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1 | INTRODUCTION

Peptides are small proteins (usually <100 amino acids) that play
a variety of functions in biological systems. Antimicrobial pep-
tides (AMPs) are universal players in innate immunity to protect
the host from infection.'™ The common denominator for AMPs
is their antimicrobial activity against various pathogens, includ-
ing bacteria, fungi, viruses, and parasites. This property forms
the basis for developing AMPs into new antibiotics to meet the
challenge of drug resistance.* These molecules are implicated
in male fertility, Alzheimer's disease, and cancer metastasis, to
list just a few.®® AMPs may also determine dog hair color, regu-
late insect sleep, and shape host microbiota,'® 2

Although lysozyme was discovered in 1922, the interest in
AMPs was not reignited until the 1980s.'>™" Since then, the

Correction added on August 16, 2019 after first online publication: minor
typographical errors have been corrected throughout the article.

This article is written for the 2020 tool issue of Protein Science. It briefly introduces
the widely used antimicrobial peptide database, initially online in 2003. After a
description of the main features of each database version and some recent additions,
the focus is on the peptide design parameters for each of the four unified classes of nat-
ural antimicrobial peptides (AMPs). The amino acid signature in AMPs varies substan-
tially, leading to a variety of structures for functional and mechanistic diversity. Also,
Nature is a master of combinatorial chemistry by deploying different amino acids onto
the same structural scaffold to tune peptide functions. In addition, the single-domain
AMPs may be posttranslationally modified, self-assembled, or combined with other
AMPs for function. Elucidation of the design principles of natural AMPs will facilitate
future development of novel molecules for various applications.
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number of AMPs discovered per year increased from ~50 in
the 1990s to ~100 in the 2000s."® With more and more such
peptides discovered, we constructed the antimicrobial peptide
database (APD) to help manage such information.'” In this arti-
cle, I will first introduce the different versions of the APD.
Then, I will describe the design parameters for the major
classes of AMPs based on a unified peptide classification
(UC) system.'® Since the article is prepared for Protein Science,
it is proper to ask the following questions. What amino acids
(aa) are frequently utilized (or abundant) in natural AMPs?
What is the parameter space for the major kinds of structural
scaffolds in nature? What are the major activities of these pep-
tides? Is there any characteristic amino acid signature for AMPs
with a known mechanism of action? Understanding Nature's
design principles of AMPs can inspire the construction of new
molecules to benefit our society.
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2 | THE DATABASE TOOL

2.1 | The first version of the APD

The first version of our database, with 525 peptide entries, was
online in August 2003, and a paper was published in Nucleic
Acid Research."” This APD programmed a powerful search
engine for antibacterial, antifungal, antiviral, and anticancer
activities of AMPs as well as toxic effects on mammalian cells
(mainly hemolysis). While antimicrobial activity is usually rep-
resented by minimal inhibitory concentrations (MIC), it is also
estimated by the diffusion method in the literature. This makes it
difficult to combine the activity into a data set to quantitatively
predict whether a peptide is an AMP. Hemolysis is often evalu-
ated by incubating the peptide with red blood cells for 2 hr. This
may underestimate hemolysis. It is recommended to incubate
peptides up to 1,000 pg/mL with blood cells for 18 hr at 37°C.
To further complicate the picture, other blood cells (e.g.,
chicken, cattle, and sheep) are also used. The combination of
antimicrobial activity and toxicity information gives users a clue
whether a particular peptide preferentially kills pathogens. Addi-
tional clue could be obtained by conducting statistical analysis of
peptides. The APD reveals a higher hydrophobic content (Pho)
for toxic AMPs than nontoxic peptides.'” The hydrophobic
amino acids defined in the APD include Leu, Ile, Val, Phe, Met,
Ala, Cys, and Trp. This database observation is in line with the
results from human cathelicidin studies, laying the basis for
improving peptide cell selectivity.'® The physical basis for pep-
tide selective killing is usually attributed to the membrane differ-
ences between bacteria (rich in phosphatidylglycerols) and
mammalian cells (rich in phosphocholines). The first version of
the APD also programmed a rule-based prediction interface.
Importantly, the database is able to provide users with five most
similar sequences in the APD. Such a similarity can inspire func-
tional characterization of new peptides.

FIGURE 1
of antimicrobial peptides. Shown are the
ribbon diagrams of (a) a-helical LL-37,
(b) p-sheet gomesin, (c) the oyster

Representative structures

defensin with a mixed o and f structure, (C)
and (d) indolicidin with a non-af3
structure. The PDB IDs are 2K60,%
1KFP,*' 2B68,% and 1G89,%
respectively. Structures are determined by
solution NMR, and the first structure in
the ensemble is used here. Side chains are
represented in ball and stick (sulfur,
yellow; oxygen, red; carbon, black; and
nitrogen, blue). Disulfide bonds are
represented by pairs of yellow balls
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2.2 | The second-version APD2

The APD was updated and expanded to the APD2 during
2007-2008.° We tried to collect every peptide described as
“antimicrobial peptides” in the literature even though there
were no activity data in some cases. The peptide entries
increased to 1,228 in the APD2. Also, the peptide search func-
tions increased from 5 to 9. Users can search peptides
with anti-HIV, anti-Gram-positive (G+) only, and anti-Gram-
negative (G—) bacteria only. Importantly, we also demonstrated
the use of the database for peptide design. This was initiated by
identifying the frequently occurring amino acids (~10%). We
found it feasible to use Gly, Leu, and Lys to design AMPs with
antimicrobial activity against bacteria.”® This led to our subse-
quent development of the database filtering technology for
designing DFTamP1 against methicillin-resistant Staphylococ-
cus aureus (MRSA) USA300.%! Recently, we have extended
this technology to in vitro and in vivo filtering, generating new
ideas for peptide design.”

2.3 | The third-version APD3

The database was further expanded into APD3 during
2010-2015. The APD3 classifies the peptide sources into six
life kingdoms: bacteria, archaea, protists, fungi, plants, and ani-
mals. Based on the existence of a-helix and p-sheet, the 3D
structures of AMPs are classified into a, f, af, and non-of
families.® Figure 1 gives examples for each structural family.
We also proposed a UC method.'® With the use of genomic
and proteomic approaches for peptide discovery, it became nec-
essary to define a set of criteria for registration of peptides into
the database. Thus, since 2011, the APD3 has mainly registered
natural peptides with demonstrated antimicrobial activity.”*
Our practice led to a clean data set (2,619 entries reported in
the APD3) for classification, prediction, and design of AMPs.
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2.4 | The current status

While we aim to develop this database into a new version,
here we highlight some recent additions to the APD. We
have annotated additional search functions, including anti-
toxin, anti-MRSA, anti-inflammatory, and ion channel
inhibition. An increase in peptide search function in the
APD is depicted in Figure 2. At present, there are 24 search-
able peptide functions/activities, such as antibacterial, ant-
iviral, anticancer, and wound healing. The APD also
annotated the peptide information based on the mechanism
of action of peptides. It is evident that AMPs use a variety
of mechanisms to attack pathogens beyond membranes
(Figure 3). Because frog peptides are over 1,000 in the
APD, we further annotated these peptides based on their
geographic origins. It is interesting to note that AMPs from
different continents vary in amino acid composition profile

APD SEARCH FUNCTIONS

W year M Function

1 2 3 4

FIGURE 2 Expansion of search functions for peptide activity
such as antibacterial, antiviral, anticancer, antitoxin, and anti-
inflammatory: 5 in the antimicrobial peptide database (APD), 9 in
the APD2, 19 in the APD3, and 24 in the current APD (http://aps.
unmc.edu/AP)

(i.e., AMP signature) (Figure 4). For instance, AMPs from
South America possess the highest alanine, while AMPs
from Europe are highest in leucine. The biological signifi-
cance of such differences requires further studies. Will dif-
ferent pathogens in a defined ecological system be the
major player in shaping the AMP signature in frogs?

2.5 | Why use the APD rather than other
databases?

The interest in AMPs stimulated the construction of other
databases. Table 1 documents the timeline of web-
accessible databases for AMPs. Since these databases have
been discussed elsewhere,25 here I only mention the data in
select databases. While CAMP contains 5,398 predicted
sequences,26 DBAASP hosts over 10,000 synthetic pep-
tides, including some inactive ones.”” DRAMP has 14,739
peptides from patents and also includes some natural pep-
tides without any activity data.”® While such data can be
useful for different purposes, these databases are not used
here for the following reasons: first, without activity data,
predicted peptides may not be true AMPs. Second, the
inclusion of thousands of synthetic/predicted peptides can
mask or distort the picture for natural AMPs. Third, data-
bases for a single kingdom or special class of peptides do
not have a complete data set for natural AMPs. The natural
AMPs in the APD were accumulated and manually curated
in the past 16 years. A new peptide must meet a set of
criteria (known activity, known sequence, less than
200 amino acids, and from natural sources) in order to be
accepted into the APD.** As of June 2019, the APD hosted
3,081 peptides mainly from natural sources. On average,
these peptides have a peptide length of 32.9 and a net
charge of +3.3. This set of peptide data is most suitable for
this study.
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FIGURE 3 Amino acid
signatures of antimicrobial
peptides that inhibit different
molecular targets: (a) cell wall,
(b) carbohydrate, (c) nucleic acid,
and (d) ribosome
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TABLE 1 Timeline of web accessible databases dedicated to AMPs (accessed June 2019)*

Database
APD

Peptaibol
Cybase
Defensins
BACTIBASE
PhytAMP
CAMP
YADAMP
DADP
THIOBASE
AVPpred
MilkAMP
DBAASP
BaAMPs
DRAMP
AntiTbPdb
dbAMP

Peptides Web site (http://) Year”

AMPs from bacteria, archaea, protists, fungi, aps.unmc.edu/AP/ 2004; 2009; 2016
plants, and animals

Fungal peptides peptaibol.cryst.bbk.ac.uk/home.shtml 2004

Cyclic peptides www.cybase.org.au/ 2006; 2008

Defensins defensins.bii.a-star.edu.sg/ 2007

Bacteriocins bactibase.hammamilab.org/main.php 2007; 2010

Plant AMPs phytamp.pfba-lab-tun.org/main.php 2009

Predicted and patented AMPs www.camp.bicnirrh.res.in/ 2010; 2014; 2016

AMPs yadamp.unisa.it/ 2012

Frog peptides split4.pmfst.hr/dadp/ 2012

Bacterial thiopeptides db-mml.sjtu.edu.cn/THIOBASE/ 2012

Antiviral peptides crdd.osdd.net/servers/avppred/ 2012

Milk peptides milkampdb.org/home.php 2014

AMPs dbaasp.org/home.xhtml 2014; 2016

Anti-biofilm AMPs www.baamps.it/ 2015

AMPs dramp.cpu-bioinfor.org/ 2016

Anti-TB peptides webs.iiitd.edu.in/raghava/antitbpdb/ 2018

AMPs 140.138.77.240/~dbamp/index.php 2019

“Adapted and updated based on the original list of the APD “links.”

®Years for the publication of different versions of each database.

3 | NATURE'S DESIGN PRINCIPLES are the focus of this article. There are only 23 enzyme-made
OF ANTIMICROBIAL PEPTIDES peptide antibiotics (database search using “nonribosomally

3.1 | Structural diversity of single-

domain AMPs

synthesized” in the name field), such as gramicidin and
daptomycin. Because there are different classification sys-
tems for AMPs from different kingdoms, we proposed a UC

Nature uses two types of machines to make peptides: ribo- method to facilitate data organization in the database.'® This
some biosynthesis and multiple enzyme systems. To be method does not depend on molecular source, activity, or
more complete, the APD includes both types of peptides. 3D structures. In this approach, peptides are separated into
Most of the AMPs are gene encoded (97%) in the APD and four classes based on chain connection patterns. Class 1
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https://webs.iiitd.edu.in/raghava/antitbpdb/
http://140.138.77.240/~dbamp/index.php
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(UCLL) consists of linear peptides (Figure S5a). Some AMPs do
not work alone and require the combination of two independent
chains (UCLL2, where 2 indicates two chains). AMPs in the
second class (UCSS) are required to form at least one bond
between different amino acid side chains (Figure 5b—g). While
the third peptide class (UCSB) contains a covalent bond
between side chain and backbone Figure 5h,i), the fourth class
(UCBB) forms a peptide bond between the N- and C-termini of
peptides (Figure 5j,k). The APD has peptide examples for all
these classes. Each class can be further divided based on bond
type and peptide chain number. In the following, I describe the
parameter space defined by each major class of peptides that
differ in chain-connection pattern. The peptide parameters
include length, net charge, hydrophobic content, and amino
acid composition, which constitute a useful starting point for
designing peptides with a defined structure and activity.

3.1.1 | UCLL

Linear peptides (Figure 5a) frequently become amphipathic
(the segregation of hydrophobic and hydrophilic side chains)
after binding to bacterial membranes. Typical examples are
magainins, cecropins, and human cathelicidin LL-37. The
amphipathic helix model (Figure 1a) is so popular that it
becomes a token for cationic AMPs.>** However, such pep-
tides can use different amino acids depending on biological
sources. This can be seen from Table 2 that summarizes the
parameters for known helical peptides from different sources.
The abundant amino acids (~8% or above) are Ile, Leu, Ala,
and Lys in insect AMPs, but Leu, Ala, Gly, and Lys in
amphibian AMPs. In fish, phenylalanines are more abundant,
while arginines are preferred over lysines. Histidines are also
abundant and can play unique biological functions such as
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FIGURE 5 Scaffolds of
antimicrobial peptides based on the unified
peptide classification (UC) scheme'®
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pH-dependent membrane permeation.’® Note that there is an
increase in cationic amino acids in helical peptides from reptiles
and mammals since both lysine and arginine are abundant
(~30% combined). One possibility is to increase the neutralizing
capability of these peptides to tame inflammation. In the major
antibacterial peptide of human cathelicidin LL-37, Arg23 plays
an important role in combating pathogenic bacteria and Zika
viruses.'** These examples illustrate that Nature is able to
achieve functional diversity by deploying different amino acids
on the same helix model (Table 2). Peptide length is another
important parameter for peptide design. With a decrease in pep-
tide length, there is a clear increase in Phe and Leu in a-helical
peptides (Figure 6a,b). Such an increase may be necessary to
retain membrane-binding ability of short helical peptides. For
comparison, we only found an increase in the Cys content for
[-sheet-containing AMPs (Figure 6c).

Scientists working on insects first discovered proline-rich
AMPs.** Other well-known examples are Trp-rich, Arg-rich,
and His-rich AMPs.***> The word “rich” has different mean-
ings in different articles. If we define 30% as rich in the APD,
there are also other less popular members, including Asp-rich,
Ser-rich, Lys-rich, Ala-rich, Phe-rich, and Leu-rich. Such pep-
tides can have unique functions and properties. For example,
metals modulate the activity of His-rich peptides.>**°

3.1.2 | UCSS

Two types of sidechain bonding are common in AMPs. The
first subclass one-chain peptides (UCSS1a) contain at least one
disulfide bond (Figure 5b-f), while the second subclass
(UCSSI1b) shares the thioether bond (Figure 5g). The cysteine-
containing peptides are very diverse in source and structure.
Peptides in this subclass can be further splitted into families
based on the number of S—S bonds. The classic examples are
linear AMPs that form a two-stranded B-sheet stabilized by 1-2
disulfide (S—S) bonds (Figure 5c). The two disulfide bonds
(yellow) in spider gomesin can be seen in Figure 1b. Both
human a- and p-defensins consist of three S—S bonds that sta-
bilize the p-sheet (Figure 5d). Defensins are reported to contain
a y-core motif that can instruct the search of potentially new
AMPs.*” The oyster defensin contains four pairs of S—S bonds
(Figure Ic). In plants, up to six S—S bonds have been found in

TABLE 2 Helical peptides (UCLL) from different sources®

Source Count Length Net charge
Insects 9 11-34 +1-+9
Amphibians 116 8-34 0—+7

Fish 21 12-44 0—+10
Reptiles 9 22-38 +3—+15
Mammals 14 1749 +3—+11

PROTEIN 13
%SOCIETY_WI LEY.
snakins.*®® Table 3 summarizes the APD-derived parameter

space for these peptides. In terms of 3D structure, the majority
of S—S linked peptides form a p-sheet (Figure 1bc). Both Cys
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FIGURE 6 Length-dependent amino acid use in (a) a-helical,
(b) p-sheet, and (c) af-mixed AMPs. Other amino acids do not show
any clear trend and are therefore not presented here

Pho Abundant AA (>8%)
47-71 110.5%, L 18%, A 14%, K 17.4%
31-75 L 15.4%, A 14.1%, G 12.6%, K 11.9%
15-50 110.1%, F 8.6%, G 12.8%, H9.5%, R 9.3%
32-50% L9.1%, F 9.4%,

K 17%, R 12.3%
3-52% 182%,L 8,6%, K 14.1%, R 15.1%

“Note that, although we only provided abundant amino acids here for AMPs (<50 aa), readers may refer to the APD to view the whole amino acid signatures or for

updated ones. This applies to all the tables in this study.
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TABLE 3 Peptide parameters for constructing AMPs in the UCSS class

Peptide Count Length (aa) Net charge
Rana peptides 445 1049 0—+10
Plant 2S-S a 3 33-37 +2—+7
Saposin-like 3S-S o 12 73-88 —11—-+11
Plant 2S-S f 10 20-44 +1-49
Plant 3S-S 11 27-76 —1-+5
Plant 4S-S f 78 40-92 0—+12
Plant 5S-S B 8 41-66 —2—+6
Plant 6S-S f 5 63-79 +6— +10
a-Defensin 44 29-47 —-2—+9
B-Defensin af 87 25-102 —1—+12
Lantibiotics 69 18-44 —2—+8

and Gly are abundant amino acids. There is a shift in the use of
basic amino acids from mainly arginine for AMPs with two
S—S bonds to similar contents of Lys and Arg in plant AMPs
with 4-6 S—S bonds (Table 3).

Of note, a disulfide bond can also stabilize a helical peptide.
A total of 445 frog AMPs (1045 aa) contain a Rana box™* usu-
ally at the C-termini (Figure 5b). However, they share the identi-
cal four abundant amino acids (Leu, Ala, Gly, and Lys) with
those linear amphibian peptides without a disulfide bond
(UCLL1, 558 entries), indicative of a similar potential in forming
helical conformations. Although there are only a few examples,
two disulfide bonds can also stabilize a helical hairpin-like struc-
ture in plant AMPs.** Such plant peptides appear to have a rather
unique amino acid composition since glutamins and glutamates
are both abundant (Table 3). There are also saposin-like peptides
(~80 AA residues), which consist of multiple helices stabilized
by three pairs of S—S bonds. In these peptides, amino acids Ile,
Leu, and Lys are abundant. Also, residues Val, Cys, Glu, and
Asp are above 7%.

A special construct was also found in a frog, where a single
cysteine in distinctin forms a disulfide bond with another copy
of the same chain (Figure 5e). This homodimer then dimerizes
into a helix bundle structure to increase peptide stability to prote-
ases.*' Other AMPs with an odd number of cysteines may form
intermolecular disulfide bonds as well. Five intermolecular S—S
bonds have been found in rattusin (Figure 5f), a pf-sheet pep-
tide.** Over 10 disulfide-bridged homodimers exist in the APD.
These examples substantially enriched the disulfide-bonded
scaffolds for AMPs (Figure 5b—f).

Nature has further expanded its defense arsenal by
exerting environment-dependent host defense. A typical
example is that the reduced human B-defensin 1** is more
active under reduced conditions. However, one should not
generalize this observation as reduction of the S—S bonds
can reduce the activity of other AMPs such as mollusca
myticin C.**

Pho (%) Abundant amino acids

25-75 L 12.7%, A9.9%, G 11.0%, K 14.8%
21-22 C 11.4%, G 14.3%, Q 8.6%, E 10%, R 28.6%
33-52 18.1%,L 10.2%, K 9.9%

16-38 C 14.9%, G 10.6%, R 17.7%

33-48 C17%, G 14.7%, T 8.2%

26-45 C16.2%,G 9.5%, S 71.5%, K 7.9%, R 7.4%
28-46 C20.9%, G 11.4%, (K =R 6.9%)

31-35 C 17.6%, G 9.4%, S 8.5%, K 9.4%, R 8.5%
28-56 C 18.3%,G 10%, R 18.5%

39-53 C 13.9%, G 10.7%, R 10.4%

31-57 C13.9%,G9.2%, T 12.4%, S 11.7%

Lantibiotics, made by Gram-positive bacteria, constitute
another family of the UCSS peptides. Nisin, a typical example,
has been utilized by many countries as a food preservative. This
success stimulated the isolation and characterization of many
more lantibiotics. These heavily posttranslationally modified
peptides share the common thioether bonds between cysteine
and serine/threonine.*’ The abundance of Cys, Thr, and Ser in
these peptide sequences (Table 3) is necessary for the formation
of up to seven such ring structures.*® These rings (Figure 5g)
are essential for structural rigidity, peptide stability, and
antibacterial activity.*> A series of posttranslational enzymes/
neutralizing proteins is involved in the processing of a trans-
lated peptide, covering dehydration, ring formation, transport,
and immunity protein to avoid self-killing. In this sense, the
“innate immune” concept extends to bacteria, which produce
all kinds of bacteriocins with structures far more complex than
those found in eukaryotes.

3.1.3 | UCSB

The UCSB class is of particular interest because several peptide
antibiotics in this class (e.g., daptomycin and colistin) are already
in clinical use. In the current APD, the UCSB class has 31 mem-
bers. Nearly all of these peptides originate from bacteria. Based
on the bond type from sidechain to backbone, these peptides can
be further classified into two families: lactone and lactam. While
lactone contains an ester bond, lactam forms an amide bond.
Table 4 provides the parameter space for both lactone and lactam
peptides. It is evident that these two types of AMPs use different
abundant amino acids. A detailed analysis of lactones revealed a
dominance of the 4, 6, and 9 aa rings formed between a OH
sidechain of Thr and the carboxylic group of the C-terminus
(Figure 5h). D-amino acids are frequently incorporated to facili-
tate the ring formation. Also, an acyl chain may be attached to
enhance the activity (e.g., fusaricidin and daptomycin). In two
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TABLE 4 Classification of the UCSB peptides and parameter space of lactone and lactam

Bond type Peptide count Length Net charge Pho Abundant AA

Lactone 13 6-13 —3—+4 15-71% V 12.5%; T 14.16%, K 9.16%

Lactam 16 10-21 —2—+6 20-66% V 8.4%, F 8.1%, G 17.9%,
TABLE 5 Peptide parameter space for circular peptides (UCBB)

Source Count Size Net charge Pho Abundant AA (>8%)

Bacteria 30 6-82 —2—+7 36-100% 1,104 L 10.3, A20.0; G 12.1

Plants 155 8-37 —2—+4 32-57% C20.14%, G 11.76%, T 8.14%, and S 8.29%

Animals 15 18 +3—+6 55-66% 18.14%, V 8.51%, C 33.33%; G 12.22%; R 25.55%

cases, an eight aa ring structure is formed between a Tyr OH and
the peptide C-terminus.

In contrast, lactam peptides usually form a bond between
the N-terminus NH, and the sidechain of Glu7/8 or Asp8/9
(Figure 5i). In the APD, the observed bonding pairs are
C1-D9, G1-D8, G1-E8, and G1-E7.> When it is a C1-D9
ring, additional disulfide bonds can occur. These peptides
may fold into a lasso structure, where the tail can enter the
macrolactam ring and is locked there via steric hindrance.*’
However, there is an exception. In polymyxins, the ring
occurs between a sidechain NH, of 2,4-diaminobutanoic
acid at position 4 and the carboxylic C-terminus.

3.14 | UCBB

Circular AMPs have been discovered in bacteria, plants, and
animals. These peptides have a circular structure due to the
formation of a peptide bond between the amino- and carbox-
ylic termini (Figure 5j). The smallest circular AMP from
bacteria consists of only six amino acids, while the largest
one, also from bacteria, has 82 aa. The formation of the
small ring requires the incorporation of D-amino acids.

Most of the plant circular peptides are cyclotides (~30 aa). It
appears that different activities of these peptides result from their
capability of recognizing phosphatidylserine.** In addition,
cyclotides contain three S—S bonds to further stabilize the struc-
ture, making them very stable. The high stability of the cyclotide
has been exploited as a template for developing medicine. Pep-
tide sequence motifs have been grafted to the loop region of
cyclotides to inhibit protein—protein association involved in
cancer.**%

In animals, small circular proteins, called 0-defensins
(Figure 5k), have been found in monkeys.® The parameter
ranges for these circular AMPs are summarized in Table 5. They
possess a constant length of 18. However, the amino acid use is
rather biased. While isoleucine and valine are major hydropho-
bic amino acids, arginine is the dominant basic one. Up to date,
the following 12 amino acids are absent in these minidefensins,
including Met, Ala, Trp, Pro, Ser, Tyr, Gln, Asn, Glu, Asp, His,

and Lys. The circular structure is remarkably stable with three
S—S bonds across the two p-strands (Figure 5k).

3.2 | Multiple-domain AMPs

As discussed above, most of the AMPs consist of a single
sequence domain (Model 1: A). Some can also be composed
of multiple domains. Such peptides can be searched in the
APD name field by entering “modular design”. A total of
14 such AMPs have been annotated in the APD, mostly
crustacean peptides. The structures of shrimp penaeidins
comprise an N-terminal Pro-rich domain and a C-terminal
Cys-rich domain (Model 2: A + B).

With the increase in polypeptide length, AMPs fall into the
category of antimicrobial proteins (>100 aa). A longer sequence
enables functional programming of additional peptide domains.
The recent discovery of MjPen-II with 117 aa>' has expanded
the construction of shrimp penaeidins to three different sequence
domains: Ser-rich + Pro-rich + Cys-rich (Model 3: A + B + C,
Figure 51). Some antimicrobial chemokines are known to have a
folded domain and a disordered region, conferring both antimi-
crobial and immune modulation capabilities.

3.3 | Activity signature of antimicrobial
peptides

AMPs are moonlighting molecules with multiple functions.
Table 6 lists the abundant amino acids in peptides with
antibacterial, antifungal, antiviral, antiparasitic, and anticancer
activities. Interestingly, these peptides tend to have similar abun-
dant amino acids, implying a common molecular design. It is
interesting to note that there is a different requirement for AntiG
+ and AntiG— AMPs (G+ = Gram-positive and G— = Gram-
negative). For 21 AntiG+ helical AMPs (UCLL1), the average
pho and net charge are 53.3% and + 1.1, respectively. These are
47.8% and + 2.7 for 15 AntiG— helical AMPs (<50 aa). Thus,
AntiG+ helical AMPs tend to have a higher hydrophobic con-
tent and lower cationicity, whereas AntiG— helical AMPs appear
to have a lower hydrophobic content and higher cationicity. The



16 i WANG
PROTEIN
v L wiLEY-§8 sy
TABLE 6 Abundant amino acids in AMPs with different activities®
Target pathogen (peptide count) o g af Non-aff
G+ bacteria (520) L, A, G,K(52) C,G,S,K©) C,G (15 C G, T,S,K(6)
G- bacteria (297) L, A, G, K (30) C,G, K (9) LS, T,K @) G, S, K@)
Fungi (1106) L, A, G,K(191) C,G,R43) C,G,K,R (1) W,P,R 4)
Viruses (188) V,L, G, K (45) C, G, R (29) C, G (15) W,P,R (1)
Parasites (113) L,A G,K@34) C,G,R(5) C,K (12) P,S,R(2)
Cancer (227) L, A, G, K (80) C,G,R(7) C,G,S,K(12) LG,S,T,K (1)
“Abundant ~8%.
20 — p.eptld.es is their raPld kll'hng] by both the? peptides synthe-
<& sized in L- or D-amino acids.” Recent studies have expanded
i 10 this view because AMPs can also inhibit protein synthesis.
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Amino acid

FIGURE 7 Amino acid (aa) signatures for helical AMPs (<50
aa) against Gram-positive (G+) or Gram-negative (G—) bacteria. It is
remarkable that leucine (blue column) is higher in antimicrobial
peptides against G+ bacteria, but alanine, glycine, and lysine are higher
in antimicrobial peptides against G— bacteria (gold columns)

hydrophobic content has a shortcoming because equal weights
for small and large hydrophobic amino acids mask their differ-
ence in hydrophobicity. To gain additional insight, Figure 7 plot-
ted the amino acid signatures for AntiG+ and AntiG— helical
AMPs. The hydrophobic profiles are drastically different. In par-
ticular, there are 18.29% Leu and 9.27% Ala for AntiG+ AMPs,
but 10.72% Leu and 16.95% Ala for AntiG— peptides, indicative
of the requirement of high hydrophobicity to kill G+ pathogens.
This finding is in line with our peptide engineering results based
on the only human cathelicidin.> This plot also contains detailed
information on basic amino acids. While the levels of arginines
in these two groups of AMPs are more or less similar, the AntiG
— group possesses a much higher content of lysines than the
AntiG+ group. However, arginine is preferred in certain cases.
In 2003, we found antiviral peptides have a higher content of
arginine."” Years later, we had a chance to apply this finding to
peptide design by converting lysines to arginines and obtained
peptides with improved antiviral activity against human immune
deficient virus type 1.7* A detailed analysis of AMPs from differ-
ent structural classes revealed that, except for antibacterial pep-
tides, arginine is preferred in p-sheet peptides, whereas lysine is
preferably associated with helical AMPs (Table 6).

3.4 | Mechanistic signatures of antimicrobial
peptides

The AMPs are often generalized as amphipathic, cationic,
and membrane targeting. A characteristic feature of these

A typical feature of these peptides is slow killing and differ-
ent MIC values of the L- and D-forms of the peptides.*?
Interestingly, our database analysis of AMPs with a defined
mechanism reveals distinct amino acid signatures (Figure 3).
While peptides inhibiting cell wall synthesis are abundant in
Cys, Gly, Thr, and Ser, ribosome inhibitory peptides are rich
in proline and arginine. Such amino acids are required for a
defined structure that recognizes its molecular target. For
example, a specific sequence of Pro-rich peptides can fit into
the exit tunnel of ribosomes to block the release of the syn-
thesized peptides.>

4 | CONCLUDING REMARKS

This article introduces the APD tool to the Protein Science
community. It also summarizes peptide design parameters for
each class. A careful annotation of the AMP sequences in the
APD is a prerequisite for us to classify natural AMPs. Typi-
cally, AMPs comprise a single domain. They can adopt a vari-
ety of structures for different functions/activities (Figures 1 and
5). Alternatively, the same helix or cyclotide fold can be uti-
lized widely in Nature. The peptide activity may also be modu-
lated by amino acid changes, posttranslational modifications,”®
and environmental conditions.*> Some AMPs do not work
alone, and two or more peptide chains need be combined for
activity. In addition, different AMPs can work together to show
a synergistic effect, which may be important for persistent effi-
cacy in innate immune systems. Our understanding of the
Nature's construction principles of AMPs herein can guide the
design of a new generation of peptides for a variety of potential
applications.”” One can also mimic multiple-domain AMPs. A
smart design is to combine AMPs with a pathogen-targeting
motif to increase peptide specific binding to pathogens and to
minimize potential off-target binding.>® Attempts are also made
to induce AMPs to combat pathogen infection.”® The success
of this method depends on a thorough understanding of the bio-
logical system (e.g., patients) and elegant control of AMPs at a
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defined site and time. Use of probiotic bacteria to express
needed bacteriocins may offer an alternative approach.'”

In summary, Nature has designed a variety of structural
scaffolds for host defense. They can have different activities
and be induced via different pathways to curb pathogen
infection. In addition, the same scaffold can be tuned at the
amino acid level by species from different kingdoms to ful-
fill the defense requirement in a defined ecological niche.
The APD provides a useful platform for classifying, decoding,
and designing AMPs.
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