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Abstract

Natural antimicrobial peptides (AMPs) are gene-coded defense molecules discovered in all the
three life domains: Eubacteria, Archaea, and Eukarya. The latter covers protists, fungi, plants, and
animals. It is now recognized that amino acid composition, peptide sequence, and post-
translational modifications determine to a large extent the structure and function of AMPs. This
article systematically describes post-translational modifications of natural AMPs annotated in the
antimicrobial peptide database (http://aps.unmc.edu/AP). Currently, 1147 out of 1755 AMPs in the
database are modified and classified into more than 17 types. Through chemical modifications, the
peptides fold into a variety of structural scaffolds that target bacterial surfaces or molecules within
cells. Chemical modifications also confer desired functions to a particular peptide. Meanwhile,
these modifications modulate other peptide properties such as stability. Elucidation of the
relationship between AMP property and chemical modification inspires peptide engineering.
Depending on the objective of our design, peptides may be modified in various ways so that the
desired features can be enhanced whereas unwanted properties can be minimized. Therefore,
peptide design plays an essential role in developing natural AMPs into a new generation of
therapeutic molecules.

Keywords

Chemical modification; database; peptide selectivity; peptide stability; peptide engineering;
structural diversity

Introduction

In an era of antibiotics, one of the powerful approaches for developing novel antimicrobial
agents is to borrow the wisdom of nature. Natural antimicrobial peptides (AMPs) are
universal host defense molecules of all living organisms. They play a key role in warding off
invading pathogens to keep the host healthy [1-7]. These molecules are normally gene-
coded and expressed either constitutively or upon pathogen invasion. A few bacterial
antibiotics are synthesized by multi-enzyme systems. To date, more than 1750 such peptides
have been registered into the updated antimicrobial peptide database (APD) [8, 9]. Database
analysis reveals that AMPs possess a broad range of properties in terms of net charge,
length, hydrophobic residue%, amino acid composition signature, three-dimensional
structure, and mechanisms of action [10]. The majority of AMPs are basic (89%), with only
a small population neutral (6%) or acidic (5%). The length of these AMPs ranges from 5 to
100. The upper limit was arbitrarily defined in our database as a cutoff for peptides. The
hydrophaobic residues% of the peptides varies from 2% to >90%. Examples for the former
are Gly-rich AMPs and for the latter are channel-forming gramicidins. The amino acid
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composition signature is a plot of amino acid occurring frequency versus the 20 common
residues. As a characteristic feature for each AMP, the amino acid composition signature
determines many aspects of peptide structure and function. The 3D structures of natural
AMPs have recently been classified into four broad families: a, B, af, and non-af [10]. The
o family consists of a-helical AMPs, whereas the § family contains a collection of AMPs
with -sheet structures, usually stabilized by disulfide bonds. AMPs in the afp family possess
both a and B structures, which may and may not pack into a single fold. In this structural
family, disulfide bonds are also critical to stabilize the AMP fold. The non-af3 peptides do
not have clearly defined a nor 8 structures. If the formation of disulfide bonds is treated as
one special type of chemical modifications, it is evident that post-translational modifications
are an important factor that diversifies the structures of AMPs (Figure 1). The diversity of
structural scaffolds of natural AMPs may enable them to recognize a variety of cellular
targets such as cell wall, membranes, proteins, and nucleic acids [10-12]. A combination of
the above parameters leads to a remarkable number of distinct peptide sequences. In
addition, these sequences can be further modified in different manners, further enriching the
chemical space for peptide design. This article discusses post-translational modifications
observed in natural AMPs. Elucidation of the relationship between post-translational
modifications and peptide properties has inspired peptide engineering. After engineering, the
peptide templates should have desired properties such as selective killing and stability to
proteases.

1. Major Types of Chemical Modifications in Natural AMPs

The information on post-translational modifications of natural AMPs is scattered in the
literature. To advance the field, we started to enter such information into the APD (URL.:
http//aps.unmc.edu/AP) in 2008 [9]. As of June 2011, 1147 modified AMPs (17 types) have
been annotated, accounting for 65.5% of the entries in the APD. The number of peptides
with a defined type of chemical modifications is provided in Table 1. Such information can
be searched in the name field of the APD by using search keys also listed in Table 1. In the
following, I briefly describe these chemical modifications and their effects on peptide
properties.

1.1. Terminal capping

Although N-terminal acetylation is frequently used in synthetic peptides, this modification is
only found in a few natural AMPs from bacteria and earthworms. Another N-terminal
modification is cyclization of glutamine residues to become pyroglutamates. This
modification has been detected in AMPs isolated from plants, spiders, insects, amphibians,
and reptiles. The biological function of such a modification was found to be unimportant in
the case of crab hyperglycemic neuropeptide [13]. However, N-terminal pyroglutamate is
important in maintaining structural integrity of the N-terminal helix, which is required for
the catalytic activity of adjacent histidine of bullfrog ribonuclease 3 [14].

C-terminal amidation is very common in natural AMPs. The amidation group corresponds to
a glycine residue in the translated peptide sequence. Many linear peptides (324 in the APD)
are C-terminally amidated. For some short AMPs such as anoplin [15], C-terminal
amidation is critical for antimicrobial activity. This effect is not universal because not all
amidated peptides display increased activity after amidation [16]. C-terminal rana box
consists of a pair of Cys residues connected by a disulfide bond. This box may provide an
alternative approach to stabilizing the C-terminal structure of many amphibian AMPs (235
entries in the APD) [17].
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1.2. D-amino acids

D-amino acids were first identified in bombinins from amphibians [17]. They have also been
found in bacteriocins. Cotter et al. [18] found an enzyme that converts a dehydrated L-Ser to
D-Ala. Such enzymes may be harnessed to incorporate D-amino acids into bacterially
expressed polypeptides.

1.3. Halogenation (Br or Cl)

In some AMPs, the Trp side chain is halogenated (usually brominated). The residue Trp2 in
the sequence of styelin D from sea squirt was brominated at position 6 of the aromatic ring.
A similar modification might exist in cathelicidins from hagfish, hedistin, and centrocins
[19-21]. A synthetic hedistin analog without bromination was found to be as active as the
modified natural form, indicating bromination is not critical for antimicrobial activity [20].
In lantibiotic Microbisporicin A1, Trp4 is unprecedentedly chlorinated at position 5 [22].
Fluorination does not occur in natural AMPs, but has been utilized to improve the desired
properties of synthetic peptides (see below).

1.4. Hydroxylation

Styelin D also possesses other chemical modifications. Residues Arg, Lys, and Tyr were
found to be hydroxylated. Such modifications appear to be essential for the peptide to
remain active at high salt concentrations. Indeed, the native peptide is more active than a
synthetic peptide without those madifications [23]. However, hydroxylation of Trp showed
little effect on antimicrobial activity of mussel defensin MGD-1 or piscidin 4 [24, 25]. The
only difference between microbisporicins A1 and A2 is that Pro14 is monohydroxylated in
A2 and dihydroxylated in Al [22]. Because these two peptides showed similar antibacterial
activity, the extent of proline hydroxylation appeared to be unimportant. In lantibiotic
duramycin B, an Asp residue at position 15 was found to be hydroxylated [26]. Thus, five
amino acid residues (Arg, Lys, Tyr, Trp, and Asp) have been found to be hydroxylated in
some natural AMPs.

1.5. Oxidation

A few AMPs from bacteria and plants were found to contain oxidized residues. For kalata
B1, B2, and B10, Trp could be oxidized to oxindolylalanine, N-formylkynurenine, or
kynurenine [27]. The effect on peptide activity was not reported. Carnobacteriocin B1 has
the same amino acid sequence as carnobacteriocin BM1 except for Met41 oxidation. The
sulfoxide formation in carnobacteriocin B1 reduced peptide activity by a factor of 4-8 [28].
Trp oxidation of divercin V41, a class Ila bacteriocin from Gram-positive bacteria, led to a
loss of activity [29]. It is likely that such oxidation influences the binding of the peptide to
its target (e.g. membranes). Wilson-Stanford et al. [30] found that oxidation of lantibiotics
such as nisin A disrupted antibacterial activity. It was proposed that the oxidized form of
sulfur is unable to bind to lipid Il of the cell wall. Therefore, this type of modification should
be avoided during peptide production, purification, formulation, transport or storage.

1.6. Phosphorylation

Although phosphorylation is common in signal-transducing proteins from prokaryotes to
eukaryotes, only two phosphorylated AMPs exist in the APD database. Cattle chrombacin is
phosphorylated at Ser10 [31], whereas human histatin 1 is phosphorylated at Ser2 [32].
Whether these peptides participate in signal transduction remains to be elucidated.
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1.7. Glycosylation

Several Pro-rich AMPs, mainly from insects, were found to be glycosylated. These include
formaecin 1, pyrrhocoricin, drosocin, heliocin, 3 lebocins, drosophila diptericin, and MPAC.
In several cases, attachment of N-acetylgalactosamine to a conserved Thr residue enhanced
peptide activity by several fold [33, 34]. However, the effect on conformation of drosocin
was found to be minimal [35]. Unlike many membrane-targeting AMPs, Pro-rich peptides
tend to bind to internal targets such as heat shock proteins [36, 37].

1.8. Sulfation

Tyrosine sulfation is ubiquitous in proteins synthesized in the secretory pathway. Such a
modification could enhance protein-protein interaction, including receptor binding [38].
Tyrosine sulfation of human chemokine receptors is prevalent and influences the binding of
chemokine ligands that trigger specific signal transduction directly related to human immune
diseases [39]. Also, tyrosine sulfation of the N-terminal region of human P-selectin
glycoprotein ligand-1 (PSGL-1) is critical for the entry and replication of enterovirus E71 in
leukocytes [40]. However, sulfated AMPs are rarely reported. Chrombacin [31] provides the
only example in the APD. In this peptide, sulfation occurs at Tyr8.

1.9. Reduction

Reduction is yet another modulator that regulates the activity of AMPs in biological
systems. A recent study by Schroeder et al. provides an excellent example for this type of
regulation [41]. They found that human B-defensin 1 (hBD-1) was not bactericidal before
reduction, but became active under reducing conditions where the protein became unfolded
as a result of the loss of disulfide bonds. Wu et al. [42] investigated the functional roles of
disulfide bonds of human B-defensin 3 (hBD-3). While disulfide bonds were not absolutely
required for antimicrobial activity, these bridges are important for chemotactic activity that
involves AMP binding to receptors.

1.10. Disulfide bridges

Disulfide bonds are key structural elements of numerous AMPs (474 in the APD). Defensins
contain 3-5 pairs of disulfide bonds, which enable the formation of different polypeptide
folds. Human defensins contain three disulfide bonds: which are Cys'-CysV!, Cys!'-Cys!V,
and Cys''-CysV in a-defensins, and Cys'-CysV, Cys!!-Cys!V, and Cys!!'-CysV! in f-
defensins, where the Cys residues are numbered from | to VI based on the order they appear
in the sequence [7, 41, 42]. As mentioned above, it is likely that the folded and unfolded
defensins conduct distinct biological functions. Note that many AMPs in the -structure
family possess only one or two disulfide bonds. For examples, visit the APD [9].

Disulfide bonds, however, also occur in helical AMPs. The rana box formation is a special
case where one intramolecular disulfide bond confers advantage to amphibian peptides. In
the case of distinctin, one intermolecular disulfide bond occurs between the two peptide
chains, leading to an increase in peptide stability (due to the formation of a helix bundle
structure in water) but not antimicrobial activity [43]. A recent study provides a novel
example for helical AMPs with two disulfide bonds, which lock the two adjacent helices
into a hairpin structure [44]. In addition, three disulfide bonds exist in the 10 saposin-like
AMPs that form helix bundle structures [10].

1.11. Thioether bridges

In lantibiotics (bacteriocins from Gram-positive bacteria), Ser and Thr residues are rich prior
to post-translational modifications [10]. Some of these residues are dehydrated and form a
thioether ring with a Cys residue [5]. The discovery of the broad substrate specificity of the
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nisin modification enzymes [45] may open the door to enzyme-mediated introduction of
thioether rings into a peptide template for required biological activity or structural stability.

1.12. Cyclization

The APD analysis reveals that circular AMPs have been found in bacteria, plants, and
animals [9]. The majority of the 145 circular AMPs in the database possess a peptide bond
that connects the N- and C-termini of the peptide. Enterocin AS-48 is the first circular
bacteriocin identified in bacteria [46]. It turned out that circularization is required for
peptide structure rather than bactericidal activity [47]. Kalata B1 is the first circular AMP
identified in plants [48]. While the cyclic form is HIV-1 inhibitory, acyclic kalata B1 was
found to be inactive due to the loss of cyclization as well as hydrogen bonding network [49].
This peptide can tolerate heat and detergents. At present, more than 150 plant cyclotides
have been reported. A large reservoir of 50,000 such peptides is estimated in plants,
providing a great opportunity for research and development [50]. In the kingdom of animals,
a third type of defensins called 6-defensins (Figure 1) has been found primarily from
primates [7, 51]. These minidefensins are small circular peptides of only 18 residues. The
peptide scaffold is further stabilized by three disulfide bonds, leading to a fascinating ladder-
like structure highly resistant to proteases [52]. Interestingly, this unique group of natural
AMPs is made of only a few amino acid residues, including Cys (33.33%), Arg (25%), Gly
(11.11%), Thr (5.5%), lle (4.62%), Val (10.64%), Leu (3.7%), and Phe (6.01%) [8, 9].

Not all peptides were cyclized in the same way, however. For microcin J25, a ring structure
was formed between the backbone amide of residue Gly1 and the side chain of GIu8 [53]. In
the three-dimensional structure, the tail was found to pass the polypeptide ring forming a
lasso structure (Figure 1) [54].

1.13. Targeting moieties

Attachment of a bacterial receptor-recognizable moiety allows micocins to be smuggled into
the bacterium via the “Trojan horse” trick. MccC7 contains a phosphoramidate linkage to
adenosine monophosphate at the C-terminus. The added C-terminal moiety was cleaved
within the cell. The resulting peptide targets tRNA synthetase and inhibits protein synthesis
[55]. Microcin E492 possesses a ferric-binding moiety, which enables it to be smuggled into
enterobacteria that express siderophore uptake pump. The polypeptide core of Microcin
E492 stably associates with the mannose permease and interferes with mannose metabolism
[56].

In summary, post-translational modifications are important for both structure and function of
AMPs. Such modifications lead to diverse structural scaffolds. The stability of cyclotides
and lantibiotics to proteases make them attractive templates for peptide engineering [10].
Post-translational modifications also tune peptide activities. For example, reduction of
hBD-1 made the peptide antimicrobial under reduced conditions [41].

2. Peptide Engineering and Stability

2.1. Modifications of Linear Peptide Templates

One of the requirements for therapeutic peptides is that the peptide should be stable so that
the compound has a sufficient time to compl ete its targeted mission before being destroyed.
Some post-translational modification strategies have found use in peptide engineering
(Table 1). The simplest and most commonly used approach is to include N-terminal
acetylation and C-terminal amidation. C-terminal amidation may, and may not, increase
peptide stability. For Trp- and Arg-rich peptide analogs, amidation did not increase peptide
stability in human serum. In contrast, N-terminal acetylation improved peptide stability to
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proteases [57]. While natural AMPs may be brominated or occasionally chlorinated,
chemists prefer fluorinated amino acids to improve stability of synthetic peptides [58, 59].
The enhanced peptide stability may result from increase in size or hydrophobicity due to
fluorination [60, 61]. Incorporation of D-amino acids provides another useful approach for
improvement of peptide stability. One of the early demonstrations was the synthesis of all-
D-peptide analogs by Merrifield et al [62]. Alternatively, partial incorporation of D-amino
acids may also improve peptide stability. Using helical peptides as models, Shai and
colleagues introduced D-amino acids at every 2-3 residues to improve peptide selectivity
[63, 64]. By incorporating D-amino acids at positions 20, 24, and 28 of GF-17 (as numbered
in LL-37), we obtained a human LL-37-derivative that was toxic to bacteria but not human
cells. Structural analysis revealed a non-classical amphipathic structure [65]. Similarly,
Hong et al. [66] found that incorporation of D-amino acids at the terminal regions did not
disrupt the antibacterial activity of the peptide, but improved peptide stability in serum. All
these results add to our knowledge on peptide engineering.

2.2. Cyclization of Polypeptide Chains

As described above, three cyclization patterns are known in natural AMPs, which can be
backbone to backbone, backbone to side chain, or side chain to side chain (Table 2).
Cyclization made the peptide chain more compact and less exposed, thereby becoming more
resistant to proteases. This strategy has been applied to peptide design. Dathe et al. [67]
achieved cyclization of an arginine- and tryptophan-rich peptide RRWWRF-NH, using
method I (Table 2). They found that the cyclized peptide had higher antimicrobial activity
and cell selectivity than the linear counterpart. Shai and colleagues produced cyclization by
Method I11. While the cyclic melittin analog displayed increased antibacterial activity but
decreased hemolytic activity, cyclic magainin 2 had a marked decrease in both antibacterial
and hemolytic activity [68]. Based on a U-shaped NMR structure, Rozek et al. [69]
introduced a disulfide bond to lock the peptide termini. The cyclized form not only retained
antimicrobial activity but also showed higher stability to trypsin than its parent molecule.
Vogel and colleagues found that disulfide cyclization of a hexamer peptide resulted in
higher activity, but backbone cyclization led to peptides that are more resistant to proteases.
For an 11-residue peptide, backbone cyclization did not show stability improvement [57].
Collectively, it appears that the effect of cyclization on the properties of linear peptides
depends on both the peptide sequence and cyclization method.

2.3. Target-recognition motifs

Bacteria-targeting signals attached to microcins are inspiring [55, 56]. It constitutes the
prototype for designing target-specific AMPs. Eckert et al. [70] succeeded in enhancing the
antimicrobial activity of novispirin G10 by adding a Psuedomonas-specific targeting moiety.
In this case, additional engineering is needed since the peptide became inactive in sputum
due to the action of serine proteases [71]. Another issue with peptide attachment is potential
loss of antimicrobial activity. In the work of Eckert et al. [70], a relatively short peptide-
targeting moiety was attached to the AMP separated by a flexible linker. However, an AMP
may become inactive when the targeting moiety is large (i.e. a protein). This is not
surprising because AMPs are expressed as precursor proteins in vivo to diminish unwanted
toxic effects to the host. This strategy is borrowed to express AMPs in bacteria as fusion
proteins followed by enzyme or chemical cleavage [10]. It appears that an AMP could
remain to be active if it is properly attached to a small targeting moiety. The game could be
different in the case of AMPs with folded structure. Some defensins such as hBD-2 and
mBD-4 are known to be bactericidal even when fused to another protein [72]. In these cases,
the defensin and its linked partner both appear to behave as independent domains in the
fusion protein. This may be a useful construct to deliver antimicrobial defensins to a defined
target recognized by its binding partner.
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3. Therapeutic Potentials of AMPs

Natural AMPs have a great potential to be developed into novel agents for various
applications, including therapeutic use. First, the in vivo efficacy of AMPs has been tested in
different models. According to the APD [9], more than a dozen of peptides have been
expressed in plants to reduce or avoid infection. In addition, lactoferricin, distinctin,
ranalexin, halocidin, polybia-MPI, chicken cathelicidin 1 (fowlicidin-1), bacterial mutacin
B-Ny266, and bacterial ABP-118 have been tested in mice models [73-80]. Other
engineered peptides or AMP mimics that have been evaluated in animal models include D,
L-peptides, WLBU2, Pro-rich A3-APO, and acyl-lysyl oligomers [81-84]. Although topical
treatments are preferred, an acyl-lysyl compound showed systemic efficacy in a mouse
model [84]. These studies demonstrate that in vivo efficacy of AMPs is achievable topically
or systemically. Second, the AMP research has gone beyond the traditional approach for
antibiotic development. For example, the elucidation of the link between the expression of
human host defense cathelicidin LL-37 in vivo and the light therapy (that causes vitamin D
conversion) is inspiring. In other words, it is possible to augment host defense by applying
vitamin D or its analogs without directly applying antimicrobial agents, thereby offering
novel therapeutic strategies for AMPs [85, 86]. Third, the therapeutic values of AMPs are
not limited to antimicrobial properties. AMPs such as human cathelicidin and defensins are
known to possess other biological functions such as chemotaxis and wound healing. As a
consequence, there is great interest in developing AMPs into immune modulating agents as
well [87]. Because these peptides do not work on bacteria directly, it is unlikely that bacteria
will develop resistance.

4. Concluding Remarks and Future Directions

Post-translational modifications are common in natural AMPs (Table 1). Such modifications
are key to structural and functional diversity of natural AMPs (Figure 1). Thioether bond,
disulfide bond, and head-to-tail cyclization are so critical to peptide identity and structure,
they may be regarded as an integral part of the peptide sequence. Usually, the first clue to a
potential sequence modification stems from the observation that antimicrobial activity of an
isolated AMP differs from its synthetic counterpart. A difference in mass between the two
forms provides further evidence. When there is no mass difference, one may ask whether the
peptide contains D-amino acid. Caution should be taken in characterizing D-amino acids to
avoid potential artifacts from peptide purification or characterization [10]. It is also
important to ask whether the identified modification results from a chemical reaction during
peptide purification. This becomes important especially when certain residues are very
susceptible to oxidation, hydration, and deamidation. Once a bona fide chemical
modification is established, one may ask how such a modification impacts peptide structure
and function. This can be achieved by carefully comparing the modified and unmodified
versions of the same peptide. The elucidation of chemical modifications will enable us to
better mimic the functional roles of natural AMPs and to utilize the scheme for peptide
design. While terminal capping, selective D-amino acid incorporation, disulfide bond
formation, and head-to-tail cyclization have been applied to rational design of therapeutic
peptides, other modifications such as phosphorylation and glycosylation are probably
created mainly for specific functional roles of polypeptides only (Table 1). Some type of
chemical modifications such as oxidation during peptide storage, however, should be
avoided, since it could reduce peptide activity [29, 30].

Chemical modifications may also confer stability to AMPs so that they can be stored for
rapid host response and defense. Different strategies have been observed in natural AMPs.
Distinctin is stabilized by forming a helix bundle structure in water [55]. Defensins and
cyclotides are stabilized by multiple disulfide bonds, leading to unique folds. In addition,
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cyclic defensins (6-defensins) and cyclotides are further stabilized by peptide head-to-tail
cyclization (Figure 1). These modifications make such natural AMPs stable. Peptide stability
is an important factor in developing novel antimicrobials based on natural AMPs. Some of
the post-translational strategies, such as C-terminal amidation, cyclization, D-amino acid
incorporation, and halogenation, have been adopted in laboratories to enhance peptide
stability to proteases. As a consequence, several engineered peptides have been
demonstrated to be able to keep animal healthy [73-84].

Finally, one should ask whether the engineered peptide could be produced in an acceptable
cost. While short AMPs with simple modifications can be synthesized chemically, it is
challenging to obtain complex peptides such as lantibiotics in the same manner. A better
choice is to harness natural systems. A bacterial genome contains a gene cluster that encodes
a particular AMP, processing enzymes, transporters, and immunity proteins [5]. It is
conceivable that the future peptide production line will incorporate such natural processing
units so that AMPs such as lantibiotics could be readily produced to benefit human kinds.
Indeed, nisin is already in use as a food preservative.

In summary, this article will serve as a starting point for those who are interested in
exploring post-translational modifications of natural AMPs. Elucidation of the relationship
between AMP property and chemical modification inspires peptide engineering. Thus,
future research on novel post-translational modification schemes will enrich our toolbox for
peptide engineering summarized in Table 1. It is also important to elucidate the relationship
between post-translational modifications and biological functions of AMPs. In particular,
some pathogenic microbes may circumvent host defense via counteracting chemical
modifications in the host. Therefore, it is necessary to extend the scope of chemical
modifications to other proteins/receptors related to infection. In this regard, understanding
post-translational modifications of the host-pathogen system may lead to novel strategies to
combat infection. Continued studies are also needed for peptide engineering. For AMPs that
lack the desired properties such as stability, future research will offer novel methods that
could well carry the lead compound into practical applications. For those AMPs such as
cyclotides and lantibiotics, which are sufficiently stable, future research should focus on
identification of novel candidates with unique features and development of innovative
technologies for large-scale peptide production. All these efforts will eventually remove the
hurdles that limit the use of AMPs. In addition, novel therapeutic strategies are actively
sought in the laboratories around the world [10, 88, 89]. It is my hope that natural post-
translational modifications and the peptide engineering strategies of AMPs summarized here
are inspiring to colleagues who are working diligently to bring their favorite candidates into
the market in the near future.
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Figure 1.

Post-translational modifications diversify the structural scaffolds of natural antimicrobial
peptides. A simple modification (1. Terminal capping such as C-terminal amidation; 2.
Backbone modifications such as D-amino acids; and 3. Side chain modifications such as
bromination) may, and may not, cause conformational alteration. Multiple modifications are
critical for generating unique polypeptide folds (4. In the simple case, the peptide chain
forms a loop due to at least one disulfide bond between side chains; in a more complicated
case, the peptide adopts the folds of a or B-defensins. 5. 0-Defensins with a cyclic backbone
and further stabilized by three disulfide bonds; and 6. An amide bond forms between peptide
side chain and the N-terminus followed by the chain going through the ring, thereby named
lassos).
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Table 1

Types of Post-translational Modifications in Natural AMPs

Post-translational Modifications | gearch Keyl Number of Peptides | Application to Peptide Design?
N-terminal acetylation XXE 11 Yes

N-terminal cyclic glutamate XXQ 13

C-terminal amidation XXA 324 Yes

C-terminal iron- binding moieties | XXB 4

C-terminal Rana Box XXU 235

Carboxylic-acid-containing unit XXF 1

D-amino acids XXD 9 Yes
Glycosylation XXG 9

Halogenation (Cl, Br) XXH 7 Yes, but usually F
Hydroxylation XXK 6

Oxidation XXO 9

Phosphorylation XXP 2

Reduction XXR 1

Sulfation XXS 1

Disulfide bridge Structure search? | 474 Yes

Thioether bridge XXT 42

Cyclization XXC 148 Yes

Page 15

]To view peptide entries with a specific modification, enter the search key into the NAME field of the search interface of the APD. Data were
obtained from the APD website on June 6, 2011 (http://aps.unmc.edu/AP). A partial list was published previously solely for the recognition of this

phenomenon [9, 10].

Zrhis number was obtained by searching for disulfide bond-containing AMPs classified as “Bridge”, “B structure”, and “af structure” families,
respectively. The “bridged” AMPs are known to have disulfide bonds but unknown 3D structure. Beta structures without disulfide bonds were

excluded by including “c” as a sequence search term. For the af§ structures, only the packed one-domain defensins were counted.
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Table 2

Cyclization Methods Observed in Natural AMPs

Method | Cyclization Pattern | LinkingMode | Typical Examples | Ref
| Backbone-backbone | Peptide bond Cyclotides [50]
1l Backbone-sidechain | Lactam ring Lassos [54]
1l Sidechain-sidechain | Disulfide bond | Defensins [7]
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