1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Top Pept Protein Res. Author manuscript; available in PMC 2016 January 28.

-, HHS Public Access
«

Published in final edited form as:
Curr Top Pept Protein Res. 2012 ; 13: 93-110.

Natural antimicrobial peptides as promising anti-HIV candidates

Guangshun Wang”
Department of Pathology and Microbiology, University of Nebraska Medical Center, 986495
Nebraska Medical Center, Omaha, NE 68198-6495, USA

Abstract

Human immunodeficiency virus type 1 (HIV-1) infection remains to be one of the major global
health problems. It is thus necessary to identify novel therapeutic molecules to combat HIV-1.
Natural antimicrobial peptides (AMPSs) have been recognized as promising templates for
developing topical microbicides. This review systematically discusses over 80 anti-HIV peptides
annotated in the antimicrobial peptide database (http://aps.unmc.edu/AP). Such peptides have been
discovered from bacteria, plants, and animals. Examples include gramicidin and bacteriocins from
bacteria, cyclotides from plants, melittins and cecropins from insects, piscidins from fish,
ascaphins, caerins, dermaseptins, esculentins, and maximins from amphibians, and cathelicidins
and defensins from vertebrates. These peptides appear to work by different mechanisms and could
block viral entry in multiple ways. As additional advantages, such anti-HIV peptides may possess
other desired features such as antibacterial, antiparasital, spermicidal, and anticancer activity. With
continued optimization of peptide stability, production, formulation and delivery methods, it is
anticipated that some of these compounds may eventually become new anti-HIV drugs.
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1. INTRODUCTION

The first human immunodeficiency virus (HIV) case was documented in the 1980°s [1]. This
virus has since caused many infections around the world. The United Nations estimates that
there are now 34 million people living with HIV/AIDS (acquired immunodeficiency
syndrome). This makes HIVV/AIDS the fourth leading cause of death worldwide. As a
consequence, it is important to develop novel therapeutic and preventative agents.

HIV type 1 (HIV-1), originated from chimpanzees Pan troglodytes troglodytes, was later
transmitted to humans about one hundred years ago [2]. The virus infects not only T-
lymphocytes, but also macrophages and dendritic cells [3, 4]. The life cycle of HIV-1 is
complex, current knowledge can be found in review articles [5-7]. To facilitate my
discussion, some major steps are depicted in Fig. 1. The HIV-1 infection starts from the
attachment of viral glycoprotein gp120 to the CD4 receptor of T-lymphocytes. During this
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process, co-receptors also play an essential role. Depending on the type of co-receptors
involved, the HIV-1 isolates are classified into three types: X4, R5, and combined X4R5 [8].
The X4 tropic virus uses the CXCR4 co-receptor, while the R5 strain utilizes the CCR5 co-
receptor. Individuals with a 32-base deletion in the coding sequence of CCR5 are resistant to
HIV-1 infection, underscoring the essential role of this co-receptor for viral infection [4].
For early-transmitted founder viruses, the R5 strain infects CD4+ lymphocytes but not
macrophages. After fusion, HIV-1 releases its RNA into CD4 cells and “hijacks” the cells to
produce more viruses. The viral RNA is necessarily transcribed into complementary DNA
(cDNA) under the catalysis of reverse transcriptase. The DNA is then integrated into the
host genome with the aid of viral integrase and reversely transcribed into mRNA for protein
expression. After translation, protease processing, and assembly, new viral particles are
released from the host cell and can infect other cells. Understanding the HIV-1 life cycle is
important for developing anti-HIV-1 drugs.

Although substantial knowledge has been acquired about HIV-1 genetic sequences,
immunological epitopes, drug resistance-associated mutations, and vaccine trials (http://
www.hiv.lanl.gov/content/index), effective vaccines are not yet available, rendering it
necessary to search for alternative therapeutic strategies such as anti-HIV microbicides [9,
10]. Natural compounds have been one of the major sources for developing modern
medicine [11]. Although the emphasis was shifted to high-throughput screening (HTS)
approaches in the 1990’s [12], there is continued interest in natural compounds, especially
those with novel structural scaffolds. HIV-1 inhibitory activity of natural peptides might
have been noticed in the early National Cancer Institute (NCI) anti-HIV-1 drug screening
programs [13]. Recently, much research attention has been given to natural antimicrobial
peptides (AMPs) due to the growing antibiotic resistance problem worldwide. These
peptides are usually short (5-50 amino acids) and cationic (on average +3). As the essential
defense molecules of innate immune systems of all life forms, cationic AMPs can
effectively neutralize microbes. In in vitro experiments, AMPs were found to be active
against various bacteria, viruses, fungi, and parasites [14—-17]. In vivo, the deficiency of such
molecules can cause various infectious diseases, whereas the expression of AMPs protects
the host from infection, including viruses [18, 19]. These results underscore the protective
role of natural AMPs against microbial infection.

AMPs vary in source, amino acid sequence, three-dimensional structure, and biological
activity. This diversity makes it difficult to manage the AMP information manually. As a
consequence, several databases have been established [20-28]. The antimicrobial peptide
database (APD) (http://aps.unmc.edu/AP/main.html) [23, 24] has been widely utilized.
Using the APD, users can readily obtain a set of peptides with defined activity (antibacterial,
antiviral, antifungal, antiparasital, anti-cancer, insecticidal, spermicidal, and/or chemotactic).
To aid our anti-HIV peptide project, we also annotated anti-HIV activity into the APD.
When this manuscript was completed, more than 80 natural AMPs or their derivatives were
registered as anti-HIV-1 peptides (Table 1). Most of these peptides are identified in plants
and animals, including humans. This article describes natural anti-HIV-1 AMPs from
bacteria, plants, and animals (Table 1) and highlights their mechanisms of action (Table 2).
The article also summarizes database-derived methods for discovering and improving anti-
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HIV-1 peptides. Finally, the advantages and disadvantages in developing natural AMPs into
anti-HIV-1 microbicides are discussed.

2. Bacterial AMPs with HIV-1 inhibitory activity

As of Sept 2012, there are 171 AMPs from bacteria (also called bacteriocins) in the APD.
Among them, five bacteriocins are known to have anti-HIV-1 activity (Table 1). Most of
bacteriocins are gene coded, but some are synthesized by multienzyme systems. Gramicidin
is a classic example of non-ribosomally synthesized antibiotics. Isolated from a soil
bacterium Bacillus brevisin (new name Brevibacillus brevis) in 1939, gramicidin is the first
peptide antibiotic used clinically [29]. Gramicidin D has been approved by FDA for topical
use. Both the N- and C-termini of gramicidin A are chemically modified (CHO at the N-
terminus and NHCH,CH,OH at the C-terminus). In addition, amino acids 4, 6, 8, 10, and 12
are D-amino acids, allowing the formation of a special helical conformation in membranes.
In lipid bilayer, two gramicidin molecules form a head-to-head dimer with the C-terminus
exposed [30]. This pore allows ion passage. In addition to bactericidal activity, commercial
gramicidin from Sigma, consisting of a mixture of 80% A, 6% B, and 14% C forms (for the
amino acid sequence, visit the APD), showed inhibitory effects on HIV-1 infections [31]. In
cervical explants, gramicidin (1 pg/ml) could protect the testing cells from infection by 71%
[32]. The same peptide also possesses spermicidal effects. In the APD [24], maximin 3,
magainin 2, dermaseptin-S1 and dermaseptin-S4 are also known to have both anti-HIV-1
and spermicidal activity. The combined contraceptive and anti-HIV-1 properties of these
peptides are attractive for developing microbicides against sexual transmitted diseases
(STIs). Whether gramicidin inhibits HIV-1 in vivo awaits to be tested.

Siamycin |, siamycin 11, and RP 71955 are another three anti-HIV-1 peptides from the
bacterial sources. These peptides are able to adopt a unique lasso structure. Here | use the
crystal structure of BI1-32169 (Fig. 2A) to illustrate this unique structure [33]. A ring
structure is created due to a covalent bond between the NH of the N-terminal Gly1 and the
side chain carboxylate of Asp9. Next, the tail (black in Fig. 2A) enters the ring structure.
Finally, residue Cys19 at the C-terminal tail is locked by forming a disulfide bond with
residue Cys6 in the ring structure. These anti-HIV peptides belong to class | lassos since
they contain disulfide bonds [34]. The unique lasso scaffold makes these anti-HIV-1
compounds attractive due to their stability to proteases.

3. Plant AMPs with HIV-1 inhibitory activity

In the APD [24], 289 AMPs are of plant sources. Among them, 26 are annotated as HIV-1
inhibitory peptides (Table 1). They are primarily cyclotides (in total 22) [35, 36]. The
dominance of cyclotides may be attributed to dedicated screening efforts as well as growing
interest in the circular structural scaffold of cyclotides (Fig. 2B). Structural features of
cyclotides important for anti-HIV-1 activity have been appreciated. These include (1) the
overall fold of these peptides; (2) the N and C-terminal cyclization via forming a peptide
bond; and (3) regional hydrophobicity (e.g. a hydrophobic patch). One of the most potent
cyclotides is also most hydrophobic, implying that this peptide targets the viral envelope
[35]. In a series of peptides we recently designed, it is interesting to note that the most potent

Curr Top Pept Protein Res. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang

Page 4

anti-HIV-1 peptide is also most hydrophobic based on HPLC retention time measurements
[37].

As the first member in the family, kalata B1 is now used as a model peptide for cyclotide
research (Fig. 2B). Isolated in 1973 [38], the circular structure of this peptide was not
established until 1999 [39]. There is a peptide bond between Cys1 and Val29, probably
enabling sidechain interactions between Val29 and the only cationic Arg24 (Fig. 2B) [40].
The cyclic structure is essential for anti-HIV-1 activity as an acyclic analog was inactive
[41]. This observation indicates the importance of the fold of this small protein that enables
hydrophobic side chains to cluster on the protein surface. This hydrophobic patch is
proposed to be responsible for membrane binding. Interestingly, this patch preferentially
binds to phosphatidylethanolamine (PE) and leads to pore formation (41-70 A) in lipid
bilayers [42].

Oligomerization on the membrane surface could be important for this process as well. Sando
et al. [43] found that both the L and D-forms of kalata B1 have anti-HIV-1 activity, although
not exactly identical. The peptide can act on viral membranes and disrupt HIV-1 particles.
Because the HIV-1 envelope contains a high content of the PE lipid, specific recognition and
peptide aggregation might be involved in extracting HIV-1 lipids, leading to collapse of the
viral envelope.

4. Animal AMPs with HIV-1 inhibitory activity

Animals cover a broad range of species and constitute the major sources of AMPs registered
in the APD (1489 out of a total of 2043) (Table 1). Because only a very small set (2%) of
such AMPs was subjected to anti-HIV-1 assays, they are herein broadly grouped under the
following subtitles: insects, amphibians, aquatic, and terrestrial animals.

4.1. Insect AMPs

The discovery of cecropins by Hans Boman and colleagues in the 1980’s [44] is a milestone
in the history of AMP research. The signal for expression of these peptides is transmitted via
the toll pathway [45]. The toll appears to be a universal signaling pathway because it also
exists in humans [46, 47]. The importance of the toll pathway has been recognized by the
2011 Nobel Prize.

The current APD collected 203 insect AMPs but only a few have been tested for anti-HIV-1
activity. Melittin and cecropin A are HIV-1 inhibitory [48]. Additional HIV-1 inhibitory
peptides identified in our database screening [49] are ponericin L2 from ants [50], spinigerin
from termites [51], and melectin from the Cleptoparasitic bees [52].

4.2. AMPs from amphibians

Since the discovery of magainins by Zasloff in 1987 [53], hundreds more AMPs have been
documented in frogs. By the time this article was written, the current APD collected 842
AMPs from amphibians [24]. This accounts for ~40% of the peptide entries in our database.
However, only 25 amphibian AMPs or their derivatives are known to have anti-HIV-1
activity. In spite of a small number, they account for ~60% of the anti-HIV-1 AMPs from

Curr Top Pept Protein Res. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang

Page 5

the animal kingdom. Some amphibian AMPs are also capable of inhibiting other viruses
such as channel catfish virus (CCV) and frog virus 3 (FV3) [54]. For amphibians, such a
protective effect against FV3 is significant for frog survival.

It seems that maximin 3, isolated from skin secretions of the Chinese red belly toad
Bombina maxima, is the first amphibian peptide to be tested for HIV-1 inhibitory activity
(cell selectivity index of 7.6 at 0.77 uM) [55]. Lorin et al. [56] reported that dermaseptin S4
(DS4) inhibits both cell-free and cell-associated HIV-1 infection of T lymphocytes in vitro.
Importantly, the peptide is effective against both R5 and X4 primary isolates, including a
laboratory-adapted HIV-1 strain. Another 2005 paper reported HIV-1 inhibitory activity of
several amphibian AMPs [57]. In particular, caerin 1.1, caerin 1.9, and maculentin 1.1 can
stop HIV-1 infection in minutes, probably by blocking fusion between HIV-1 and host cells.
Other peptides that displayed such an inhibitory effect are caerin 1.4, dahlein 5.6,
dermaseptin S1, esculentin-1ARDb, esculentin-2P, palustrin-3AR, and uperin 3.6. Both
reports demonstrated that AMPs can inhibit viral transfer from dendritic cells to T cells.

Through our database screening project, additional anti-HIV-1 peptides have been identified
from amphibians [21]. These new members are ascaphin-8, brevinin-2-related peptide,
masculentin 1.3, ranatuerin 9, temporin-LTc, and peptide mutants of aurein 1.2, temporin-
PTa, uperin 7.1, dermaseptin-S9, and maximin H5. Considering the large number (up to
~100) of natural AMPs in each of the 4000 types of frogs [58, 59] widely distributed on
different continents [59-64], there is a great opportunity to identify lead compounds from
amphibian AMPs for developing anti-HIV-1 microbicides.

4.3. AMPs from aquatic animals

Efforts have been made to identify anti-HIV-1 compounds from marine sources as well. A
well-known example is cyanovirin-N, a protein from a blue green alga [65]. Aquatic animals
also provide a good source for AMPs. For example, 64 fish AMPs have been registered into
the APD [23, 24]. We showed that piscidin 1 possesses anti-HIV-1 activity [49]. In addition,
polyphemusins and tachyplesins, isolated from horseshoe crabs, are HIV-1 inhibitory. T22 is
a derivative of polyphemusin Il where residues Phe5, Phel2 are converted to Tyr and
residue Val7 to Lys. It has an excellent ECsq of 0.008 pg/ml (the concentration that inhibits
viruses by 50%) and TCsq of 54 pg/ml (the concentration that causes 50% reduction in cell
viability), leading to a cell selectivity index of 6750. T22 appears to inhibit viral fusion [66].
Since T22 binds to the envelope glycoprotein gp120 of HIV-1 and the cell receptor CD4 of
T cells, it is established as a lectin [67]. In fact, the peptide binds to chemokine co-receptor
CXCR4. T140, a derivative of T22, is the strongest inhibitor of the CXCR4 co-receptor.
This peptide, however, does not inhibit R5-tropic HIV-1 [68]. Therefore, there is a need to
search for novel anti-HIV-1 agents that inhibit the R5 viruses. This is clearly important
considering the R5 viruses are the major strain transmitted via sexual intercourse [3].

4.4. AMPs from terrestrial animals

Cathelicidins, defensins, and histatins are major AMPs from humans [69]. Cathelicidins are
a family of AMPs that share a common N-terminal “cathelin” domain in their precursor
proteins [70]. However, the C-terminal antimicrobial regions of precursors can vary
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substantially in terms of sequence composition as well as 3D structure. Human cathelicidin
LL-37 is a representative member of the helical family (Fig. 2C). Defensins discussed below
all have three pairs of disulfide bonds. They are classified into three families based on their
size and 3D structure. While human a-defensins only contain three B-strands (Fig. 2D), p-
defensins are composed of one helical region and three B-strands (Fig. 2E). A third family of
defensins is small and circular, thereby called f-defensins. The main regular structures are
two antiparallel -strands stabilized by three pairs of disulfide bonds (Fig. 2F).

Cathelicidins—Human cathelicidin LL-37 is a 37-residue antimicrobial peptide starting
with a pair of leucines (LL). LL-37 and its precursor protein hCAP-18 were discovered by
three laboratories in 1995 [71-73]. The therapeutic significance of this human AMP is now
linked to Niels Finsen’s light therapy for tuberculosis. Light triggers the synthesis of vitamin
D, which in turn induces the expression and release of human LL-37 that kills the bacterium
[47, 74]. Indeed, the protective role of LL-37 against bacterial infection has been
demonstrated in both clinical and animal models [19, 75]. In vitro, LL-37 is active against
bacteria, fungi, and viruses. According to circular dichroism (CD), the peptide adopted a
helical conformation at physiological pH, increased salt concentrations, or upon association
with membranes [76, 77]. Detailed structural and dynamic analysis of human LL-37 by 3D
triple-resonance solution-state NMR spectroscopy found a 30-residue long amphipahtic
helix, while the C-terminal tail is unstructured and mobile (Fig. 2C) [78]. The long helix is
demonstrated to directly interact with bacterial membranes. Interestingly, the hydrophobic
surface of membrane-bound LL-37 is interrupted by a hydrophilic residue Ser9 that splits
the hydrophobic surface into two domains [79]. These two membrane-binding domains (Fig.
2C) provide a structural basis for synergistic binding of LL-37 to lipopolysaccharides (LPS)
observed earlier [80].

Several laboratories demonstrated the anti-HIV-1 activity of human cathelicidin LL-37 [81-
83]. We reported an ECgq of 1.6 uM for human LL-37 [83]. It should be noted that the
precursor protein of human cathelicidin can be cleaved in an alternative way. The protein in
the semen is cleaved by gastricsin in vagina into ALL-38, which contains one additional
alanine at the N-terminus compared to LL-37 [84]. It is safe to predict that ALL-38 is also
inhibitory to HIV-1 and other pathogens so as to protect the sperm from infection. In
addition, Yamasaki et al. detected fragments of LL-37 in human skin [85]. Because LL-23
and KR-20 are inactive against HIV-1 (Fig. 3), these two natural fragments may not be
produced to protect humans from viral infection [83]. Rather, they have varying
antimicrobial and immune modulating activity compared to LL-37 [85]. In particular,
mutations of Ser9 of LL-23 led to peptides with distinct immune modulation abilities [79].
While LL-23 itself induces the production of chemokine MCP-1, LL-23V9 (i.e. Ser9 is
changed to Val9) completely suppresses the release of this chemokine. This MCP-1
suppressing property of LL-23V9 might be used to develop anti-inflammatory agents [79].

Defensins—In the 1980’s, Lehrer and colleagues first isolated a-defensins from
neutrophils [86]. Human a-defensins (HNP-1 to HNP-3) are essentially identical molecules
that differ only by one residue at the N-terminus. These three defensins were initially found
to have antiviral activity against herpes simplex virus (HSV) and influenza A virus (IAV)
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and later HIV-1 [87]. Like polyphemusin analogs [67], HNP-1 is also a lectin that binds to
viral glycoprotein gp120 [88, 89] and such a binding is not affected by conversion of the L-
form of this defensin to the D-form [88, 90]. High production of a-defensins1-3 by
immature DCs appears as a host protective factor against progression of HIV-1 infection,
suggesting potential diagnostic, therapeutic and preventive applications [91]. HNP-4 is more
effective than HNP1-3 in protecting human PBMC from infection by X4 or R5 HIV-1 [92].
However, unlike HNP1-3, HNP-4 does not work primarily by binding to viral glycoproteins
[88]. Thus, the exact mechanism how these defensins block HIV-1 is poorly understood. In
fact, HNP-1 can inhibit HIV-1 entry in multiple ways, including disruption of the virus-
receptor interactions, preventing its uptake, and interfering with the 6-helix bundle
formation required for cell-virus fusion [139]. Another two members, HD-5 and HD-6, can
also act on viruses. HD-5 binds to gp120 of HIV-1 in vitro, but not HD-6 [90]. They
compete with HIV-1 entry inhibitors. Surprisingly, these defensins can concentrate on cell
surfaces leading to increase in HIV-1 infectivity [93]. Such effects of HD5 and HD6 are
undesired and could compromise the efficacy of other HIV-1 microbicides [94]. It is not yet
clear whether the same process occurs in vivo.

Human B-defensins were first identified in 1995 [95]. Four B-defensins in humans are now
well characterized, although 28 more are predicted in the genome [96]. These defensins have
various biological functions, ranging from direct antimicrobial to immune modulation [87].
The relationships of these peptides with HIV-1 infection were also investigated. A single-
nucleotide polymorphism in the HBD-1 gene was linked to HIV-1 infection in children [97].
Subsequent studies revealed that such nucleotide polymorphisms might play a role in
mother-to-children HIV-1 transmission as well. Furthermore, HIV-1 infected patients
appeared to have low mRNA levels for HBD-1 and HBD-2 in alveolar macrophages [98].
These results suggest the important protective role of these human defensins against HIV-1
infection. Indeed, HBD-2 and HBD-3 were demonstrated to have HIV-1 inhibitory effects in
vitro at concentrations similar to those detected in vivo (~10 uM) [99], while HBD-1 (Fig.
2E) displayed a significantly lower potency or no activity [100, 101]. HBD-2 was found to
inhibit the replication of both X4 and R5 HIV-1 viruses (Table 2) [99, 101]. In addition,
HBD-2 and -3 could inactivate cell-free viruses [100, 101], while HBD-3 is an antagonist of
the HIV-1 co-receptor CXCR4 [102]. Thus, HBD-2 and HBD-3 might play the major
protective role in human innate immunity against HIV-1 infection. These results, if
confirmed in vivo, could form the basis for developing topical virucides to stop HIV-1
transmission.

Circular 6-defensins (Fig. 2F) were first discovered in primate blood cells in 1999 [103].
The molecule is generated by tailoring and combining two copies of a-defensins. It
possesses a fascinating ladder-like circular structure (Fig. 2F). This cyclic structure appears
to be essential for antimicrobial activity, because the acyclic form of rhesus theta defensin-1
(RTD-1) is 3-fold less active against bacteria such as Staphylococcus aureus and
Escherichia coli than the cyclic form [103]. One possibility is that the cyclic form is more
effective in forming lipid-peptide domain than the acyclic form [104]. Another advantage is
that the activities of these cyclic 6-defensins are not as sensitive to the effects of salts as
acyclic a-defensins [103].
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Note that 6-defensins are not expressed in humans due to premature stop codons [105]. It is
not clear whether the lack of such molecules makes us more susceptible to HIV-1 infection.
However, a synthetic peptide called retrocyclin-1, corresponding to the putative human 6-
defensin, interfered with the early stage of viral infection of human CD4™* cells by both X4-
and R5-tropic HIV-1, although it did not directly inactivate the virus [105]. Owen et al.
[106] synthesized retrocyclin-1 entirely with D-amino acids. This D-form peptide (RC-112)
is more potent against various HIV-1 subtypes than the L-form retrocyclin-1. The same
group also obtained a more potent form RC-101 when one arginine of retrocyclin-1 was
mutated to a lysine residue [107]. Interestingly, the silent human 0-defensin genes can be
“reawakened” by using aminoglycosides that read-through the premature termination codon
[108]. However, aminoglycosides are toxic to human cells. Furthermore, it is unclear
whether other silent genes will be activated accidently, leading to unwanted outcomes (e.g.
cancer). Therefore, the safety of aminoglycosides is questionable.

5. Mechanisms of action of natural AMPs

It is now evident that natural AMPs utilize a variety of mechanisms to inhibit HIV-1
replication. However, one should pay attention to peptide concentrations, virus types, and
cell lines reported in the literature. When the concentrations of natural AMPs are too high,
they may not have biological relevance. Also, certain cell lines and HIV-1 strains are more
relevant than others. In the following, we focus on a, B, and 6 defensins since they showed
anti-HIV activity at concentrations similar to physiological ones. HNP-1, HBD-2, and
RTD-1 were chosen as representatives because of their abundance in vivo [99]. As
summarized in Table 2, these three defensins vary in peptide length, net charge, and
hydrophobic content. However, they are all able to inactivate cell-free HIV-1 particles.
While HNP-1 and HBD-2 inactivate both X4 and R5 viruses, RTD-1 only disrupts X4
HIV-1 (Table 2). Some AMPs are able to inhibit viral entry. This may be related to
membrane-active properties of natural AMPs in general [16, 17, 109]. It is likely that 9-
defensins cause lipid clustering in the HIV-1 envelope [104]. To date, a dozen of AMPs are
known to exert lipid-clustering effects in model systems that mimic Gram-negative bacterial
membranes, where phosphatidylglycerols (~30% PGs) and phosphatidyl-ethanolamines
(~70% PEs) dominate [109]. Interestingly, cyclotides can directly interact with certain lipids
such as PEs [43]. Some lantibiotics such as duramycins and cinnamycin are also known to
target this lipid [110, 111]. This convergence in mechanism may be related to their similar
amino acid compositions uncovered by previous bioinformatic analysis of lantibiotics and
cyclotides [17]. Alternatively, 9-defensins bind to glycoproteins, thereby stoping viral entry
[105, 112]. However, a and p-defensins appear to inhibit viral replication after HIV-1 entry
(Table 2) [113] and Seidel et al. showed that the inhibition occurs after HIV-1 cDNA
formation [99]. All these examples imply that defensins could inhibit HIV-1 in multiple
mechanisms. In summary, the mechanisms of AMP action could be diverse and complex,
making it more attractive to develop novel anti-HIV-1 microbicides to interfere at various
stages of the HIV-1 life cycle (Fig. 1).
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6. Methods for the discovery and improvement of anti-HIV-1 AMPs

In my laboratory, the first project completed by a graduate student was the construction of
the APD started in 2002. The 2004 version of our database contained 525 AMPs [23]. Users
quickly recognized its usefulness (~15,000 web hits per year). The peptide number increased
to 1228 in the 2009 version [24]. This update further boosted the access of the APD
(~100,000 web hits per year during 2010-2011). The current database possesses over 2000
peptide entries, primarily from natural sources. The increase in peptide entries makes the
statistical results more reliable. These data enabled us to appreciate the significance of
amino acid composition in terms of evolution, function, and structure of natural AMPs
[140]. It also enriches our view on natural AMPs that can adopt a variety of structural
scaffolds (Fig. 2). More importantly, it laid the basis for us to develop database approaches
for identification of useful antimicrobials. In the following, | briefly describe our database-
derived methods for discovering anti-HIV peptides.

6.1. Template optimization

To identify the best anti-HIV-1 region of LL-37, we synthesized a library of peptide
segments. Like LL-37, these fragments are named by taking the single-lettered codes for the
N-terminal two amino acids followed by peptide length. Because LL-23 and KR-20, the two
terminally truncated natural fragments, are inactive against HIV-1 (Fig. 3), the anti-HIV
region of LL-37 must be located in the central region. Indeed, SK-21, a synthetic fragment
corresponding to residues 9-29 of LL-37, is HIV-1 inhibitory. However, the synthetic
segment GI-20, corresponding to residues 13-32 (with the positions of 1G swapped),
displays the highest therapeutic index against HIV-1 (Fig. 3). We also tested the HIV-1
inhibitory activity of the major antimicrobial region (residues 17-32) of human LL-37
discovered by the NMR technique TOCSY-trim [114]. To best conserve peptide helicity, we
added a glycine at the N-terminus and an amide group at the C-terminus. The peptide is
hereinafter referred to as GF-17. Interestingly, GF-17 has an identical anti-HIV-1 activity
(ECsp) to GI-20. Thus, the additional residues at the N-terminus of GI-20 do not increase
HIV-1 activity but reduce peptide cytotoxicity, thereby increasing therapeutic index (Fig. 3).
In addition, FK-13 (a peptide corresponding to residues 17-29 of LL-37) [114] is identified
as the smallest virucidal segment since KR-12, which is one residue shorter than FK-13, is
only active against Escherichia coli but not HIV-1 [78]. These peptides are useful templates
for developing anti-HIV-1 microbicides (Fig. 3). A subsequent in vitro assay suggests that
the major antimicrobial region of LL-37 [114] inhibits the HIV-1 reverse transcriptase [115].
Interestingly, BMAP-18 [83], a fragment corresponding to the N-terminal 18 residues of
bovine cathelicidin BAMP-27 [70], was found to be HIV-1 inhibitory with a therapeutic
index of 22. Our ongoing studies suggest that this peptide inhibits HIV-1 entry (Buckheit et
al., unpublished). It appears that cathelicidins, with various sequences and structures, may
block HIV-1 replication at different stages of its life cycle.

6.2. Sequence shuffling

Another method to improve anti-HIV-1 activity of AMPs is sequence shuffling. Using
aurein 1.2-F13W as a template (peptide sequence: GLFDIIKKIAESW) [116], we designed
seven more peptides by re-arranging the 13 amino acid residues in the peptide but retaining
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the potential of each sequence to form an amphipathic helix. In addition, each peptide was
designed by mimicking a natural peptide so that at least a group of N-terminal residues of
the peptides were shared with a model peptide in the database. In total, eight peptides were
obtained (for peptide sequences, please refer to the original paper). Compared to the original
template, four peptides showed similar ECgq values. While two candidates became poorer in
anti-HIV activity, another two peptides showed improved therapeutic indexes due to
reduced cell toxicity. Hence, sequence shuffling provides a practical approach for
optimizing an anti-HIV-1 peptide [49].

6.3. Database screening

As a pilot project, we also tested the idea of database screening [23, 24]. This approach will
work if the library to be screened contains active compounds with desired activity. Thirty
candidates were selected based on the following peptide properties: (1) length < 25 amino
acid residues because longer peptides are more costly to synthesize; (2) net charge > 0, as
anionic peptides tend to be inactive; (3) no cysteines, since peptides with multiple disulfide
bonds are more costly to synthesize; (4) nontoxic to mammalian cells, since this is an
undesired peptide property; (5) not synthetic, as we focus on natural peptides; and (6) anti-
HIV-1 activity unknown, since we want to identify new candidates. The 30 AMPs originate
from bacteria, spiders, insects, tunicates, fish, amphibians, and cattle. Eleven peptides have
ECsq concentrations in the range of 0.63-7.1 pM. Four peptides show therapeutic indexes >
10. These four peptides include a temporin-PTa analog (ECgg 0.63 uM), a mutant of
temporin-LTc (ECsg 0.83 uM), ponericin L2 (ECsq 1.4 uM), and spinigerin (ECgq 3.05 uM).
This successful example demonstrates that the APD is a useful resource for identifying
novel anti-HIV-1 peptides [49].

6.4. Database-aided de novo design

We also programmed a statistical interface for the APD [23]. In particular, amino acid
composition profiles can be calculated for a single peptide or a group of AMPs with a
common feature (e.g. peptide source, post-translational modification, structure, or activity).
Fig. 4A shows the amino acid composition porfile of 797 AMPs from amphibians. It is clear
that the amino acid use in natural AMPs is biased. In other words, some amino acids are
more represented than others.

We define amino acids with >10% of the total amino acid composition as frequently
occurring residues. Thus, A, G, L, and K are such residues in amphibian AMPs (Fig. 4A).
Using G, L, and K, we designed a novel 19-residue peptide called GLK-19 (Fig. 4B) [24].
This peptide displays antibacterial activity against E. coli with a minimal inhibitory
concentration (MIC) at 10 uM, which is similar to that of human LL-37 [79]. However,
GLK-19 failed to inhibit HIV-1 with ECsq >48 pM (Fig. 4B).

Our database also enables us to investigate peptide sequence and activity relationships. We
found that antiviral AMPs are rich in arginines [23]. To make use of this observation, we
converted all the lysines in GLK-19 to arginines. Remarkably, GLR-19 became HIV-1
inhibitory with ECsq = 1.8 uM (Fig. 4C), underscoring the importance of arginines in
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blocking viral infection [24]. However, one should not generalize this observation since the
peptide sequence also plays a role.

Because many antiviral peptides are rich in cysteines, we also introduced a disulfide bond at
various positions of GLR-19 to generate a series of 19-residue polypeptides with varying
loop sizes [37]. Since this series of peptides is composed of only amino acids G, L, R, and
C, they are named as GLRC peptides. The peptide (GLRC-2) with a disulfide bond between
Cys4 and Cys16 is found to be most potent with ECsg = 0.8 uM (Fig. 4D). The same peptide
also shows inhibitory effects on HSV-2 (Herpes simplex virus type-2) as well as E. coli [37].

In summary, our major findings are as follows. First, it is possible to locate the most potent
anti-HIV region in long peptides such as human LL-37 [83]. Second, our database screening
suggests that natural AMPs are promising candidates for identifying novel anti-HIV peptides
[49]. Third, the APD can be utilized to design novel anti-HIV peptides from the beginning
[24, 37]. Finally, what we learned from bioinformatic analysis of natural AMPs can be used
to enhance anti-HIV activity of peptides, irrespective of its polypeptide fold [37, 49]. All
these examples indicate that the APD is a useful tool for identifying and engineering novel
anti-HIV peptides. Importantly, our database approaches are not limited to the identification
of HIV inhibitory peptides. For example, we have recently succeeded in screening our
database or conducting ab initio design of novel peptides that are potent against community-
associated methicillin-resistant Staphylococcus aureus (MRSA) USA300 [141, 142].

7. CONCLUDING REMARKS AND OUTLOOK

Nowadays more attention is paid to the development of peptide therapy [117]. The major
advantages of peptides are small size, easy to optimize, and specific interactions. The
specificity of peptides is one of the important advantages compared to small molecules that
might not be sufficient to inhibit protein-protein interactions. The disadvantages of peptide
therapies are possible toxicity, protease degradation and cost of production. Natural AMPs
share the advantages and disadvantage of peptide therapies in general. Then why bother with
AMPs? A plausible reason could be that the complex nature of many diseases, especially in
the case of sexually transmitted diseases (STIs), requires comprehensive therapeutic
strategies. Natural AMPs may hold the key to such complex problems. In addition to the
diverse mechanisms of AMPs discussed above, the multiple beneficial effects of natural
AMPs can be a plus. For example, simultaneous inhibition of both HIV-1 and HSV-2 is
helpful since co-infection of these two viruses does occur [118]. AMPs are also known to
have antibacterial activity. Thus, this beneficial effect may interfere with HIV-1 infection,
although how bacteria may help viral infection is not yet well understood [119-121]. Also,
patients, infected with HIV-1 and HSV-2, are more likely to infect Neisseria gonorrhoeae
and Chlamydia trachomatis, two common bacterial causative agents of STIs [122]. The
antibacterial effects of such anti-HIV-1 peptides could be essential, especially when such
bacteria had developed resistance to traditional antibiotics. Needless to say, any peptide to
be developed for this purpose must be selective enough so that it does not simultaneously
destroy commensal bacteria (e.g. normal vaginal flora Lactobacillus). It is also known that
HIV-1 patients are more susceptible to virus-caused cancer. Interestingly, some AMPs also
kill cancer cells. Thus, the potential anti-cancer effect of anti-HIV-1 AMPs could reduce the
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likelihood of virus-caused cancer. In this case, AMPs could selectively act on cancer cells
due to the exposure of phosphatidylserines (PS) while such anionic lipids are located in the
inner membrane leaflet of normal human cells [123, 124]. As a third example, spermicidal
effects of AMPs are beneficial to avoid unwanted pregnancies [125, 126]. It is these
beneficial effects that make the development of AMP-based anti-HIV-1 peptides appealing.

AMPs exist widely in nature from bacteria, plants, invertebrates and vertebrates [14-17].
They possess diverse sequences, structural scaffolds, and functions (Fig. 2) [127-129]. Post-
translational modification (PTM) plays an indispensible role in shaping this diversity (for a
review, see ref [129]). At present, over 2000 natural AMPs have been manually registered
into the APD through extensive literature search [23, 24], but only a small set of these
peptides has been evaluated for anti-HIV activity [83]. This is probably due to the lack of
efficient screening methods. Sometimes, it is not easy to obtain sufficient materials. In other
cases, it remains to be a challenging task to synthesize compounds with a complex scaffold,
especially those with extensive chemical modifications [129]. However, this situation will
change with the development of high-throughput screening and peptide production methods
that enable the evaluation of more peptides from natural sources collected in the APD or
artificial combinatory libraries. Future evaluations should also consider the influence of cell
and HIV types on anti-HIV activity of new compounds.

In order to obtain potent AMP candidates as leads for the development of topical
microbicides, we have explored a variety of database strategies [23, 24]. These include anti-
HIV-1 region mapping, peptide screening, sequence shuffling, de novo peptide design and
improvement [37, 49, 83]. Through these studies, we learned that peptide length, sequence
order, charge, amino acid composition, structure, and the folding of the peptide chain all
play a role in determining the anti-HIV-1 activity of natural AMPs (Fig. 4). Such knowledge
could be applied to next rounds of peptide engineering. The importance of peptide
engineering has also been demonstrated by other laboratories. As a classic example, both
therapeutic index and stability of polyphemusin Il have been improved substantially [68].
More recently, extensive studies have been conducted for 6-defensins [103]. The circular -
hairpin structure of these peptides (Fig. 2F) is unique and makes them more potent and
stable to proteases. In particular, these mini-defensins are also active against R5 HIV-1. One
of the major problems is cost effective production. In the case of defensins, chemical
synthesis may not be the final choice for production due to multiple disulfide bonds [17]. It
is pleasing to see that progress has been made in recombinant production as well as
formulation of these fascinating compounds [130-132]. These new advances bring such
compounds closer to potential clinical applications. No doubt, the success with any of AMP-
based topical microbicides will inspire the development of additional candidates that
effectively inhibit various HIV-1 clades.
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Immature virion Cell-free HIV-1 Cyclotides
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Fig. 1.
Natural AMPs could interfere with various stages of the HIV-1 life cycle. These include

directly disruption of cell-free HIV-1 by defensins and cyclotides, blocking the entry of R5
HIV-1 by 6-defensins or the entry of X4 HIV-1 by polyphemusin analogs and BMAP-18, a
likely LL-37 inhibition of viral reverse transcriptase required for reverse transcription (RT),
interference by a or B-defensins after cDNA formation. The integrated viral genome is
transcribed, translated, and assembled (TTS) into new virions, which leave the T cell via
budding (see the text for references). This new construction is inspired by ref. [10].

Curr Top Pept Protein Res. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wang Page 19

T\ 89 F17

¥
F5/F6

F27

Fig. 2.
Three-dimensional structures of a bacterial lasso peptide (A), plant kalata B1 (B), human

cathelicidin LL-37 (C), a-defensin 1 (HNP-1) (D), p-defensin-1 (HBD-1) (E), and rhesus
theta defensin-1 (RTD-1) (F). Coordinates were obtained from the Protein Data Bank (PDB)
(PDB IDs are 3NJW for the bacterial lasso BI1-32169 [33]; LJNU for membrane-bound
kalata B1 [40]; 2K60O for membrane-bound LL-37 [78]; 3GNY for HNP-1 [90]; 11JV for
HBD-1 [133]; and 1HVZ for RTD-1 [134]. For clarity, only the three disulfide bonds in
RTD-1 are displayed using space-filling model. A peptide bond forms between the N- and
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C-termini of kalata B1 and RTD-1. While the N-terminal amide of G1 and the carboxylic
side chain of D9 form a macrolactam (pointed by an arrow in panel A), the C-terminal C19
forms a disulfide bond with C6. These structural scaffolds are remarkably stable to heat,
chemicals, and proteases, making them ideal for peptide engineering through site-directed
mutagenesis or peptide grafting (i.e. replacing an exposed loop of cyclotides with
biologically active peptides) [135, 136]. For additional information on structural studies of
natural AMPs, please refer to ref. [137].

Curr Top Pept Protein Res. Author manuscript; available in PMC 2016 January 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

11.5

2.08

21
9.1

3.1

Wang Page 21
5 10 15 20 25 30 35 ECso (uM) TCso (uM) TI
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 1.6 18.4
LL-23 >35.4 >35.4
KR-20 >40.5 >40.5
SK-21 10.8 22.5
Gl-20 1.08 22.7
GF-17 0.98 8.9
FK-13 3.4 10.4
KR-12 >63.5 >63.5

Fig. 3.

Sequence and anti-HIV-1 activity of human cathelicidin LL-37 and its natural and artificial
fragments. This figure was made to illustrate the active region based on partial data from
Wang et al. [83].
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The AMP Database

797 Amphibian AMPs
L
_ 15 K
Cal A G
10
‘ °| I I I I
o I_I, '-,._l_.,l,-_ ...
1 v M AW GPTSYQNEDHKR
Amino Acid

GLK-19

*G.L‘K

GLKKLLGKLLKKLGKLLLK
EC50> 48 uM

GLR-19 + K to R conversion

GLRRLLGRLLRRLGRLLLR
ECs50=1.8 uM

GLRC-2 * Disulfide bonds
4 16 19
GLRICRLGRLLRRLGR(IJLLR

EC50<0.8 uM

Database-guided de novo design of anti-HIV-1 peptides [138]. (A) The averaged amino acid
composition profile of 797 amphibian AMPs calculated in the APD [23, 24]. The
frequencies of L, A, G, and K are greater than 10%, thereby constituting a set of frequently
occurring amino acids [24]. (B) Amino acids L, G, and K are utilized to design novel AMPs.
One of them, GLK-19, is antibacterial [24] but not active against HIV-1 at 100 ug/ml. (C)
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GLR-19, an arginine version of GLK-19, is HIV-1 inhibitory [49]. (D) GLRC-2 is one of the
best 19-residue GLRC peptides that showed anti-HIV-1 activity [37].
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Known anti-HIV-1 antimicrobial peptides from different sources™.

Source no. of AMPs | no. of anti-HIV-1 AMPs
Bacteria 171 5

Plants 289 26

Animals 1489 42

Humans 61 10

Synthetic | 33 4

Total 2043 87

1Obtained from the APD database at http://aps.unmc.edu/AP/main.html on September 12, 2012 [23, 24].
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Table 2

Properties and mechanisms of the three types of HIV-1 inhibitory defensins.

Molecular shape Non-circular Circular
Defensin type a B 0
Representative HNP-1 HBD-2 RTD-1
Properties [23, 24]

APD ID 176 524 445

Year discovered 1985 1997 1999
Amino acids 30 41 18

Net charge +3 +7 +5
Hydrophobic content 53% 36% 55%

3 disulfide bonds C-C 2-30; 4-19; 9-29 | 8-37; 15-30; 20-38 3-16; 5-14; 7-12
3D Structure B (3 strands) af (1 helix + 3 strands) | B (2 strands)
Mechanisms [99]

Cells used PBMC PBMC PBMC
X4 ECsq (UM) 2.3 6.9 35

R5 ECso (UM) 2.6 5.8 3.6
HIV-1 entry No No Inhibition
After viral entry Inhibition Inhibition No
Down-regulation of CXCR4 Yes Yes Yes
Down-regulation of CCR5 or CD4 | No No No
Direct inactivation of R5 HIV-1 Yes Yes No
Direct inactivation of X4 HIV-1 Yes Yes Yes
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