predicted

peptides without activity data (128 from animals and
82 from plants), and 72 synthetic peptides. Natural pep-
tides are made either ribosomally or non-ribosomally.
Most of the AMPs in the current APD are gene-encoded
and synthesized in ribosomes. In this database, the term
“synthetic peptides” is used to refer to peptide derivatives
synthesized in laboratories in order to better understand
the SARs of natural peptides. Predicted antimicrobial
peptides include all sequences that are identified in the
genomes or isolated from organisms but do not have anti-
microbial activity data. Such an all-inclusive data collec-
tion tradition was retained in the APD2.*° It was in the
third version that we started to establish a set of criteria
for data registration.*’ Due to uncertainty in antimicro-
bial activity, we postponed the collection of predicted
peptides without experimental data. We kept
210 “predicted” peptides isolated from different organ-
isms. They are very likely to be true AMPs as we illus-
trated recently.”’ To avoid the distortion of the picture
for natural AMPs, we also restricted the registration of
synthetic peptides at this stage (only 72 entries listed sep-
arately and more are listed as derivatives of the parent
peptides). Thus, naturally occurring AMPs account for
97.8% of the current APD. Our practice generates a core
data set for natural AMPs, which facilitates the develop-
ment of the database filtering technology where each step
points at peptides and parameters derived from natural
peptides.*” Peptides designed based on natural templates
are more likely to be patentable than those derived from
synthetic peptides designed and characterized by other
laboratories.

2.2 | Peptide family classification

In version 2, the APD started to annotate peptide families
in the name field directly after the peptide name. This
addition enables users to identify a family of AMPs from
all sources (below). Some common peptide families are
defensins, cathelicidins, histatins, temporins, and
aureins. In the current database, there are 349 defensins
and 134 cathelicidins. A statistical analysis reveals a
higher percentage of arginine than lysine in cathelicidins
in both 2008 and 2020. The same trend retains in
defensins (R% > K%) as well. Some family names are
dedicated to peptides from a defined source
(e.g., bacteriocins from bacteria, cyclotides from plants,
and temporins from amphibians). A detailed list of differ-
ent amphibian AMP families can be found elsewhere.®
Overall, linear amphibian AMPs in the current database
differ from defensins and cathelicidins in that lysines are
dominant.** Some peptides are rich in certain amino
acids." The classic families include tryptophan-rich
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TABLE 1

Year

2002

2003

2004
2005
2006
2007
2008

2009

2010

2011

2012

2013

2014

Major events/milestones of the antimicrobial peptide database (APD)

Key additions and milestones

Zhe Wang met Dr. Guangshun Wang and started the database
project.

The database was online (Figure 1a)

Activity (bacteria, viruses, fungi, cancer) and hemolysis search
NMR and crystal structure search

Peptide calculation and prediction

Peptide design interface

Peptide statistics (sequence, structure, and activity)

APD paper was published *’

Searchable AMP activities (ZZ code, outdated), first expansion
Chemical modifications (XX code)

Clinical trials indicated

The AMP count reached 1,000

Database new web design (Figure 1b)

APD2 was published *°

Synergistic effect (JJsn)

Peptide binding targets (BB code)

Peptide family and source classification

Author/publication year search

Structural classification into a, f, af, and non-ap *¢
Defined amino acid-rich AMPs >25%

Searchable AMP functions, second expansion

Peptide registration criteria defined (mature peptide, known
activity <100 pM, less than 100 amino acids, and natural
peptides)

Animal models

Amphibian geographic sources

The AMP count reached 2000
Collected human antimicrobial proteins <200 amino acids

Programmed additional AMP calculation capabilities

Updated prediction interface based on the AMP parameter space
Search AMPs found in multiple species

Species-specific activity

Searchable AMP functions, third expansion

THE
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Education and applications

Birth place: URL: http://aps.unmc.edu/AP

Birth certificate: Nucleic Acids Res. 2004

First database-aided peptide design **

Linguistic model for peptide design **

First machine learning prediction *
Antiparasitic, insecticidal, spermicidal, anti-HIV
CD, a third peptide structure indicator

AMP glossary

Database screening *°

Definition of frequently occurring amino acids and
their use in peptide design design *

APD-aided book editing

Non-af includes turns, bends, spiral, extended
structures, and so forth.

New-rich families: Asp-rich, Ser-rich, Ala-rich, Lys-
rich, and so forth.

Antioxidant, protease inhibitor, antimalarial

Database filtering technology *’
AMP discovery timeline

Mol Wt, Mol formula, Ex. Coeff., GRAVY, Wimley-
White hydrophobicity

Established multiple education web pages

Search format (e.g., Escherichia coli, Staphylococcus
aureus)

Anti-inflammatory; anti-oxidant; protease
inhibitory; antimalarial

“Tools,” “What's new” established

(Continues)
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TABLE 1 (Continued)
Year Key additions and milestones Education and applications
2015 Universal peptide classification based on peptide bond patterns *®
Peptide sources: Five life kingdoms or three domains
Searchable AMP functions, fourth expansion Antibiofilm, wound healing
2016 APD3 was published *! APD in education described
Six life kingdoms for peptide sources
2017 AMP news (including antiviral news)
Search surface-immobilized AMPs
2018 The AMP count reached 3,000
Searchable AMP functions, fifth expansion Anti-toxin, anti-MRSA, channel inhibitor
Search AMPs in use
2019 Low cationicity of database designed peptides for
systemic efficacy *°
APD update described *°
2020 Searchable AMP molecular forms Two-chain; synergistic peptides
Searchable AMP functions, sixth expansion Anti-diabetes, anti-TB, anti-sepsis (LPS), anti-
candida
Salt/pH/serum effects on peptide activity Pho-length and net charge-length correlations in
frog AMPs *°
Microbiota
Database shutdown in October due to a cyberattack to UNMC
In December, a temporary APD site established in a commercial URL: https://wangapd3.com (closed 2021)
cloud
2021 In June, the reprogrammed APD online https://aps.unmc.edu (open)

(12 Trp-rich, on average 27.2% W), histidine-rich (29 His-
rich, 23.3% H), arginine-rich (31 Arg-rich, 27.7% R),
glycine-rich (48 Gly-rich, 49.6% G), and proline-rich
(71 Pro-rich, 29.6% P). The shortened form in parentheses
(e.g., Gly-rich) can be searched in the name field of the
APD. It is evident that the content of a “rich” amino acid
depends on the type in the range of 23.3% for His-rich
AMPs to 49.6% for Gly-rich peptides. Based on these ana-
lyses, we made the first attempt to define the word “rich”
as “greater than 25%” in 2010. This definition led to the
recognition of other less-known rich peptide families,
including alanine-rich (six Ala-rich, 31.1%), lysine-rich
(nine Lys-rich, 35.6%), aspartic acid-rich (three Asp-rich,
85.7%), serine-rich (three Ser-rich, 29.6%), and cysteine-
rich (19 Cys-rich e-defensin, 33.3%). However, this defini-
tion (>25%) may not apply to multiple domain AMPs
although each domain is clearly rich in certain amino
acids such as serine, proline, or cysteine.39 For such
AMPs, it will be useful to define also the amino acid-rich
region.

AMPs can also be grouped based on net charge. In
the APD, 2887 peptides (88%) have a net charge greater
than zero. These are cationic peptides. One hundred and

ninety peptides (6%) happen to have a net charge of zero.
They are neutral peptides. Another small population
even (6%) has net charges less than zero. Such peptides
are referred to as anionic peptides.

2.3 | Antimicrobial peptides have been
discovered in six life kingdoms covering
both prokaryotes and eukaryotes

Our classification of peptide sources evolved with time as
well. This information is absent in version 1. The annota-
tion started in version 2 directly after peptide name.*
For instance, nisin A (AP00205) is found from Gram-
positive bacteria (prokaryotes), while LL-37 (AP00310) is
made in human (primates, mammals, and animals). Our
annotations enabled users to search AMPs from bacteria,
plants, ants, fish, cow, insects, crabs, toads, and frogs. In
the APD2, the number of AMPs from frogs was
398, which accounted for 32% of all the peptides. In the
current APD, we found 1,049 frog peptides (32%) out of a
total of 3,273 AMPs. This indicates that amphibians con-
tinue to occupy an important niche in AMP discovery,
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(a) 20 e Bacteria 2008 TABLE 2 Antimicrobial peptides from different kingdoms,
15 £ Bacteria 2020 vertebrates, and invertebrates in 2010 and 2020 in the APD
10 21—\
) P JAVAYW=N 2010 2020
o Total peptide count 1,528 3,257
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FIGURE 2 Comparison of amino acid signatures for the major Mollusca 6 47
sources of the antimicrobial peptides (AMPs) from (a) bacteria Crustaceans 1 71

(115 bacteriocins in 2008 and 365 in 2020), (b) frogs (453 frog AMPs
in 2008 and 1,042 in 2020), (c) plants (214 AMPs in 2008 and 360 in
2020), and (d) insects (142 AMPs in 2008 and 323 in 2020) collected
in the antimicrobial peptide database (http://aps.unmc.edu/AP)

probably due to their wide distributions on different con-
tinents of Earth. Likewise, AMPs from insects increased
from 118 (9.6%) in the APD2 to the current 325 (9.9%),
while bacterial AMPs increased from 112 (9.1%) in the
APD2 to the current 369 (11.3%). It is notable that the
numbers of AMPs from frogs, insects, and bacteria
increased proportionally from the APD2 to the current
version. Their sum accounts for ~50% of the total AMPs
registered in the APD in the past decade. Since AMPs
from bacteria, plants, insects, and amphibians are abun-
dant in the APD, we compared their amino acid composi-
tion profiles (signatures) between 2008 and 2020
(Figure 2). Remarkably, their signatures remain essen-
tially the same despite a substantial increase in peptide
count in each group. We initially defined the frequently
occurring amino acids in the APD2 as >10%.*° Based on
this definition, the frequently occurring residues also
remained the same: A and G in bacterial AMPs, C and G
in plant AMPs, A, G, K in insect AMPs, and L, A, G, and
K in amphibian peptides (Figure 2), further confirming
the significance of these abundant amino acids.

The biological sources of antimicrobial peptides
were further systematically classified in the APD in
2010 during the AMP book editing.*® AMPs have been
discovered in both prokaryotic and eukaryotic sources.
In 2010, prokaryotes included eubacteria (118 entries)
and archaea (two entries). Eukaryotes were further split
into protozoa (five entries), fungi (four entries), plants
(217 entries), animals (1,089 entries), and humans
(54 entries). In 2016, these groups were formally merged
into the six life kingdoms in the APD3: bacteria,
archaea, protists, fungi, plants, and animals. Table 2
compares the AMPs from the six kingdoms in 2010 and
2020. In 2010, protists were represented by protozoa.
Also, human AMPs were separated from animal pep-
tides. Clearly, the dominance of animal sources (74%)
persists. Started in the APD2, this database has a
detailed classification of AMPs from a variety of animal
sources, ranging from invertebrates (e.g., insects, spi-
ders, molluscs, and crustaceans) to vertebrates
(e.g., fish, amphibians, reptiles, and birds). The increase
in the counts of AMPs from such animals in 2010 and
2020 can be viewed in Table 2.

The AMP sources can also be grouped into three life
domains (eukarya, archaea, and eubacteria).52 The
eukaryotes will include fungi, protists, plants, and
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animals. Therefore, the total numbers of AMPs in the
three life domains were 365 in eubacteria, five in archaea,
and 2,804 in eukarya in 2020.

Since each continent has different life forms, the APD
made one more step in annotating geographic source
information for each species directly after the scientific
name (Source Organism). This enabled the first compari-
son of the amphibian peptide signatures from different
continents in 2020.%° It appears that frog AMPs from
Europe contain a higher content of leucine, while those
from South America are higher in alanine.

24 | The expanding biological functions
of antimicrobial peptides

AMP functions expanded with time in the APD
(Figure 3). In 2003, only antibacterial, antiviral, antifun-
gal, anticancer, and hemolytic peptides were searchable.
In 2008, antibacterial peptides with a narrow activity
spectrum were split into anti-Gram-positive (G+) and
anti-Gram-negative (G—) AMPs. Antiviral peptides with
anti-HIV activity were annotated due to the research
need of our database-guided design of such peptides.”
Also annotated are peptides that neutralize lipopolysac-
charides (LPS, or endotoxin), the outer membrane com-
ponents of Gram-negative bacteria. Some of the peptide
function searches were enabled initially by creating a spe-
cial string search (starting ZZ).** The ZZ system was sub-
sequently replaced by the more user-friendly icon search.
In 2015, nine additional activities/functions were enabled
in the APD3: antiparasitic, antimalarial, spermicidal,
insecticidal, antibiofilm, antioxidant, protease inhibitory,
chemotactic, and wound healing activities. In 2018,
AMPs with anti-toxin, anti-inflammatory, anti-MRSA,

9
4 Parasites 4
5 Gram+ Malaria || Toxin
@ Sperm || Inflamm 3
Bacteria||Sram- | . MRSA
i HIV-1 nsects Channel
Viruses || chemor
Fungi ||Endotoxin|| \wound
Cancer Oxidant
RBCs Protease
Biofilm
F [

S5 O A O N VO A 9O N
LS DN NNy
S S S S S

FIGURE 3
functions in the antimicrobial peptide database from 2003 to 2020

Timeline for the expansion of searchable peptide

channel inhibitor activities became searchable. In 2020,
the icon search for antiTB, anti-candida, and anti-
diabetic activities was also enabled. A detailed record of
the peptide functions and count changes in the three ver-
sions of the APD and current database is provided in
Table 3.

Figure 4 compares the amino acid frequency changes
for antibacterial, antifungal, antiviral, and anticancer
peptides in the APD between 2008 and 2020. While the
plots are rather similar for antibacterial, antifungal, and
anticancer peptides, there are clear deviations for ant-
iviral peptides. The frequency of cysteine dropped from
above 15% to below 10%. Meanwhile, the frequency of
arginine decreased from ~10% to ~6%. Such changes
may be attributed to the increase in linear antiviral pep-
tides resulting from a collaborative project on database
screening and design of anti-HIV peptides between us
and ImQuest Biosciences.*>"*

To facilitate the development of antimicrobials
against a specific pathogen, the APD has also enabled the
activity search of AMPs against any pathogen. This infor-
mation can be obtained by entering a shorthand of scien-
tific name (e.g., E. coli, S. aureus, or C. albicans) into the
search box for Additional Information followed by sea-
rch. In the current APD, we found 1,391 peptides with
activity against E. coli, 1,324 against S. aureus
(Staphylococcus aureus), and 689 against C. albicans
(Candida albicans). Hence, the APD is flexible and can
search peptide activity for an unlimited number of patho-
gens as long as they have been tested and entered into
the database.

2.5 | AMP sequences can be
posttranslationally modified in
numerous ways

Many AMPs are chemically modified post-translation.>*
In 2008, we started to annotate post-translational modifi-
cations (PTM) of AMPs in the APD. Each peptide is rep-
resented as a string of single-lettered amino acids. The
same set of 20 standard amino acids is also used to repre-
sent the amino acid sequences of heavily modified pep-
tides. An annotation system was created in the name
field for chemical modifications by commencing with
“XX” (like two scissors). For example, XXA implies pep-
tide amidation at the C-terminus, while XXC indicates
peptide cyclization via forming a peptide bond between
the N and C-termini. Seven types of PTMs (C-end ami-
dation, cyclization, oxidation, phosphorylation, D-amino
acids, glycosylation, and lipidation) were introduced in
2009. The number of PTMs increased to 14 types in 2010.
In 2016, additional chemical modification types were
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TAB L E 3 Peptide search function APD APD2 APD3 APD current

expansion in the APD Parameter (2004) (2009) (2016) (2021)*
Total peptides 525 1,228 2,619 3,273
Antibacterial 498 944 2,169 2,743
AntiGram+ 267 426 558
AntiGram— 202 323
Anti-MRSA 182
Anti-TB 14
Antibiofilm 16 66
Anti-toxin 15
Anti-endotoxin 61 88
Antifungal 155 327 961 1,212
Anti-candida 676
Antiviral 28 76 172 193
Anti-HIV 53 105 109
Antiparasitic 80 138
Antimalarial 16 33
Anticancer 18 65 185 252
Hemolytic 64 108 307 313
Spermicidal 11 14
Insecticidal 27 39
Chemotactic 53 62
Anti-inflammatory 27
Wound healing 10 23
Ion channel 7

inhibitor

Antioxidant 19 28
Protease inhibitor 12 31
Antidiabetic 16

#As of July 2021. Obtained from https://aps.unmc.edu.

included. Table 4 shows the increase of post-
translationally modified AMPs from 2010 to 2020. The
current APD contains a total of 26 types of PTMs for
AMPs. Note that the APD has taken chemical modifica-
tion into consideration in calculating the net charge for
each peptide. Hence, the net charge of monophosphated
and C-terminally amidated peptides reduce and increase
by one, respectively.

2.6 | Binding targets and mechanisms of
action of AMPs

This information does not exist in the first version. In the
APD2, we created a different information annotation sys-
tem for us to record peptide binding partners. This sys-
tem starts with “BB” (Table 5). The following were

produced initially: binding to membranes (BBMm), pro-
tein/enzyme (BBPP), nucleic acids (BBN), carbohydrates
(BBS), lipopolysaccharides (BBL), metal ions (BBII), and
peptide aggregation (BBB). Later, peptide aggregation
was split into two types: in water (BBBh20) and in mem-
branes (BBBm). Many AMPs bind to lipid II to inhibit
bacterial cell wall synthesis (BBW). More recently, this
system has been further refined. Some AMPs, especially
proline-rich peptides that bind to ribosomes can be
searched using BBribo in the name field. A more specific
protein binding has also been annotated: receptor bind-
ing (BBrcp) and bacterial outer membrane proteins
(BBomp).

It is important to note that binding to a molecular
partner does not necessarily mean a mechanism of
action. Therefore, the APD also annotates the mechanism
of action (MOA) of AMPs in the additional information
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FIGURE 4 Comparison of amino acid compositions of
antimicrobial peptides with activity against bacteria (1,034 AMPs in
2008 and 2,727 in 2020), fungi (388 AMPs in 2008 and 1,210 in
2020), viruses (76 AMPs in 2008 and 190 in 2020), and cancer cells
(78 AMPs in 2008 and 251 in 2020). Data obtained from the
antimicrobial peptide database (http://aps.unmc.edu/AP)

field. At present, 103 AMPs have such information in
the APD.

2.7 | AMPs can form a variety of three-
dimensional structures

AMPs can form a variety of structural scaffolds. Initially,
the APD adopted the Boman classification, which
includes a-helical, disulfide bonded p-sheet peptides and
AMPs rich in proline, histidine, and tryptophan.!
Because circular dichroism (CD) is an excellent indicator
for a helical structure in membrane-mimicking environ-
ments such as trifluoroethanol and micelles, the APD
also annotated this information starting 2008. In 2010,
we introduced a self-consistent structural classification
(o, B, op, and non-ap) into the database.*® These four

TABLE 4 Post-translational modifications of antimicrobial
peptides in the APD *

2010 2020

C-terminal amidation (XXA) 272 622
C-terminal iron-binding moieties 4 4

(XXB)
Cyclization, N to C peptide bond 139 210

(XXC)
D-amino acids (XXD) 7 37
N-terminal acetylation (XXE) 8 18
Carboxylic-acid-containing group 1 3

(XXF)
Glycosylation (XXG) 7 17
Halogenation (XXH) 1 12
N-formylated met (XXT) 11
Sidechain-backbone bond (XXJ) 31
Hydroxylation (XXK) 1 15
Lipidation (XXL) 41
Methylation (XXM) 6
Nitrosylation (XXN) 0
Oxidation (XXO) 8 13
Phosphorylation (XXP) 2 6
N-terminally cyclic glutamate (XXQ) 12 20
S-S Reduction (XXR) 2
Sulfation (XXS) 1 1
Thioether bridge (XXT) 22 61
Rana box S-S (XXU) 473
Lantibiotic C-C bridge (XXV) 2
Dehydration (XXW) 36
ADP-ribosylation (XXX) 2
Citrullination (XXY) 1
Carbamylation (XXZ) 1

*The chemical modification search system in the APD.

types of structures have increased in the APD from 2010
to 2020 (Table 6). At present, all the classes of structures
have been found in animals and bacteria. Plant AMPs
frequently contain disulfide bonds that stabilize B-sheet
structures.” There are also exceptions since S-S linked
helical structures have been found in plants.”® However,
non-uf structures have not been found in plant AMPs.

2.8 |
in vivo

Animal models for peptide efficacy

As an important step toward novel antibiotic develop-
ment, animal models play an important role. Both
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invertebrate and vertebrate models have been utilized to
test the efficacy of AMPs. This information was not anno-
tated in the first two versions of the APD. In the APD3,
this can be searched in the “Additional Information” field
by entering “animal model.” The animal type is followed
after a colon in a format “animal model:type.” A search
of animal model: mouse returned 52 entries in the cur-
rent database. Other testing animals include cattle, rab-
bit, rat, chicken, zebrafish, fish, and wax moth.

2.9 | Potential leads, clinical trials, and
peptide antibiotics in use

Some recently identified peptides appeared to be highly
promising for antimicrobial development. We decided
to label them as “potential leads” (searchable in Addi-
tional Information). These include plectasin,®
teixobactin,?® taromycin A,>® horine, verine,?” lysocin

TABLE 5 Binding partners or targets of antimicrobial peptides
in 2010 and 2020 *

2010 2020
Membranes (BBMm) 48 147
Cell wall (BBW) 3 28
Ribosomes (BBribo) 9
Protein receptor (BBrcp) 10
Outer membrane protein (BBomp) 3
RNA polymerase (BBpol) 3
LPS (BBL) 26 92
Nucleic acids (BBN) 5 19
Carbohydrates (BBS) 21 51
Metal (BBII) 12 24
Oligomer in water (BBBh20) 6 15
Oligomer in membranes (BBBm) 1 5

“Data obtained from the antimicrobial peptide database (http://aps.unmc.
edu/AP).

TABLE 6 Structural statistics of
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E,* darobactin,®® and lugdunin.®’ In 2008, a few AMPs
were subjected to “clinical trials” and the quoted phrase
can be searched in the Name field. Some well-known
candidates include magainin 2 (MSI-78 or pexiganan),®”
indolicidin (MBI226 or Omiganan),®® PG1 (Iseganan or
protegrin 1B367),°* LL-37 (OP-145),°> and human
histatin 5 (P113).%° In 2018, we also annotated “AMPs in
use” (search the quoted phrase in Add Info). While
gramicidin A, gramicidin S, colistin A, polymyxin B,
and cubicin (daptomycin) are in clinical use, lysozyme,
nisin A, and pediocin PA-1 (AcH) are used as food
preservatives.?®

3 | THE APD FOR EDUCATION
Another important goal of the APD3 is to promote stu-
dent education.*' This ranges from glossary, timeline,
and nomenclature to classification. The glossary provides
frequently used abbreviations and defines some terms.
Timeline provides a chronical list of select AMPs discov-
ered annually. Nomenclature summarizes the common
methods used to name AMPs. These include biological
sources, properties, generation methods, and a combina-
tion of the above. To facilitate users' search, the APD
includes both old and new, abbreviated and full names
for AMPs. Classification documents the major methods
utilized to classify AMPs into families. These include pep-
tide synthesis machinery, source, property, chain bond-
ing pattern, 3D structure, activity, and mechanism of
action. In addition, FAQ provides a list of frequently
asked questions and answers. For example, how many
AMPs have we discovered in nature? The current APD
estimates over 3,000. My Tools provides the links to
numerous web tools useful for AMPs. What's New
informs users what has been newly added to the APD. As
a consequence of an increased interest in discovering
new therapeutics to combat COVID-19, the APD also
enabled “AMP Antiviral News” in 2020. Such additions
make the APD unique and more useful.

L. . . . . Year 2010 2020

Antimicrobial Peptides in the APD in

2010 and 2020 Kingdom Bacteria Plants Animals Bacteria Plants Animals
a-Helix 13 0 73 32 6 152%
p-Sheet 4 12 26 15 12 53
Combined off 2 19 20 5 40 64
Non-af 0 0 3 10 0 7
Total 19 31 122 62 58 276

It includes 3D structures determined by NMR spectroscopy (142 entries) and X-ray crystallography (10
entries). After the APD2, secondary structures implicated by circular dichroism (CD) are also annotated in
the APD, leading to a total of 382 helical peptides.


http://aps.unmc.edu/AP
http://aps.unmc.edu/AP

WANG ET AL.

= L WILEY-§ ey

4 | DATABASE REPROGRAMMING
AND CURRENT STATUS

4.1 | Database reprogramming into a
new look

The APD codes were originally written during 2002-2003
(Figure 1a). The APD system used the LAMP software
bundle, deployed in the Red Hat Linux operating system
using the freeware Apache web server, MySQL relational
database management system, and PHP script language.
Each peptide was assigned a unique five-digit ID starting
with AP (e.g., AP00301). In 2021, Michael Zietz and
Ashok Mudgapalli at UNMC modernized the computer
codes of the APD. PHP5 has been upgraded to PHP7 and
MySQL has been replaced with MariaDB 10.5. In addi-
tion, the entire web site, including user interfaces, back-
end PHP code, and database has gone through series of
security Penetration Test Scanning processes using latest
UNMC security tools for vulnerabilities and got approved
to operationalize web site in production. All the web
pages have been unified in the website style of the
UNMC branding. Therefore, we referred to this UNMC-
branded APD as APD2021. This newly programed data-
base maintained the overall design and tradition of the
original APD programmed by Zhe Wang and expanded
by Guangshun Wang. It replaced the web designed by
Shuona Wang in 2008. The original horizontal database
interfaces for research and education (e.g., About, Data-
base Search, Calculation & Prediction, Peptide Design,
and Statistics) at the top of the main page (Figure 1a,b)
have been converted to a vertical format on the left
(Figure 1c). This column of database interfaces serves as
the left navigation bar as they are always present during
information search, thereby facilitating jumping between
web interfaces. Another change was also made. The origi-
nal APD provides five AMPs most similar to users' query.
This re-programmed database has removed this restric-
tion by providing users with many more similar
sequences. The additional sequence aligning may be
helpful for peptide design.

4.2 | New additions to the APD

4.2.1 | Peptide entries continued to increase

We reported 3,081 peptides in the previous paper for the
Protein Science Tool.>* By the end of 2020, there were
3,257 AMPs. Based on this set of AMPs, the averaged
peptide length was 33.2. The averaged net charge and
hydrophobic content were +3.3 and 41.4%, respectively.
Of these peptides, over 90% were small peptides with less

than 60 amino acids (87% are less than 50 aa). The major-
ity (94%) of peptides had a net charge of zero or greater.
This data set was utilized for analysis throughout the text.
With the newly programmed database online in June
2021, some new AMPs from 2021 have been added, lead-
ing to a total of 3,273 entries (Table 3 updated).

422 | New database search functions for
peptide forms and functions

Since the last description of the APD in 2019,* several
new peptide search functions have been enabled. These
include anti-TB, anti-endotoxin, anti-candida, and anti-
diabetic peptides. In the current database, we found
14 AMPs with anti-TB activity, 85 anti-endotoxin pep-
tides, 676 anti-candida peptides, and 16 anti-diabetic
peptides.

Peptide molecular forms also play an important role
in combating pathogens. The majority of peptides in the
APD contain a single chain. However, some AMPs pos-
sess two polypeptide chains and do not show antimicro-
bial activity when a single chain is tested alone. The first
two-chain peptide was discovered in bacteria in 1992
(AP01151).*” Moreover, single-chain AMPs may work
synergistically for efficacy. Such molecular form informa-
tion was annotated in the database some time ago
(Table 1). In 2017, we annotated surface-immobilized
peptides. For convenience, we also enabled a single-click
icon search for two-chained and synergistic peptides in
2020. There are currently 35 peptides with two chains
and 47 AMPs with synergistic antimicrobial effects with
other peptides.

4.2.3 | Antimicrobial robustness

Some AMPs are known to lose activity under certain con-
ditions (e.g., salts, serum, and pH). Despite a challenging
task, we found it possible to identify more robust AMPs
by conducting in vitro filtering. Interestingly, peptides
that retain antimicrobial activity under the above condi-
tions show systemic efficacy in mice.*>*® To facilitate the
development of more robust AMPs, we started to include
such properties in the Additional Information field. At
present, we found 24 salt-sensitive AMPs and 20 salt-
insensitive peptides in the current APD.

424 | AMP atlas

A single species can express different AMPs under differ-
ent conditions. A known set of AMPs from a particular
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species can be searched in the APD by entering its scien-
tific name into the search box for Source Organism. The
collections of all the AMPs from a variety of organisms
constitute AMP atlas. For instance, we found 10 honeybee
AMPs using “Apis mellifera,” 14 fruitfly AMPs using
“Drosophila melanogaster,”® and 20 wax moth peptides
from Galleria mellonella. Based on genomic and proteo-
mic approaches, Zhang and colleagues identified 36 AMPs
from the frog “Odorrana andersonii” with demonstrated
antibacterial activity.”® A search of “Homo sapiens” ret-
urned 141 human AMPs discovered from a variety of
organs or tissues (reviewed in Reference 71). In the
future, AMP atlas also includes AMP distribution and
kinetics in various tissues of a single species at different
seasons and geographic regions. The tissue information
for AMPs (e.g., seeds, leaves, stems in the case of plants
and skin, lung, and brain for humans and other animals)
can be searched in the same Source field. For example,
the APD has annotated 324 AMPs from skin and 24 AMPs
from the brain of frogs and humans.

4.2.5 | Microbiota

Microbiota include a set of microbes in a defined loca-
tion. Bacteria, archaea, protists, and fungi in microbiota
can all produce antimicrobial peptides. Thus, the search
of novel AMPs has been extended to host microbiota,
including both plants and animals. It is proposed that
AMPs in microbiota play an essential role in guarding
the exposed surfaces susceptible to pathogen invasion.
This observation laid the foundation for restoring normal
microbiota by using probiotics.”>”* Recently, the APD
has started to annotate such information. A search of
microbiota in “Source Organism” produced 24 bacterio-
cins. A particular organ such as skin and gut can also be
searched by entering “:skin or: gut” after “microbiota”.
We found 19 bacteriocins from “human microbiota: gut”.
Considering the growing interest in microbiota, we antic-
ipate a significant increase in new AMPs from commen-
sal bacteria in the future.

5 | CONCLUDING REMARKS

The construction of a useful database helps to put rele-
vant information in order. The APD is an original data-
base in terms of both platform design and peptide entries.
It has defined and unified numerous aspects of AMPs to
reach the current status (Table 1). Since its birth in 2003,
this database has been updated and expanded for over a
decade. As milestones, the peptide entries in the APD
reached 1,000 in 2008, 2000 in 2012, and 3,000 natural

AMPs in 2018, respectively. Post-translational modifica-
tions annotated in the APD (e.g., N-formylated methio-
nine, halogenation, C-terminal amidation, and
phosphorylation) increased from seven in the APD2 and
24 in the APD3 to 26 in 2021. The peptide search func-
tions (e.g., anti-TB, antiviral, anticancer, and anti-dia-
betic) increased from the original five in 2003, nine in
2009 to 25 in 2021 (Figure 3). These expansions over a
decade greatly enriched the searchable information of
antimicrobial peptides in this database. For scientific
rigor, the APD3 defined a set of criteria for data registra-
tion (natural peptides, a known amino acid sequence, a
size less than 100 amino acids, and demonstrated antimi-
crobial activity). Our definition of data registration
criteria produced a core data set for natural antimicrobial
peptides. This core data set in the APD laid the founda-
tion for understanding the design principles of natural
AMPs.* Tt also allowed us to propose a universal peptide
classification method that does not depend on peptide
source or activity.*® Although empirical, our database
programmed the first peptide prediction program.’” The
APD also provided one of the first useful data sets for
researchers to develop machine-learning predictions.**
Moreover, we demonstrated the first database-aided pep-
tide design.*? In addition, our database is an important
platform for developing peptide design methods such as
the Grammar approach by others,*® template-based
design,**”* database screening,*>”*> and database filtering
technology*’ by us to identify novel antibacterial and ant-
iviral peptides with topical and systemic efficacies in
mice.>”**%%7¢ Qur discovery of the relationships between
peptide net charge and length as well as hydrophobic
content and peptide length based on over 1,000 amphib-
ian AMPs may be useful for designing linear AMPs at dif-
ferent lengths.® Our continued expansion of the APD
functions for over a decade confirmed the flexibility of
this database platform. Consequently, we anticipate that
this modernized database will continue to play a role in
research and education of antimicrobial peptides. Future
research will elucidate the unique role each innate
immune peptide plays in its biological niche. Such
knowledge is important for developing these peptides
into useful molecules for different applications. We also
anticipate that future studies will continue to search for
novel antimicrobial peptides, which may enrich our anti-
microbial arsenal to combat drug-resistant pathogens.
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