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Introduction
Reactome is open-source, open access, manually curated and peer-reviewed pathway database. Pathway
annotations are authored by expert biologists, in collaboration with Reactome editorial staff and crossreferenced to many bioinformatics databases. A system of evidence tracking ensures that all assertions
are backed up by the primary literature. Reactome is used by clinicians, geneticists, genomics researchers, and molecular biologists to interpret the results of high-throughput experimental studies, by bioinformaticians seeking to develop novel algorithms for mining knowledge from genomic studies, and by
systems biologists building predictive models of normal and disease variant pathways.
The development of Reactome is supported by grants from the US National Institutes of Health (P41
HG003751), University of Toronto (CFREF Medicine by Design), European Union (EU STRP, EMI-CD), and
the European Molecular Biology Laboratory (EBI Industry program).
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Antimicrobial peptides ↗
Stable identifier: R-HSA-6803157

Antimicrobial peptides (AMPs) are small molecular weight proteins with broad spectrum of antimicrobial activity against bacteria, viruses, and fungi (Zasloff M 2002; Radek K & Gallo R 2007). The majority of
known AMPs are cationic peptides with common structural characteristics where domains of hydrophobic and cationic amino acids are spatially arranged into an amphipathic design, which facilitates
their interaction with bacterial membranes (Shai Y 2002; Yeaman MR & Yount NY 2003; Brown KL &
Hancock RE 2006; Dennison SR et al. 2005; Zelezetsky I & Tossi A 2006). It is generally excepted that the
electrostatic interaction facilitates the initial binding of the positively charged peptides to the negatively
charged bacterial membrane. Moreover, the structural amphiphilicity of AMPs is thought to promote
their integration into lipid bilayers of pathogenic cells, leading to membrane disintegration and finally to
the microbial cell death. In addition to cationic AMPs a few anionic antimicrobial peptides have been
found in humans, however their mechanism of action remains to be clarified (Lai Y et al. 2007; Harris F
et al. 2009; Paulmann M et al. 2012). Besides the direct neutralizing effects on bacteria AMPs may modulate cells of the adaptive immunity (neutrophils, T-cells, macrophages) to control inflammation and/or to
increase bacterial clearance.
AMPs have also been referred to as cationic host defense peptides, anionic antimicrobial peptides/proteins, cationic amphipathic peptides, cationic AMPs, host defense peptides and alpha-helical antimicrobial peptides (Brown KL & Hancock RE 2006; Harris F et al. 2009; Groenink J et al. 1999; Bradshaw J 2003;
Riedl S et al. 2011; Huang Y et al. 2010).
The Reactome module describes the interaction events of various types of human AMPs, such as cathelicidin, histatins and neutrophil serine proteases, with conserved patterns of microbial membranes at the
host-pathogen interface. The module includes also proteolytic processing events for dermcidin (DCD)
and cathelicidin (CAMP) that become functional upon cleavage. In addition, the module highlights an
AMP-associated ability of the host to control metal quota at inflammation sites to influence host-pathogen interactions.
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Defensins ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-1461973

The defensins are a family of antimicrobial cationic peptide molecules which in mammals have a characteristic beta-sheet-rich fold and framework of six disulphide-linked cysteines (Selsted & Ouellette 2005,
Ganz 2003). Human defensin peptides have two subfamilies, alpha- and beta-defensins, differing in the
length of peptide chain between the six cysteines and the order of disulphide bond pairing between
them. A third subfamily, the theta defensins, is derived from alpha-defensins prematurely truncated by a
stop codon between the third and fourth cysteine residues. The translated products are shortened to
nonapeptides, covalently dimerized by disulfide linkages, and cyclized via new peptide bonds between
the first and ninth residues. Humans have one pseudogene but no translated representatives of the theta
class.
In solution most alpha and beta defensins are monomers but can form dimers and higher order structures.
The primary cellular sources of defensins are neutrophils, epithelial cells and intestinal Paneth
cells.Those expressed in neutrophils and the gut are predominantly constitutive, while those in epithelial
tissues such as skin are often inducible by proinflammatory stimuli such as LPS or TNF-alpha.
Defensins are translated as precursor polypeptides that include a typical signal peptide or prepiece that
is cleaved in the Golgi body, and a propiece, cleaved by differing mechanisms to produce the mature defensin. Mature defensin peptides can be further processed by removal of individual N-terminal residues
(Yang et al. 2004). This may be a mechanism to broaden the activity profile of defensins (Ghosh et al.
2002).
Defensins have direct antimicrobial effects and kill a wide range of Gram-positive and negative bacteria,
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fungi and some viruses. The primary antimicrobial action of defensins is permeabilization of microbial
target membranes but several additional mechanisms have been suggested (Brogden 2005, Wilmes et al.
2011). Defensins and related antimicrobial peptides such as cathelicidin bridge the innate and acquired
immune responses. In addition to their antimicrobial properties, cathelicidin and several defensins show
receptor-mediated chemotactic activity for immune cells such as monocytes, T cells or immature DCs,
induce cytokine production by monocytes and epithelial cells, modulate angiogenesis and stimulate
wound healing (Yang et al. 1999, 2000, 2004, Rehaume & Hancock 2008, Yeung et al. 2011).

Literature references
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PRTN3 cleaves CAMP(31-170) to generate CAMP(134-170) ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6801687
Type: omitted
Compartments: extracellular region

Cathelicidin (CAMP, LL-37 and hCAP), is a major protein in specific granules of neutrophils (Sorensen O
et al. 1997). CAMP is also present in subpopulations of lymphocytes and monocytes, squamous epithelial
cells and keratinocytes (Agerberth B et al. 2000; Frohm M et al. 1997; Frohm Nilsson M et al. 1999). CAMP
is synthesized as preproprotein (Zanetti M et al. 1995). After removal of the signal peptide, CAMP(31-170)
is stored in granules as an inactive proform (Sorensen OE et al. 2001). CAMP (31-170) was shown to be
processed extracellularly to the active antimicrobial peptide LL-37 (CAMP(134-170)) by proteinase 3
(PRTN3) (Sorensen OE et al. 2001).
Followed by: Cathelicidin LL-37 binds to bacterial cell wall

Literature references
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Cathelicidin LL-37 binds to bacterial cell wall ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-1222685
Type: binding
Compartments: plasma membrane, extracellular region

Human cathelicidin antimicrobial peptide (hCAP18, also known as CAMP) is synthesized as 18-kDa proprotein (Sorensen O et al. 1997, 2001; Yang D et al. 2000; Mendez-Samperio P 2010). The proform hCAP18
is stored within vesicles such as specific granules of neutrophils. Upon inflammation or injury hCAP18
undergoes proteolytic cleavage to produce the mature antimicrobial 37-amino acid-long peptide LL-37
(CAMP(134-170)) which is secreted outside the cells (Sorensen O et al. 1997, 2001; Yang D et al. 2000; Mendez-Samperio P 2010). LL-37 has a net positive charge and is thought to interact with bacteria via electrostatic attraction toward the negatively charged bacterial membrane (Wang G et al. 2012, 2014; Kuroda K
et al. 2015). LL-37 is amphiphilic in nature and is comprised of hydrophobic and hydrophilic residues
aligned on opposite sides of the peptide (Braff MH et al. 2005; Wang G 2008; Wang G et al. 2012, 2014).
The hydrophobic domain may facilitate the peptide penetration through phospholipid bilayers of bacteria (Shai Y 1999).
LL-37 has direct microbicidal activities against Gram-positive bacteria (S. aureus, Group A Streptococcus,
Bacillus megaterium), Gram-negative bacteria (E. coli, P. aeruginosa, Salmonella minnesota) and fungi
such as C. albicans (Yang D et al. 2000; Nagaoka I et al. 2005; Braff MH et al. 2005; Wang G et al. 2012). LL37 also has antiviral activities against herpes simplex virus, HIV-1, and vaccinia virus (Yasin B et al. 2000;
Steinstraesser L et al. 2005; Howell MD et al. 2006; Gordon YJ et al. 2005). LL-37 may have the potential to
prevent sepsis or septic shock associated with pathogenic bacterial infection by inhibiting the release of
toxic components such as LPS and lipoteichoic acid (LTA) that cause excess tissue damage and inflammation (Larrick JW et al. 1995)
LL-37 expression was found to correlate with an activation of TLR2, TLR4 and TLR9 signaling pathways
in M. tuberculosis-stimulatied human monocyte-derived macrophages, alveolar macrophages and neutrophils (Rivas-Santiago et al. 2008).
Preceded by: PRTN3 cleaves CAMP(31-170) to generate CAMP(134-170)

Literature references
Lindbom, L., Bergman, P., van der Does, AM., Agerberth, B. (2012). Induction of the human cathelicidin LL-37 as a
novel treatment against bacterial infections. J. Leukoc. Biol., 92, 735-42. ↗
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DCD is processed into DCD(63-110) ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6802999
Type: omitted
Compartments: extracellular region

Dermcidin (DCD) is constitutively expressed in eccrine sweat glands, secreted into sweat and transported
to the epidermal surface where it is proteolytically processed giving rise to several truncated DCD peptides (Schittek B et al. 2001; Rieg S et al. 2006). The processed forms such as the anionic DCD(63-110)
(DCD-1L) and DCD(63-109) (DCD-1) possess antimicrobial activity against Gram-positive (Staphylococcus
aureus, Enterococcus faecalis, Staphylococcus epidermidis, Listeria monocytogenes) and Gram-negative
bacteria (Escherichia coli, Pseudomonas putida, Salmonella typhimurium) as well as Candida albicans
(Cipakova I et al. 2006; Lai YP et al. 2005; Schittek B et al. 2001; Steffen H et al. 2006; Vuong C et al. 2004).
The antimicrobial activity of DCD(63-110) (DCD-1L) is maintained over a broad pH range and at high salt
concentrations that resemble the conditions in human sweat (Schittek B et al. 2001). DCD(63-110) was reported to interact with negatively charged bacterial phospholipids which lead to (Zn2+)-dependent formation of oligomeric complexes in the bacterial membrane, which subsequently lead to ion channel formation resulting in membrane depolarization and bacterial cell death (Paulmann M et al. 2012; Song C et
al. 2013).
Followed by: DCD(63-110) is processed to DCD(63-109), DCD peptide binds bacterial membrane phospholipids

Literature references
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DCD(63-110) is processed to DCD(63-109) ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6803060
Type: omitted
Compartments: extracellular region

A 47aa dermcidin (DCD)-derived peptide (DCD(63-109), also known as as DCD-1) is an antimicrobial peptide with a negative net charge and acidic pI (Schittek B 2012). Like other antimicrobially active DCD-derived peptides, DCD(63-109) is produced in human eccrine sweat through proteolytic processing of a 110amino acid (aa) precursor protein (Schittek B et al. 2001; Rieg S et al. 2006). DCD-derived peptides are
able to bind to the bacterial surface, however they do not exert their activity by permeabilizing bacterial
membranes (Senyürek et al. 2009, Steffen H et al. 2006). The negative net charge of DCD(63-109) did not
significantly affected the peptide binding to bacterial-mimetic membranes (Jung et al. 2010, Steffen et al.
2006; Senyurek et al. 2009). Spin-down assays of DCD(63-109) and other DCD peptides revealed that the
affinity with which dermcidin binds to bacterial-mimetic membranes is primarily dependent on its amphipathic alpha-helical structure and its length (>30 residues)(Jung et al. 2010).
DCD(63-109) shows a broad spectrum of antimicrobial activity against Gram-positive (Staphylococcus
aureus, Enterococcus faecalis, Staphylococcus epidermidis, Listeria monocytogenes) and Gram-negative
bacteria (Escherichia coli, Pseudomonas putida, Salmonella typhimurium) as well as Candida albicans
(Cipakova I et al. 2006, Lai YP et al. 2005, Schittek B et al. 2001, Steffen H et al. 2006, Vuong C et al. 2004).
The activity of the DCD(63-109) was maintained over a broad pH range and in high salt concentrations
that resembled the conditions in human sweat (Schittek B et al. 2001).
Preceded by: DCD is processed into DCD(63-110)
Followed by: DCD peptide binds bacterial membrane phospholipids
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DCD peptide binds bacterial membrane phospholipids ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6803047
Type: binding
Compartments: plasma membrane, extracellular region

Dermcidin peptides, DCD1(63-109) and DCD-1L(63-110), are anionic peptides with a net negative charge
of -2 at physiological pH (Paulmann M et al. 2012). Despite its negative net charge, DCD peptides possess
an amphiphilic structure due to its cationic N-terminal region (Ser1 to Lys23) and its anionic C-terminal
part (Asp24 to Leu48). The cationic N-terminal part is mainly responsible for the binding of DCD to the
negatively charged phospholipids.
Preceded by: DCD(63-110) is processed to DCD(63-109), DCD is processed into DCD(63-110)
Followed by: DCD forms oligomeric complex

Literature references
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DCD forms oligomeric complex ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6803104
Type: binding
Compartments: plasma membrane, extracellular region

DCD peptide is initially monomeric when secreted in human sweat. In presence of a negatively charged
bacterial membrane the cationic N-terminus of DCD gets attracted electrostatically (Paulmann M et al.
2012). Upon interaction with the bacterial membrane a change in the secondary structure from random
coil to an alpha-helical conformation is induced. DCD-1(L) self-assembles into a higher oligomeric state
which is stabilized by zinc ions. Subsequently, by oligomerization DCD is able to form ion channels in the
bacterial membrane resulting in bacterial cell death ( (Paulmann M et al. 2012; Song C et al. 2013; Burian
M & Schittek B 2015).
Preceded by: DCD peptide binds bacterial membrane phospholipids

Literature references
Zeth, K., de Groot, BL., Steinem, C., Zachariae, U., Bechinger, B., Salnikov, ES. et al. (2013). Crystal structure and
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PGLYRP1 binds bacterial peptidoglycan ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6789072
Type: binding
Compartments: cell wall, phagocytic vesicle lumen

Peptidoglycan recognition proteins (PGRPs or PGLYRPs) are innate immunity molecules that contain a
conserved peptidoglycan-binding type 2 amidase domain that is homologous to bacteriophage and bacterial type 2 amidases (Kang D et al. 1998; Liu C et al. 2001; Royet J and Dziarski R 2007; Royet J et al. 2011;
Dziarski R et al. 2016). Mammals have a family of four PGRPs (PGLYRP1, 2, 3 & 4) that are differentially
expressed in a cell type or tissue specific manner. Human PGLYRP1 (also known as PGRP S) is constitutively expressed primarily in polymorphonuclear (PMN) cell granules and functions as
disulfide linked homodimers (Liu C et al. 2000, 2001; Cho JH et al. 2005; Guan R et al. 2005; Lu X et al.
2006; De Marzi MC et al. 2015). PGLYRP1 has a Zn(2+)-dependent bactericidal activity against both Grampositive and Gram-negative bacteria at physiologic Zn(2+) concentrations found in the body fluids (Lu X
et al. 2006; Wang M et al. 2007). PGLYRP1 is also active against Chlamydia trachomatis (Bobrovsky P et al.
2016). Killing of both Gram-positive and Gram-negative bacteria by PGLYRP1 is synergistically enhanced
by antimicrobial peptides (phospholipase A2, alpha- and beta-defensins, and bactericidal permeabilityincreasing protein (BPI)) (Wang M et al. 2007), and also by lysozyme (Cho JH et al. 2005). The bactericidal
activity of PGRPs requires their N-glycosylation, because deglycosylation with N-glycosidase abolished
the bactericidal activity of these PGRPs for Bacillus subtilis, Staphylococcus aureus, and Escherichia coli
(Lu X et al. 2006; Wang M et al. 2007).
PGRPs are thought to kill bacteria by interacting with cell wall peptidoglycan and by inducing lethal
stress response in bacteria, rather than a hydrolysis of peptidoglycan or permeabilizing bacterial membranes as other antibacterial peptides do (Lu X et al. 2006; Wang M et al. 2007; Cho S et al. 2007; Kashyap
DR et al. 2011, 2014). In Gram-positive bacteria, including B. subtilis, PGLYRP1, 3 & 4 were found to enter
cell wall at the site of daughter cell separation during cell division and to bind to cell wall peptidoglycan
in the vicinity of cell membrane (Kashyap DR et al. 2011). However, this binding did not inhibit the extracellular transglycosylation or transpeptidation steps in peptidoglycan synthesis (Kashyap DR et al. 2011),
which are well-known targets for bactericidal antibiotics. Instead, this interaction of PGRP proteins and
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peptidoglycan activated the B. subtilis envelope stress response CssR CssS two-component system that
detects and disposes of misfolded proteins exported out of bacterial cells. This activation resulted in bacterial membrane depolarization, cessation of intracellular peptidoglycan, protein, RNA, and DNA synthesis, and production of toxic hydroxyl radicals, which were responsible for bacterial death (Kashyap
DR et al. 2011). PGRPs were shown to kill Gram-negative bacteria (E. coli) by binding to their outer membrane and activating the functionally homologous CpxA-CpxR two component system (Kashyap DR et al.
2011). Furthermore, genome expression arrays, qRT-PCR, and biochemical tests showed that PGRPs kill
both E. coli and B. subtilis by inducing oxidative, thiol, and metal stress (Kashyap DR et al. 2014).
There is also emerging evidence that PGLYRP1 can function as a receptor agonist or antagonist for human cells. Human PGLYRP1 (multimerized or complexed with peptidoglycan) binds to and stimulates
triggering receptor expressed on myeloid cells-1 (TREM-1), a receptor present on neutrophils, monocytes
and macrophages that induces production of pro-inflammatory cytokines (Read CB et al. 2015).
Moreover, PGLYRP1 and its complex with 70-kDa heat shock protein (Hsp70) bind to the tumor necrosis
factor receptor-1 (TNFR1, which is a death receptor). The PGLYRP1-Hsp70 complex induces a cytotoxic
effect via apoptosis and necroptosis (Yashin DV et al. 2015, 2016), which accounts for the tumor cytotoxicity of PGLYRP1-Hsp70 complexes secreted by cytotoxic lymphocytes (Sashchenko LP et al. 2004). By
contrast, free PGLYRP1 acts as a TNFR1 antagonist, by binding to TNFR1 and inhibiting its activation by
PGLYRP1-Hsp70 complexes.

Literature references
Ratcliffe, M. (2016). Peptidoglycan Recognition Proteins and Lysozyme, Encyclopedia of Immunobiology.
Ezekowitz, RA., Kusumoto, S., Cho, JH., Fujimoto, Y., Fukase, K., Stahl, GL. et al. (2005). Human peptidoglycan recognition protein S is an effector of neutrophil-mediated innate immunity. Blood, 106, 2551-8. ↗
Dziarski, R., Royet, J. (2007). Peptidoglycan recognition proteins: pleiotropic sensors and effectors of antimicrobial
defences. Nat. Rev. Microbiol., 5, 264-77. ↗
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PGLYRP2 binds bacterial peptidoglycan ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6799981
Type: binding
Compartments: cell wall, extracellular region

Peptidoglycan recognition proteins (PGRPs or PGLYRPs) are innate immunity molecules that contain a
conserved peptidoglycan binding type 2 amidase domain that is homologous to bacteriophage and bacterial type 2 amidases (Kang D et al. 1998; Liu C et al. 2001; Royet J and Dziarski R 2007; Royet J et al. 2011;
Dziarski R et al. 2016). Mammals have a family of four PGRPs (PGLYRP1, 2, 3 & 4) that are differentially
expressed in a cell type or tissue specific manner. PGLYRP2 (also known as PGRP-L) is constitutively
expressed in the liver, from which it is secreted into blood as non-disulfide linked dimers (Liu C et al.
2001; Zhang Y et al. 2005; De Pauw P et al. 1995; Hoijer MA et al. 1996). PGLYRP2 expression can be also
induced in the skin and intestine upon exposure to bacteria or pro-inflammatory cytokines (Wang H et
al. 2005; Li X et al. 2006). The constitutive expression of PGLYRP2 in the liver and induced expression in
epithelial cells is regulated by different transcription factors, the binding sequences for which are located in different regions of the pglyrp2 promoter (Li X et al. 2006). PGRP2 binds to bacterial cell wall peptidoglycan and functions as N acetylmuramoyl L alanine amidase that hydrolyzes the amide bond
between the MurNAc and L alanine in peptidoglycan (Wang ZM et al. 2003; Zhang Y et al. 2005). The
minimal peptidoglycan fragment hydrolyzed by PGLYRP2 is MurNAc-tripeptide (Wang ZM et al. 2003).
PGLYRP2 has a conserved Zn(2+) binding site in the peptidoglycan binding groove, which is also
present in bacteriophage type 2 amidases, and PGLYRP2 requires Zn(2+) for its amidase activity (Wang
ZM et al. 2003). The amidase activity of mammalian PGLYRP2 is though to eliminate the pro inflammatory peptidoglycan and, therefore, prevent over activation of the immune system and excessive inflammation (Hoijer MA et al. 1997; Royet J and Dziarski R 2007). In addition to its amidase activity, PGLYRP2
also has antibacterial activity against both Gram-positive and Gram-negative bacteria and Chlamydia
(Bobrovsky P et al. 2016), similar to PGLYRP1, PGLYRP3, and PGLYRP4 (Lu X et al. 2006; Wang M et al.
2007).
Followed by: PGLYRP2 hydrolyzes bacterial peptidoglycan

Literature references
Kusumoto, S., Cocklin, RR., Gupta, D., Dziarski, R., Li, X., Fukase, K. et al. (2003). Human peptidoglycan recognition
protein-L is an N-acetylmuramoyl-L-alanine amidase. J. Biol. Chem., 278, 49044-52. ↗
Gupta, D., Dziarski, R., Li, X., Wang, H., Lu, X., Qi, J. et al. (2006). Peptidoglycan recognition proteins are a new class
of human bactericidal proteins. J. Biol. Chem., 281, 5895-907. ↗
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Gupta, D., Dziarski, R., Li, X., Wang, H., van der Fits, L., Wang, M. et al. (2005). Identification of serum N-acetylmuramoyl-l-alanine amidase as liver peptidoglycan recognition protein 2. Biochim. Biophys. Acta, 1752, 34-46. ↗
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PGLYRP2 hydrolyzes bacterial peptidoglycan ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6799977
Type: omitted
Compartments: extracellular region

Peptidoglycan recognition proteins (PGRPs or PGLYRPs) are innate immunity molecules that contain a
conserved peptidoglycan-binding type 2 amidase domain that is homologous to bacteriophage and bacterial type 2 amidases (Kang D et al. 1998; Liu C et al. 2001; Royet J and Dziarski R 2007; Royet J et al. 2011;
Dziarski R et al. 2016). Mammals have a family of four PGRPs (PGLYRP1, 2, 3 & 4) that are differentially
expressed in a cell-type or tissue-specific manner. PGLYRP2 (also known as PGRP-L) is constitutively produced in the liver and secreted into the blood (Liu C et al. 2001; Zhang Y et al. 2005; De Pauw P et al. 1995;
Hoijer MA et al. 1996). PGLYRP2 expression can also be induced in the skin and intestine upon exposure
to bacteria or pro-inflammatory cytokines (Wang H et al. 2005; Li X et al. 2006). Constitutive and inducible expression of PGLYRP2 in the liver and skin respectively required different transcription factors (Li
X et al. 2006). PGLYRP2 is a (Zn2+)-dependent N-acetylmuramoyl-L-alanine amidase that hydrolyzes the
amide bond between the MurNAc and L-alanine in bacterial cell wall peptidoglycan (Wang ZM et al.
2003; Zhang Y et al. 2005). The minimal peptidoglycan fragment hydrolyzed by PGLYRP2 is MurNActripeptide (Wang ZM et al. 2003). Due to its amidase activity, human PGLYRP2 is thought to reduce inflammatory properties of bacterial peptidoglycan by cleaving it into biologically inactive fragments
(Hoijer MA et al. 1997; Wang ZM et al. 2003; Royet J and Dziarski R 2007).
Preceded by: PGLYRP2 binds bacterial peptidoglycan

Literature references
Kusumoto, S., Cocklin, RR., Gupta, D., Dziarski, R., Li, X., Fukase, K. et al. (2003). Human peptidoglycan recognition
protein-L is an N-acetylmuramoyl-L-alanine amidase. J. Biol. Chem., 278, 49044-52. ↗
Gupta, D., Dziarski, R., Li, X., Wang, H., van der Fits, L., Wang, M. et al. (2005). Identification of serum N-acetylmuramoyl-l-alanine amidase as liver peptidoglycan recognition protein 2. Biochim. Biophys. Acta, 1752, 34-46. ↗
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PGLYRP3,4 binds bacterial peptidoglycan ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6799959
Type: binding
Compartments: extracellular region

Peptidoglycan recognition proteins (PGRPs or PGLYRPs) are innate immunity molecules that contain a
conserved peptidoglycan binding type 2 amidase domain that is homologous to bacteriophage and bacterial type 2 amidases (Kang D et al. 1998; Liu C et al. 2001; Royet J and Dziarski R 2007; Royet J et al. 2011;
Dziarski R et al. 2016). Mammals have a family of four PGRPs (PGLYRP1, 2, 3 & 4) that are differentially
expressed in a cell-type or tissue-specific manner. Human PGLYRP3 and PGLYRP4 (also known as
PGRP Ialpha and PGRP-Ibeta) are expressed in keratinocytes and epithelial cells and are found in the
skin, eyes, salivary glands, throat, tongue, esophagus, stomach, and intestine (Liu C et al. 2001; Lu X et al.
2006). Like PGLYRP1, PGLYRP3 and PGLYRP4 are secreted as disulfide linked homodimers (Guan R et
al. 2004, 2005; Lu X et al. 2006). However, PGLYRP3 and PGLYRP4 preferentially form heterodimers
when coexpressed in the same cells (Lu X et al. 2006). PGLYRP3, PGLYRP4, and PGLYRP3:PGLYRP4 have
Zn(2+) dependent bactericidal activity against both Gram positive and Gram negative bacteria at the
physiological Zn(2+) concentrations found in serum, sweat, saliva, and other body fluids (Lu X et al. 2006;
Wang M et al. 2007). PGLYRP3 and PGLYRP4 are also active against Chlamydia trachomatis (Bobrovsky P
et al. 2016). Killing of both Gram-positive and Gram-negative bacteria by PGLYRP3 and PGLYRP4 is synergistically enhanced by antimicrobial peptides (phospholipase A2, alpha- and beta-defensins, and bactericidal permeability-increasing protein (BPI)) (Wang M et al. 2007). The bactericidal activity of PGRPs
requires their N glycosylation, as deglycosylation with N glycosidase abolished their bactericidal activity against Bacillus subtilis, Staphylococcus aureus, and Escherichia coli (Lu X et al. 2006; Wang M et al.
2007).
PGRPs are thought to kill bacteria by interacting with cell wall peptidoglycan and by inducing lethal
stress response in bacteria, as opposed to the hydrolysis of peptidoglycan or permeabilizing bacterial
membranes seen with other antibacterial peptides (Lu X et al. 2006; Wang M et al. 2007; Cho S et al. 2007;
Kashyap DR et al. 2011, 2014). In Gram positive bacteria, including B. subtilis, PGLYRP1, 3 & 4 were
found to enter the bacterial cell wall at the site of daughter cell separation during cell division and to
bind to cell wall peptidoglycan in the vicinity of the cell membrane (Kashyap DR et al. 2011). Binding of
PGLYRP3 to peptidoglycan induces a structural change in PGLYRP3 that locks peptidoglycan in the protein's bindings groove (Guan R et al. 2006). However, this binding did not inhibit the extracellular
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transglycosylation or transpeptidation steps in peptidoglycan synthesis (Kashyap DR et al. 2011), which
are well-known targets for bactericidal antibiotics. Instead, this interaction of PGRP proteins with peptidoglycan activated the B. subtilis envelope stress response two component system CssR CssS that detects and disposes of misfolded proteins exported out of bacterial cells. This activation resulted in bacterial membrane depolarization, cessation of intracellular peptidoglycan, protein, RNA, and DNA synthesis and production of toxic hydroxyl radicals, which were responsible for bacterial death (Kashyap DR
et al. 2011). In Gram negative bacteria (E. coli), PGRPs were found to bind the bacterial outer membrane
activating the functionally homologous CpxA CpxR two component system (Kashyap DR et al. 2011).
Genome expression arrays, qRT PCR, and biochemical tests showed that PGLYRP3 & 4 kill both E. coli
and B. subtilis by inducing oxidative, thiol, and metal stress (Kashyap DR et al. 2014).

Literature references
Guan, R., Mariuzza, RA., Ember, B., Roychowdury, A., Kumar, S., Boons, GJ. (2005). Crystal structure of a peptidoglycan recognition protein (PGRP) in complex with a muramyl tripeptide from Gram-positive bacteria. J. Endotoxin Res., 11, 41-6. ↗
Gupta, D., Dziarski, R., Li, X., Wang, H., Lu, X., Qi, J. et al. (2006). Peptidoglycan recognition proteins are a new class
of human bactericidal proteins. J. Biol. Chem., 281, 5895-907. ↗
Dziarski, R., Royet, J. (2007). Peptidoglycan recognition proteins: pleiotropic sensors and effectors of antimicrobial
defences. Nat. Rev. Microbiol., 5, 264-77. ↗
Hesek, D., Cho, S., Mariuzza, RA., Wang, Q., Boons, GJ., Swaminathan, CP. et al. (2007). Structural insights into the
bactericidal mechanism of human peptidoglycan recognition proteins. Proc. Natl. Acad. Sci. U.S.A., 104, 8761-6. ↗
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Trypsin cleaves REG3A or REG3G to generate REG3A,G(38-175) ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6801766
Type: omitted
Compartments: extracellular region

Regenerating islet-derived 3 (REG3) proteins belong to the family of C-type lectins (Cash HL et al.
2006a,b; Lehotzky RE et al. 2010). REG3A and REG3G are expressed in the intestine where they moodulate
the host interactions with commensal and pathogenic gut bacteria. REG3 proteins bind the peptidoglycan
moieties of bacteria inducing damage to the bacterial cell wall. The antibacterial activities of REG3 proteins are restricted to Gram-positive bacteria and are tightly controlled by an inhibitory N-terminal
prosegment that is removed by trypsin in vivo (Cash HL et al. 2006; Mukherjee S et al. 2009; Medveczky P
et al. 2009).
Followed by: REG3A binds bacterial phospholipids, REG3A,REG3G binds bacterial peptidoglycan

Literature references
Whitham, CV., Partch, CL., Chu, H., Bevins, CL., Gardner, KH., Lehotzky, RE. et al. (2009). Regulation of C-type
lectin antimicrobial activity by a flexible N-terminal prosegment. J. Biol. Chem., 284, 4881-8. ↗
Medveczky, P., Sahin-Tóth, M., Szmola, R. (2009). Proteolytic activation of human pancreatitis-associated protein is
required for peptidoglycan binding and bacterial aggregation. Biochem. J., 420, 335-43. ↗
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REG3A,REG3G binds bacterial peptidoglycan ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6801808
Type: binding
Compartments: cell wall, extracellular region

Regenerating islet-derived 3 (REG3) proteins belong to the family of C-type lectins (Cash HL et al.
2006a,b; Lehotzky RE et al. 2010). REG3A and REG3G are induced and expressed in the intestine where
they function as antibacterial peptides by targeting the peptidoglycan moieties of bacteria. NMR spectroscopy revealed that human REG3A lectin recognized the peptidoglycan carbohydrate backbone in a calcium-independent manner via a conserved “EPN” motif that is critical for bacterial killing (Lehotzky RE et
al. 2010). The antibacterial activities of REG3 proteins are restricted to Gram-positive bacteria and are
tightly controlled by an inhibitory N-terminal pro-segment that is removed by trypsin in vivo (Cash HL et
al. 2006; Mukherjee S et al. 2009; Medveczky P et al. 2009).
Preceded by: Trypsin cleaves REG3A or REG3G to generate REG3A,G(38-175)

Literature references
Partch, CL., Goldman, WE., Gardner, KH., Lehotzky, RE., Mukherjee, S., Hooper, LV. et al. (2010). Molecular basis
for peptidoglycan recognition by a bactericidal lectin. Proc. Natl. Acad. Sci. U.S.A., 107, 7722-7. ↗
Whitham, CV., Behrendt, CL., Hooper, LV., Cash, HL. (2006). Symbiotic bacteria direct expression of an intestinal
bactericidal lectin. Science, 313, 1126-30. ↗
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REG3A binds bacterial phospholipids ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6801776
Type: binding
Compartments: cell wall, extracellular region

Structural studies of human REG3A by X-ray diffraction with electron microscopy suggest that REG3A
binds to bacterial membrane phospholipids and kills bacteria by forming a hexameric membrane-permeabilizing pore (Mukherjee S et al. 2014).
Preceded by: Trypsin cleaves REG3A or REG3G to generate REG3A,G(38-175)
Followed by: REG3A oligomerize to form a pore complex

Literature references
Partch, CL., Callenberg, KM., Grabe, M., Derebe, MG., Zheng, H., Jiang, QX. et al. (2014). Antibacterial membrane attack by a pore-forming intestinal C-type lectin. Nature, 505, 103-7. ↗
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REG3A oligomerize to form a pore complex ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6801762
Type: binding
Compartments: extracellular region

Regenerating islet-derived 3A (REG3A) is thought to recognize and kill its bacterial targets in two distinct
steps (Mukherjee S et al. 2014). First, REG3A is secreted from epithelial cells as a soluble monomer that
recognizes Gram-positive bacteria by binding to peptidoglycan carbohydrate via an EPN motif located in
the long loop region (Lehotzky RE et al. 2010). Second, REG3A kills bacteria by oligomerizing in the bacterial membrane to form a hexameric membrane-penetrating pore that is predicted to induce uncontrolled ion efflux with subsequent osmotic lysis (Mukherjee S et al. 2014). The inhibitory N-terminus of
REG3A propeptide hinders lipid binding and consequently suppresses pore formation until it is removed
by trypsin after secretion into the intestinal lumen (Mukherjee S et al. 2009; 2014).
Preceded by: REG3A binds bacterial phospholipids

Literature references
Partch, CL., Callenberg, KM., Grabe, M., Derebe, MG., Zheng, H., Jiang, QX. et al. (2014). Antibacterial membrane attack by a pore-forming intestinal C-type lectin. Nature, 505, 103-7. ↗
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INTL1 binds bacterial glycans ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6804527
Type: binding
Compartments: cell wall, extracellular region

Intelectin-1 (INTL1) is a 120-kDa secretory lectin that recognizes multiple glycan epitopes found exclusively on microbes: beta-linked D-galactofuranose (beta-Galf), D-phosphoglycerol-modified glycans, heptoses, D-glycero-D-talo-oct-2-ulosonic acid (KO) and 3-deoxy-D-manno-oct-2-ulosonic acid (KDO) (Tsuji S
et al. 2001; Wesener DA et al. 2015). These glycan residues are widely distributed in bacteria, including S.
pneumoniae, Proteus mirabilis, Proteus vulgaris, Yersinia pestis and K. pneumoniae (Wesener DA et al.
2015). The 1.6-A-resolution crystal structure of human INTL1 complexed with beta-Galf suggests that INTL1 binds its carbohydrate ligands bearing terminal 1,2-diols through calcium ion-dependent coordination (Wesener DA et al. 2015).
Secreted INTL1 functions as a disulfide-linked trimer (Tsuji S et al., 2001; Tsuji S et al., 2007; Wesener DA
et al., 2015).

Literature references
Forest, KT., Smith, DF., Kiessling, LL., Zarling, LC., Kraft, MB., McBride, R. et al. (2015). Recognition of microbial
glycans by human intelectin-1. Nat. Struct. Mol. Biol., 22, 603-10. ↗
Suzuki, Y., Seya, T., Matsumoto, M., Toyoshima, K., Matsuhisa, A., Tsuji, S. et al. (2001). Human intelectin is a novel
soluble lectin that recognizes galactofuranose in carbohydrate chains of bacterial cell wall. J. Biol. Chem., 276,
23456-63. ↗
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RNASEs bind bacterial LPS, PGN ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6803063
Type: binding
Compartments: cell wall, extracellular region

Ribonucleases (RNase) 3, 6 and 7, which belong to the RNase A superfamily and are secreted upon infection, interact with the components of the bacterial cell wall (Torrent M et al. 2010; Pulido D et al. 2016a,
b).
RNase A family is a vertebrate-specific gene family (Goo SM & Cho S 2013). Members of RNase A family
share specific elements of sequence homology, a unique disulfide-bonded tertiary structure, and the
ability to hydrolyze polymeric RNA (Beintema JJ & Kleineidam RG 1998; Rosenberg HF 2008). Eight catalytically active members are found in humans: RNase1 (pancreatic RNase), RNase2 (eosinophil derived
neurotoxin/EDN), RNase3 (eosinophil cationic protein/ECP), RNase4, RNase5 (angiogenin), RNase6,
RNase7 (skin-derived RNase), and RNase8 (divergent paralog of RNase7) (Sorrentino S 2010). Analysis of
human genome sequence has revealed the existence of five additional RNases named as RNases 9-13, although they appear to lose enzymatic activity (Devor EJ et al. 2004; Castella S et al. 2004; Cho S et al.
2005). All human RNase A family members encode relatively small polypeptides of 14 to 16kDa containing signal peptides of 20 to 28 amino acids for protein secretion. Mature RNases contain 6 to 8 cysteine
residues that are crucial to hold the overall tertiary structure (Sorrentino S 2010). Apart from the ribonuclease activity the RNase A family members have been implicated in a wide variety of biological actions including antipathogen and immunomodulatory activities (Harder J & Schroder JM 2002; Rudolph B et al.
2006; Boix E et al. 2008; Boix and Nogués, 2007; Spencer JD et al. 2011; Becknell B et al. 2015; Rosenberg
HF 2015). Evidence of antimicrobial properties displayed by distantly related members ascribed to the
family an ancestral role in host defence (Pizzo E & DʼAlessio G 2007; Rosenberg HF et al. 2008).
RNase3, RNase6 and RNase7 have been identified as the most potent human antibacterial ribonucleases
with a broad antimicrobial action against Gram-positive and Gram-negative bacteria (Pulido D et al. 2013,
2016; Zhang J et al. 2003; Boix E et al. 2008; Torrent M et al. 2010). Mutagenesis analysis revealed that
ribonuclease-inactive RNase7 protein exhibited similar anti-microbial activity against P. aeruginosa, E.
faecium and E. coli as the wild-type protein suggesting that RNase7 may kill bacteria independently of its
ribonuclease catalytic activity (Huang YC et al. 2007; Koten B et al. 2009). Similar results were reported on
microbicidal effect of ribonuclease-inactive RNase3 and 6 proteins against S. aureus (Rosenberg HF 1995;
Pulido D et al. 2016a). Being cationic proteins with a high pI, RNase3, 6 and 7 interact with anionic components of biological membranes (Zhang J et al. 2003; Boix E et al. 2008; Torrent M et al. 2010; Boix E et
al. 2012; Pulido D et al. 2016a). RNase3, 6 and 7 present, respectively, a high number of either Arg, His or
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Lys surface-exposed residues that may contribute to their distinct bactericidal mechanisms of action
(Torrent M et al. 2010; Prats-Ejarque G et al. 2016). RNase3 displays a membrane disruption capacity that
is dependent on both surface exposed hydrophobic and cationic residues. RNase3 can bind and partially
insert into the lipid bilayers, promoting its aggregation and final lysis, following a carpet-like mechanism. The RNase3 agglutination process precedes the bacterial death and lysis event. The antimicrobial
properties of the RNase6 are comparable to its RNase3 homolog and correlate to the bacterial cell damage and agglutination activities (Pulido D et al. 2016a). In contrast, RNase7 has no significant membrane
aggregation capacity (Torrent M et al. 2010). RNase7 binds and permeabilizes the bacterial membrane
displaying a much higher leakage capacity compared to RNase3 (Torrent M et al. 2010; Huang YC et al.
2007). Membrane permeabilization by RNase7 required four clustered lysine residues but no catalytic
residues (Huang YC et al. 2007). Binding to PGN and LPS has been reported for RNases 3 and 7 (Torrent M
et al. 2010; Pulido D et al. 2016b). Studies using a battery of progressively truncated LPS-defective E. coli
strains correlated the LPS interaction with the protein cell agglutination and bactericidal activities
(Pulido D et al. 2012). Further work indicated that RNase3 and RNase 6 high cell agglutination activity towards Gram negative species is retained by their respective N-terminus peptides (Torrent M et al. 2012,
2013; Pulido D et al. 2016c). In particular, the RNase3 N-terminus encompasses a specific patch (Y33-R36)
required for LPS binding and an hydrophobic aggregation prone region (A8-I16) that mediates the protein self amyloid- like aggregation and promotes the cell death.

Literature references
Boix, E., Nogués, MV., Sánchez, D., Torrent, M. (2008). The antipathogen activities of eosinophil cationic protein.
Curr Pharm Biotechnol, 9, 141-52. ↗
Harder, J., Sahly, H., Schröder, JM., Rudolph, B., Schubert, S., Podschun, R. (2006). Identification of RNase 8 as a
novel human antimicrobial protein. Antimicrob. Agents Chemother., 50, 3194-6. ↗
Boix, E., Badia, M., Sanchez, D., Moussaoui, M., Nogués, MV., Torrent, M. (2010). Comparison of human RNase 3
and RNase 7 bactericidal action at the Gram-negative and Gram-positive bacterial cell wall. FEBS J., 277, 1713-25.
↗
Partida-Sanchez, S., Becknell, B., James, CL., McHugh, KM., Eichler, TE., Li, B. et al. (2015). Ribonucleases 6 and 7
have antimicrobial function in the human and murine urinary tract. Kidney Int., 87, 151-61. ↗
Boix, E., Velázquez, D., Prats-Ejarque, G., Arranz-Trullén, J., Moussaoui, M., Pulido, D. et al. (2016). Insights into the
Antimicrobial Mechanism of Action of Human RNase6: Structural Determinants for Bacterial Cell Agglutination
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RNASEs bind bacterial phospholipids ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-8948027
Type: binding
Compartments: plasma membrane, extracellular region

Human ribonucleases (RNase) 3, 6 and 7, which belong to the RNase A superfamily and are secreted
upon infection, interact with the bacterial cell membrane (Torrent M et al. 2010; Pulido D et al. 2016a, b).
RNase A family is a vertebrate-specific gene family (Goo SM & Cho S 2013). Members of RNase A family
share specific elements of sequence homology, a unique disulfide-bonded tertiary structure, and the
ability to hydrolyze polymeric RNA (Beintema JJ & Kleineidam RG 1998; Rosenberg HF 2008). Eight catalytically active members are found in humans: RNase1 (pancreatic RNase), RNase2 (eosinophil derived
neurotoxin/EDN), RNase3 (eosinophil cationic protein/ECP), RNase4, RNase5 (angiogenin), RNase6,
RNase7 (skin-derived RNase), and RNase8 (divergent paralog of RNase7) (Sorrentino S 2010). Analysis of
human genome sequence has revealed the existence of five additional RNases named as RNases 9-13, although they appear to lose enzymatic activity (Devor EJ et al. 2004; Castella S et al. 2004; Cho S et al.
2005). All human RNase A family members encode relatively small polypeptides of 14 to 16kDa containing signal peptides of 20 to 28 amino acids for protein secretion. Mature RNases contain 6 to 8 cysteine
residues that are crucial to hold the overall tertiary structure (Sorrentino S 2010). Apart from the ribonuclease activity the RNase A family members have been implicated in a wide variety of biological actions including antipathogen and immunomodulatory activities (Harder J & Schroder JM 2002; Rudolph B et al.
2006; Boix E et al. 2008; Boix and Nogués, 2007; Spencer JD et al. 2011; Becknell B et al. 2015; Rosenberg
HF 2015). Evidence of antimicrobial properties displayed by distantly related members ascribed to the
family an ancestral role in host defence (Pizzo E & DʼAlessio G 2007; Rosenberg HF et al. 2008).
RNase3, RNase6 and RNase7 have been identified as the most potent human antibacterial ribonucleases
with a broad antimicrobial action against Gram-positive and Gram-negative bacteria (Pulido D et al. 2013,
2016; Zhang J et al. 2003; Boix E et al. 2008; Torrent M et al. 2010). Mutagenesis analysis revealed that
ribonuclease-inactive RNase7 protein exhibited similar anti-microbial activity against P. aeruginosa, E.
faecium and E. coli as the wild-type protein suggesting that RNase7 may kill bacteria independently of its
ribonuclease catalytic activity (Huang YC et al. 2007; Koten B et al. 2009). Similar results were reported on
microbicidal effect of ribonuclease-inactive RNase3 and 6 proteins against S. aureus (Rosenberg HF 1995;
Pulido D et al. 2016a). Being cationic proteins with a high pI, RNase3, 6 and 7 interact with anionic components of biological membranes (Zhang J et al. 2003; Boix E et al. 2008; Torrent M et al. 2010; Boix E et
al. 2012; Pulido D et al. 2016a). RNase3, 6 and 7 present, respectively, a high number of either Arg, His or
Lys surface-exposed residues that may contribute to their distinct bactericidal mechanisms of action
(Torrent M et al. 2010; Prats-Ejarque G et al. 2016). RNase3 displays a membrane disruption capacity that
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is dependent on both surface exposed hydrophobic and cationic residues. RNase3 can bind and partially
insert into the lipid bilayers, promoting its aggregation and final lysis, following a carpet-like mechanism. The RNase3 agglutination process precedes the bacterial death and lysis event. The antimicrobial
properties of the RNase6 are comparable to its RNase3 homolog and correlate to the bacterial cell damage and agglutination activities (Pulido D et al. 2016a). In contrast, RNase7 has no significant membrane
aggregation capacity (Torrent M et al. 2010). RNase7 binds and permeabilizes the bacterial membrane
displaying a much higher leakage capacity compared to RNase3 (Torrent M et al. 2010; Huang YC et al.
2007). Membrane permeabilization by RNase7 required four clustered lysine residues but no catalytic
residues (Huang YC et al. 2007). Binding to PGN and LPS has been reported for RNases 3 and 7 (Torrent M
et al. 2010; Pulido D et al. 2016b). Studies using a battery of progressively truncated LPS-defective E. coli
strains correlated the LPS interaction with the protein cell agglutination and bactericidal activities
(Pulido D et al. 2012). Further work indicated that RNase3 and RNase 6 high cell agglutination activity towards Gram negative species is retained by their respective N-terminus peptides (Torrent M et al. 2012,
2013; Pulido D et al. 2016c). In particular, the RNase3 N-terminus encompasses a specific patch (Y33-R36)
required for LPS binding and an hydrophobic aggregation prone region (A8-I16) that mediates the protein self amyloid- like aggregation and promotes the cell death.

Literature references
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↗
Partida-Sanchez, S., Becknell, B., James, CL., McHugh, KM., Eichler, TE., Li, B. et al. (2015). Ribonucleases 6 and 7
have antimicrobial function in the human and murine urinary tract. Kidney Int., 87, 151-61. ↗
Boix, E., Velázquez, D., Prats-Ejarque, G., Arranz-Trullén, J., Moussaoui, M., Pulido, D. et al. (2016). Insights into the
Antimicrobial Mechanism of Action of Human RNase6: Structural Determinants for Bacterial Cell Agglutination
and Membrane Permeation. Int J Mol Sci, 17, 552. ↗
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GNLY binds the bacterial cell surface ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6806732
Type: binding
Compartments: plasma membrane, extracellular region

Cationic protein granulysin (GNLY) is produced by activated human cytotoxic T lymphocytes (CTL) and
natural killer (NK) cells (Pena SV et al. 1997; Stenger S et al. 1998; Ogawa K et al. 2003). GNLY can target
extracellular and intracelullar pathogens. It is believed that the electrostatic interaction between the
cationic GNLY and the negatively charged microbial cell surface increases the ability of GNLY to fold into
amphipathic conformation which can disrupt microbial membranes resulting in cytolysis by osmotic
shock (Wang Z et al. 2000; Ernst WA et al. 2000; Anderson DH et al. 2003; Barman H et al. 2006).
GNLY is synthesized as a 15-kDa molecule and then proteolytically cleaved at the amino and carboxyl termini to produce a 9-kDa form (Pena SV et al. 1997; Hanson DA et al. 1999). The 9 -kDa form of GNLY is
confined to cytolytic granules that are directionally released by receptor-mediated granule exocytosis following target cell recognition (Hanson DA et al. 1999; Clayberger C et al 2012). In contrast, the 15-kDa
form is constitutively secreted from distinct granules that lack perforin and granzyme (Clayberger C et al
2012). The 9-kDa GNLY exhibits cytolytic activity on the numerous microbes ranging from extracellular
and intracellular bacteria to fungi and parasite (Stenger S et al. 1998; Ernst WA et al. 2000). GNLY kills
Mycobacterium tuberculosis, the causative agent in tuberculosis and Plasmodium falciparum, a cause of
malaria (Stenger S et al. 1998; Farouk SE et al. 2004). Alongside its ability to kill bacteria, fungi, and parasites, GNLY can block viral replication and trigger apoptosis in infected cells (Hata A et al. 2001).
Besides its direct antimicrobial activity, GNLY shows tumoricidal activity by inducing apoptosis in tumor
cells. Both 9-kDA and 15-kDA forms of GNLY may also function as chemoattractants for T lymphocytes,
monocytes and other inflammatory cells and activates the expression of a number of cytokines (Deng A
et al. 2005; Castiello L et al. 2011).

Literature references
Teitelbaum, R., Stenger, S., Porcelli, SA., Ganz, T., Bloom, BR., Dewan, P. et al. (1998). An antimicrobial activity of
cytolytic T cells mediated by granulysin. Science, 282, 121-5. ↗
Bloom, BR., Teitelbaum, R., Ko, C., Clayberger, C., Leippe, M., Krensky, AM. et al. (2000). Granulysin, a T cell
product, kills bacteria by altering membrane permeability. J. Immunol., 165, 7102-8. ↗
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GNLY is transferred to the phagosome ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6807565
Type: omitted
Compartments: plasma membrane, phagocytic vesicle lumen, extracellular region

The antimicrobial protein granulysin (GNLY) is secreted from activated human cytotoxic T lymphocytes
(CTL) and natural killer (NK) cells (Pena SV et al. 1997; Stenger S et al. 1998; Hanson DA et al. 1999;
Ogawa K et al. 2003). The cationic GNLY binds to negatively charged surfaces found in bacteria causing
defects in membranes of extracellular and intracellular pathogs (Stenger S et al. 1998; Ernst WA et al.
2000; Barman H et al. 2006). While showing strong antimicrobial activity, GNLY does not permeabilize
cell membranes with eukaryotic lipid composition (Barman H et al. 2006). GNLY bound to lipid rafts or
phospholipid on eukaryotic cell membranes can be internalized by lipid rafts and delivered to the early
sorting endosomes which afterwards fuse with bacteria-containing phagosomes, where the GNLY-mediated lysis of bacteria is induced (Walch M et al. 2005, 2007). GNLY may require perforin as a cofactor to
enter the host cells (Stenger S et al. 1998) However, it was also suggested that perforin promotes GNLYmediated bacteriolysis not by the formation of stable pores that allow passive diffusion of GNLS but
rather by an increase in endosome-phagosomes fusion triggered by an intracellular Ca(2+) rise (Walch M
et al. 2007).
Followed by: GNLY binds the bacterial cell surface in the phagosome

Literature references
Barman, H., Ziegler, U., Groscurth, P., Eppler, E., Walch, M., Dumrese, C. (2005). Uptake of granulysin via lipid rafts
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GNLY binds the bacterial cell surface in the phagosome ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6807578
Type: binding
Compartments: plasma membrane, phagocytic vesicle lumen

Granulysin (GNLY), an antimicrobial protein, is produced by activated human cytotoxic T lymphocytes
(CTL) and natural killer (NK) cells (Pena SV et al. 1997; Stenger S et al. 1998; Ogawa K et al. 2003). GNLY is
synthesized as a 15-kDa molecule and then proteolytically cleaved at the amino and carboxyl termini to
produce a 9-kDa form (Pena SV et al. 1997; Hanson DA et al. 1999). The 9 -kDa form of GNLY is confined
to cytolytic granules that are directionally released by receptor-mediated granule exocytosis following
target cell recognition (Hanson DA et al. 1999; Clayberger C et al 2012). In contrast, the 15-kDa form is
constitutively secreted from distinct granules that lack perforin and granzyme (Clayberger C et al 2012).
The secreted 9-kDa GNLY is active against a range of intracellular pathogens, such as Listeria innocua,
Mycobacterium tuberculosis and Trypanosoma cruzi (Stenger S et al. 1998; Walch M et al. 2005). The
secreted GNLY is thought to bind to lipid rafts in eukaryotic cell membranes, where it is taken up and delivered to the early sorting endosomes which afterwards fuse with bacteria-containing phagosomes,
where the GNLY-mediated lysis of bacteria is induced (Stenger S et al. 1998; Barman H et al. 2006; Walch
M et al. 2005, 2007). Perforin is thought to promote GNLY-mediated bacteriolysis by an increase in endosome-phagosomes fusion triggered by an intracellular Ca(2+) rise (Walch M et al. 2007). However, it was
also suggested that GNLY may require perforin as a cofactor to enter the host cells (Stenger S et al. 1998).
It is believed that the electrostatic interaction between the cationic GNLY and the negatively charged microbial cell surface increases the ability of GNLY to fold into amphipathic conformation which can disrupt microbial membranes resulting in cytolysis by osmotic shock (Wang Z et al. 2000; Ernst WA et al.
2000; Anderson DH et al. 2003; Barman H et al. 2006).
Preceded by: GNLY is transferred to the phagosome

Literature references
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HTN1,HTN3 or HTN5 binds the bacterial anionic surface ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6807144
Type: binding
Compartments: plasma membrane, extracellular region

Histatins (HTNs) is a family of small histidine-rich peptides (18-28 mol%) that present in the saliva and
secreted by parotid, sub-mandibular and sub-lingual salivary glands (Oppenheim FG et al. 1988; Troxler
RF 1990; Gornowicz A et al. 2014). The members of HTN family are structurally related peptides of which
histatin 1 and 3 are full-length proteins encoded by closely related loci of two distinct genes, HTN1 and
HTN3 (Oppenheim FG et al. 1988; Troxler RF 1990; Sabatini LM et al 1993). The smaller peptides are generated by proteolytic cleavage of parent HTN1 and HTN3 proteins by salivary proteases during secretion
(Troxler RF 1990; Castagnola M et al. 2004).
HTNs exhibited antibacterial activity in vitro against various bacteria, including S. mutans, P. gingivalis,
A. actinomycetemcomitans, P. aeruginosa and St. aureus (MacKay BJ et al. 1984; Murakami Y et al. 1991;
Payne JB et al. 1991; Nishikata MH et al. 1991; Sajjan US et al. 2001; Murakami Y et al. 2002; Giacometti A
et al. 2005; Welling MM et al. 2007). HTNs were also active against complex mixtures of bacteria, such as
those present in saliva and plaque (Helmerhorst EJ et al. 1999). The antibacterial activity of HTNs is
thought to rely on electrostatic interactions of cationic HTNs with anionic phospholipids, such as phosphatidylglycerol and cardiolipin on the bacterial cell surface (De Smet K & Contreras R 2005). HTNs have
also been shown to possess a fungicidal activity (Oppenheim FG et al. 1988; Troxler RF 1990). HTN5 (a
product of HTN3 gene) is the most potent among all histatin family members with regard to its antifungal
activity against C.albicans and C.neoformans (Xu T et al. 1991; Tsai H & Bobek LA 1997; Helmerhorst EJ
et al. 2001).

Literature references
Offner, GD., Xu, T., Oppenheim, FG., Levitz, SM., Troxler, RF., Diamond, RD. et al. (1988). Histatins, a novel family
of histidine-rich proteins in human parotid secretion. Isolation, characterization, primary structure, and fungistatic effects on Candida albicans. J. Biol. Chem., 263, 7472-7. ↗
Santone, C., Melino, S., Di Nardo, P., Sarkar, B. (2014). Histatins: salivary peptides with copper(II)- and zinc(II)-binding motifs: perspectives for biomedical applications. FEBS J., 281, 657-72. ↗
Contreras, R., De Smet, K. (2005). Human antimicrobial peptides: defensins, cathelicidins and histatins. Biotechnol.
Lett., 27, 1337-47. ↗

https://www.reactome.org

Page 37

Editions
2015-10-05

Authored

Shamovsky, V.

2016-04-15

Reviewed

Jupe, S.

2016-08-02

Reviewed

Hains, DS.

2016-08-15

Edited

Shamovsky, V.

https://www.reactome.org

Page 38

HTN5, (HTN1, HTN3) binds fungal SSA1/SSA2 ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6807581
Type: binding
Compartments: extracellular region

Histatins (HTNs) is a family of small, histidine-rich (18-28 mol%), cationic peptides that present in the
saliva and secreted by parotid, submandibular and sub-lingual salivary glands (Oppenheim FG et al.
1988; Troxler RF et al. 1990; Hu S et al. 2005; Gornowicz A et al. 2014). Histatins 1, 3, and 5 are the most
abundant peptides (Flora B et al. 2001; Gusman H et al. 2004; Hardt M et al. 2005). Histatin 1 and 3 are encoded by the HTN1 and HTN3 gene respectively (Sabatini LM et al 1993). Other histatin peptides are proteolytic derivatives of HTN1 and HTN3 (Troxler RF et al. 1990; Castagnola M et al. 2004; Messana I et al.
2008; Sun X et al. 2009). HTN3(20-43), a proteolytic product of histatin 3, is known as histatine 5.
The functional role of HTNs peptides in vivo involves prevention of the oral overgrowth of Candida albicans in oropharyngeal candidiasis (Jainkittivong A et al. 1998; Khan SA et al. 2013). HTNs display candidacidal and candidastatic activities in vitro against Candida albicans, Candida glabrata, Candida dubliniensis, Candida krusei, Saccharomyces cerevisiae, Cryptococcus neoformans and Neurospora crassa (Tsai H
& Bobek LA 1997, 1998; Oppenheim FG et al. 1988; Xu T et al. 1991; Rayhan R et al. 1992; Helmerhorst EJ
et al. 1999; van't Hof W et al. 2000; Fitzgerald DH et al. 2003). Histatin 5 shows the highest anticandicidal
activity of the family in vitro at physiological concentrations found in saliva (15–50 microM) (Xu T et al.
1991). The candidacidal activity of histatin 5 results from a multistep molecular mechanism involving the
recognition and binding of the peptide to the yeast cell wall proteins Ssa1/2p followed by the peptide internalization (Edgerton M et al. 1998; Li XS et al. 2003; Sun JN et al. 2008). Histatin 5 internalization is required for fungicidal activity in Candida species (Li XS et al. 2006; Jang WS et al. 2010). Ultimately, histatin 5 is transported into the cell through the fungal polyamine transporters Dur3 and Dur31 in an energydependent process (Kumar R et al. 2011; Tati S et al. 2013). Histatin 5- mediated killing involves interaction with the fungal mitochondrial membrane (Helmerhorst EJ et al. 1999; Gyurko C et al. 2000; 2001). Interference with mitochondrial respiratory machinery can lead to generation of reactive oxygen species
(ROS) and ATP release (Helmerhorst EJ et al. 2001; Gyurko C et al. 2000; 2001). The killing of C. albicans is
accompanied by the release of intracellular potassium ions and the Trk1 potassium channel is critical
(Pollock JJ et al. 1984; Baev D et al 2004; Vylkova S et al. 2006). Histatine 5 has also been shown to bind
various metals in saliva namely, Zn, Cu, Fe and Ni that can modulate the peptide candidacidal properties
(Melino S et al. 1999; 2014; Puri S et al. 2015).

Literature references
Offner, GD., Xu, T., Oppenheim, FG., Levitz, SM., Troxler, RF., Diamond, RD. et al. (1988). Histatins, a novel family
of histidine-rich proteins in human parotid secretion. Isolation, characterization, primary structure, and fungistatic effects on Candida albicans. J. Biol. Chem., 263, 7472-7. ↗
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BPI binds LPS on the bacterial surface ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6807585
Type: binding
Compartments: cell wall, extracellular region

Bactericidal permeability-increasing protein (BPI) is a 57-kDa cationic antimicrobial protein that is
present principally in the azurophilic granules of polymorphonuclear leukocytes (Elsbach P 1998). BPI
has both heparin- and LPS-binding capacity and displays anti-inflammatory activity and direct bactericidal action toward Gram-negative bacteria (Ooi CE et al. 1991; Weiss J et al. 1992; Levy O et al. 2000).
Direct bactericidal activity and lipopolysaccharide neutralization are mediated by the N-terminal part of
the protein, whereas the C-terminal region has been shown to opsonize bacteria (Iovine NM et al. 1997;
Elsbach P & Weiss J 1998).
Antineutrophil cytoplasmic autoantibodies against BPI (BPI-ANCA) have been found in diseases of different etiologies, such as cystic fibrosis, TAP deficiency or inflammatory bowel diseases (Walmsley RS et al.
1997; Schultz H et al. 2004; Schinke S et al. 2004; Aichele D et al. 2006). The presence of BPI-ANCA has
been shown to correlate with the chronic or profuse exposure of the host to Gram-negative bacteria and
their endotoxin (Aebi C et al. 2000; Carlsson M et al. 2003; Schultz H et al. 2003; Schultz H 2007).

Literature references
Weiss, J., Theofan, G., Shu, C., Horwitz, A., Castillo, J., Elsbach, P. et al. (1992). Human bactericidal/permeability-increasing protein and a recombinant NH2-terminal fragment cause killing of serum-resistant gram-negative bacteria in whole blood and inhibit tumor necrosis factor release induced by the bacteria. J. Clin. Invest., 90, 1122-30.
↗
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Weiss, J., Elsbach, P. (1998). Role of the bactericidal/permeability-increasing protein in host defence. Curr. Opin. Immunol., 10, 45-9. ↗

Editions
2015-10-05

Authored

2016-04-15

Reviewed

Jupe, S.

2016-08-02

Reviewed

Hains, DS.

2016-08-15

Edited

Shamovsky, V.

https://www.reactome.org

Shamovsky, V.

Page 41

CHGA-derived peptide binds the bacterial cell surface ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6808566
Type: binding
Compartments: plasma membrane, extracellular region

Chromogranin A (CHGA) belongs to the granin family of acidic proteins enclosed in secretory vesicles of
nervous, endocrine and immune cells. The proteolytic cleveages of specific CHGA sequences by the prohormone convertases generate bioactive fragments that exert a broad spectrum of regulatory activities
by influencing the endocrine, cardiovascular and immune systems and affect glucose and calcium
homeostasis (Helle KB et al. 2007; Aslam R et al. 2012; D'amico MA et al. 2014; Aung G et al. 2011; Tota B
et al. 2014).
Several CHGA-derived peptides such as vasostatin-1 (CHGA(19-94) ) and catestatin (CHGA(370-390)) display antimicrobial activities against bacteria, fungi and yeasts (Lugardon K et al. 2000; Briolat J et al.
2005; Radek KA et al. 2008; Aslam R et al. 2013; Shooshtarizadeh P et al. 2010). These peptides are found
in biological fluids involved in defence mechanisms (human serum and saliva) and in supernatants of
stimulated human neutrophils (Lugardon K et al. 2000; Briolat J et al. 2005). In addition, catestatin
(CHGA(370-390) exhibits antimicrobial activity against skin pathogens suggesting a function in cutaneous
antimicrobial defense (Radek KA et al. 2008). Biophysical and structural analysis of human catestatin and
bovine cateslytin suggests that cationic CHGA-derived peptides interact with anionic phospholipids on
the bacterial surface (Sugawara M et al. 2010; Jean-Francois F et al. 2008). However, It remains to be clarified whether catestatin functions as a pore-forming or cell-penetrating agent.

Literature references
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O'Connor, DT., Taupenot, L., Radek, KA., Niesman, IR., Gallo, RL., Hupe, M. et al. (2008). The neuroendocrine peptide catestatin is a cutaneous antimicrobial and induced in the skin after injury. J. Invest. Dermatol., 128, 1525-34.
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PI3 binds the bacterial surface ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6810724
Type: binding
Compartments: cell wall, extracellular region

Peptidase inhibitor 3 (PI3) is a low-molecular-weight protein produced by epithelial and immune cells
(Pfundt R et al. 1996; Molhuizen HO et al. 1993; Sallenave et al. 1994). It is secreted as a 9.9 kDa precursor
protein PI3(23-117) (known as trappin-2 or pre-elafin) that contains an N-terminal 38 amino acids domain
(named cementoin) and a C-terminal 57-residue domain with the whey acidic protein (WAP) structure
(Nara K et al. 1994). Mature PI3 (elafin) is a 6 kDa generated via proteolytic processing of PI3(23-117),
primarily by the mast cell-derived protease tryptase (Guyot N et al. 2005). Both 6kDa and 9.9 kDa proteins
of PI3 possess an antimicrobial function (Baranger K et al. 2008). The antimicrobial activity of PI3 is
thought to depend on its cationic nature which allows PI3 to interact with and disrupt the membranes of
target organisms (Baranger K et al. 2008). In vitro, PI3 protected human cells against two major respiratory pathogens, the Gram-negative Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus
(Simpson AJ et al. 1999; 2001). In vivo, PI3 also protected murine lungs against the injurious effects of
both bacterial pathogens (Simpson AJ et al. 2001; McMichael JW et al. 2005). In addition to the abovementioned pathogens PI3 showed bactericidal activity in vitro against Klebsiella pneumoniae, Haemophilus influenzae, Streptococcus pneumoniae, Mycobacterium tuberculosis and Branhamella catarrhalis
(Meyer-Hoffert U et al. 2003; Baranger K et al. 2008; Gomez SA et al. 2009). Furthermore PI3 possesses potent fungicidal activity against Aspergillus fumigatus and Candida albicans, which have preferential tropism for human lung tissue and other mucosae (Baranger K et al. 2008). PI3 has also been shown to possess antiviral activity against human immunodeficiency virus (HIV) and herpes simplex virus 2 (HSV2)
(McNeely TB et al. 1995, 1997; Iqbal SM et al. 2009; Ghosh M et al. 2010; Drannik AG et al. 2013). The
mechanism of antiviral activity remains to be clarified. Besides microbicidal activity, PI3 proteins can
function as inhibitors of peptidase activity of human neutrophil elastase and proteinase 3 through the
WAP domain. The antipeptidase activity of PI3 is thought to control excessive inflammation and tissue
damage (Nara K et al 1994; Moreau T et al. 2008). The antipeptidase activity of the precursor protein of
PI3(23-117)(trappin-2) was also found to prevent proliferation of P. aeruginosa by inhibiting bacterial serine peptidase (Bellemare A et al. 2008; 2010). However, another study showed that PI3 exerted its antibacterial effects through mechanisms independent from its intrinsic antiprotease capacity and suggested
that the cationic nature of PI3 peptides is responsible for its bactericidal activity (Baranger K et al. 2008).
PI3 is constitutively expressed in a number of epithelial barriers that are constantly exposed to foreign
antigens and pathogens, including skin, airway, and intestinal mucosa (Pfundt R et al. 1996). PI3 can be
transcriptionally upregulated at various sites of inflammation by LPS or pro-inflammatory cytokines
https://www.reactome.org
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such as IL1B and TNF (Sallenave JM et al. 1994; Alkemade JA et al. 1994; Pfundt R et al. 2000, Simpson AJ
et al. 2001).

Literature references
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BPIF binds bacteria ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6809521
Type: binding
Compartments: plasma membrane, extracellular region

BPI fold-containing (BPIF) proteins (known as PLUNC (palate, lung and nasal epithelium clone) proteins)
are expressed largely in the respiratory tract of air-breathing vertebrates (Bingle CD et al. 2011). Due to
both the presence at host-pathogen interface and sequence/structural similarities to members of a lipidtransfer protein family such as bactericidal/permeability-increasing (BPI) and lipopolysaccharide-binding (LBP) proteins, the BPIF family of proteins are predicted to have host-protective functions (Bingle CD
& Craven CJ 2002, 2003; Beamer et al. 1997; Bingle CD et al. 2004; 2011). Although the BPIF proteins are
thought to have the ability to bind to and transfer lipid molecules, their biological antimicrobial properties have yet to be elucidated (Bingle CD & Craven CJ 2003; ).
BPIFs are subdivided into two groups, the long (BPIFB or LPLUNC) and short (BPIFA or SPLUNC) proteins. The BPIFB (LPLUNC) proteins have sequence and structure homology to both the LPS-binding Nterminus and the C-terminus of BPI, which is responsible for its opsonization activity, and BPIFA
(SPLUNC) have homology to only the N-terminal half of BPI (....).
may function in an antimicrobial manner, however,

It is proposed that the BPIF proteins

showed a high degree of conservation of genomic

organization and of exon sizes. all show the same conservation of two cysteine residues which form
a critical disulphide bond (Beamer et al. 1997) The function of the BPIF family of proteins has yet
to be elucidated, but due to their predicted structure and their similarity in gene location to known LPS
binding proteins, BPI and LBP, it is proposed that they function in an antimicrobial manner may function in the innate immune system, against gram negative bacterial LPS, either by acting directly
against bacteria in a bactericidal manner, initiating an immune response or as an anti-toxin, by reducing the inflammatory response.All members of this family appear to have the ability to bind to and
transfer lipid molecules (Bingle and Craven, 2003). BPIFA1 (SPLUNC1) is secreted in the epithelium of
the upper airways, where it coats the surface of the epithelium and cilia, but significantly greater expression is seen in the submucosal cells and ducts of glands associated with the upper airways (Campos MA
et al. 2004; Di YP et al. 2003; Bingle L et al. 2005; Bingle L & Bingle CD 2011). BPIFA1 is considered to contribute to mucosa immunity protecting the upper airway from infections. The antibacterial properties
BPIFA1 have been demonstrated with regard to Staphylococcus aureus, Streptococcus, Pseudomonas,
Mycoplasma pneumonia and Klebsiella pneumonia (Di YP 2011; Gally F et al. 2011; Tsou YA et al. 201; Liu
Y et al. 2013). It is also considered to have antibiofilm functionality through its ability to modulate surface
tension of airway fluids (Gakhar L et al. 2010; Bartlett JA et al. 2011; Liu Y et al. 2013). In addition, BPIFA1
negatively regulates epithelial sodium channel (ENaC) function, affecting the height of the airway sur-
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face liquid, which is essential for adequate mucociliary clearance (Garcia-Caballero A et al. 2009; Hobbs
CA et al. 2013; Tarran R & Redinbo MR 2014). Furthermore, BPIFA1 also shows immunomodulatory properties in different mouse models of acute airway inflammations (). The high level of BPIFA1 present in
the airways under basal conditions fluctuating rapidly in response to environmental stress and upon airway inflammation. The fluctuations in the BPIFA1 levels are thought to help the local milieu in optimizing protective functions in the airways (Bingle L et al. 2007; Britto CJ and Cohn L 2015). SPLUNC2 is expressed in serous cells of the major salivary glands and in minor mucosal glands mainly secreted from
the upper airway.

Literature references
Craven, CJ., Bingle, CD. (2002). PLUNC: a novel family of candidate host defence proteins expressed in the upper airways and nasopharynx. Hum. Mol. Genet., 11, 937-43. ↗
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LEAP2 binds bacteria ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6813626
Type: binding
Compartments: plasma membrane, extracellular region

Liver-expressed antimicrobial peptide 2 (LEAP2) is a cationic peptide, which is believed to have a protective function against bacterial infection (Krause A et al. 2003; Henriques ST et al. 2010; Hocquellet A et al.
2010). LEAP2, originally isolated from human blood, is expressed predominantly in the liver but is also
produced by a wide range of other tissues and organs, including the kidney and the intestinal tract
(Krause A et al. 2003; Howard A et al. 2010).
Structural analysis of LEAP2 revealed a compact central core stabilized by two disulfide bonds between
Cys17-28 and Cys23-33 and a network of hydrogen bonds (Henriques ST et al. 2010; Hocquellet A et al.
2010). The central core of LEAP2 contains the majority of the arginine and lysine residues, which are
clustered to form an extended, positively-charged patch on the surface of the molecule (Henriques ST et
al. 2010). The terminal segments of LEAP2 are relatively unstructured and contain the majority of the hydrophobic residues (Henriques ST et al. 2010). Membrane-affinity studies show that LEAP2 membrane
binding is governed by electrostatic attractions, which are sensitive to ionic strength. Truncation studies
found that the C-terminal region of LEAP2 is irrelevant for both membrane binding and antimicrobial
activity, whereas the N-terminal (hydrophobic domain) and core regions (cationic domain) are essential
(Henriques ST et al. 2010).
LEAP2 showed antimicrobial activity against Bacillus subtilis at low ionic strength (Henriques ST et al.
2010). The inability of LEAP2 to inhibit B. subtilis growth at physiologically relevant salt concentration is
consistent with a proposed electrostatic contribution to membrane binding (Henriques ST et al. 2010).
Other bacteria such as Gram-positive Bacillus megaterium, Staphylococcus carnosus, Micrococcus luteus
and Gram-negative Neisseria cinerea are also sensitive to treatment with LEAP2 (Krause A et al. 2003).
Furthermore, the native and reduced forms of LEAP2 show similar membrane affinity and antimicrobial
activities; this suggests that disulfide bonds are not essential for bactericidal activity (Henriques ST et al.
2010; Hocquellet A et al. 2010). LEAP2 did not affect the growth of Escherichia coli and S. aureus at
physiological or low ionic strength (Henriques ST et al. 2010). LEAP2 was found to be inactive against
Pseudomonas fluorescens (Krause A et al. 2003). The antimicrobial potential of LEAP2 against E. coli, B.
subtilis, B. megaterium, and M. luteus was significantly lower than that of cathelicidin LL37 (Hocquellet
A et al. 2010). Further study is needed to clarify the antimicrobial activity of LEAP2.
LEAP2 is highly conserved throughout vertebrates, particularly in mammals suggesting that LEAP2 has
additional physiological functions that remain to be elucidated (Krause A et al. 2003; Zhang YA et al. 2004;
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Townes CL et al. 2009; Henriques ST et al. 2010).
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EPPIN protein complex binds bacteria ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6810643
Type: binding
Compartments: sperm plasma membrane

Epididymal protease inhibitor (EPPIN) is an androgen-regulated sperm-binding protein (Yenugu S et al.
2004). EPPIN is expressed specifically in the testis and epididymis (Richardson RT et al. 2001). EPPIN
coats the surface of human testicular and epididymal spermatozoa as part of a protein complex containing lactotransferrin (LTF) and clusterin (CLU) (Wang Z et al. 2007; Paasch U et al. 2011). During ejaculation, semenogelin 1 (SEMG1) binds to EPPIN in the complex (Wang Z et al. 2005; 2007; O'Rand MG et al,
2009; 2011; Silva EJ et al. 2012). The components of the complex, EPPIN, LTF and SEMG1-derived peptides have been shown to possess microbicidal activity. EPPIN exhibited dose- and time-dependent antibacterial activity against E. coli (Yenugu S et al. 2004). While the activity of EPPIN was relatively insensitive to salt, it was completely lost on reduction and alkylation of Cys residues of EPPIN, indicating the importance of disulfide bonds (Yenugu S et al. 2004). Furthermore, EPPIN was able to induce morphological alterations of E. coli membranes as shown by scanning electron microscopy and measuring bacterial
respiratory electron transport (Yenugu S et al. 2004; McCrudden MT et al. 2008). LTF is a multifunctional
protein that is best known for its ability to bind iron, which eventually led to the discovery of its antibacterial activity. In addition, LTF has demonstrated potent antiviral, antifungal and antiparasitic activity towards a broad spectrum of species (Legrand D et al. 2008). SEMG1-derived peptides were found in the
cationic fraction of seminal plasma and showed high levels of antibacterial activity against E. coli and B.
megaterium (Bourgeon F et al. 2004; Edstrom AM et al. 2008). The EPPIN protein complex provides antimicrobial activity on the sperm surface. In addition, the binding of SEMG1 to EPPIN during ejaculation
inhibits sperm progressive motility, possibly by disturbing the regulation of intracellular pH, resulting in
the loss of calcium (O'Rand MG et al, 2009; O'Rand MG & Widgren EE 2012). In parallel, EPPIN inhibits
the digestion of SEMG1 by the serine protease prostate specific antigen (PSA), which results in the modulation of semen liquefaction, further prolonging the inhibitory effects of SEMG1 on sperm motility (Wang
Z et al. 2005; Wang ZJ et al. 2008; Silva EJ et al. 2013).
EPPIN has two potential protease inhibitory domains: a whey acid protein (WAP)-type four disulfide core
(WFDC) domain and a Kunitz domain (Richardson RT et al. 2001; McCrudden MT et al. 2008). While both
domains of EPPIN are involved in the protein's antibacterial activity, only the Kunitz domain is required
for selective protease inhibition (McCrudden MT et al. 2008).
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LYZ binds bacterial peptidoglycan ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-8862300
Type: binding
Compartments: cell wall, extracellular region

Human lysozyme (LYZ), also known as 1,4-beta-N-acetylmuramidase C, is found in human secretions
such as tears, milk, mucus and saliva (Surna A et al. 2009; Minami J et al. 2015; Sahin O et al. 2016;
Masschalck B & Michiels CW. 2003). LYZ functions primarily as a bacteriolytic agent by catalyzing hydrolysis of (1->4)-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in the
bacterial cell wall peptidoglycan (Schindler M et al. 1977; Surna A et al. 2009). Nonenzymatic bactericidal
activity of LYZ has been documented as well and is generally associated with the cationic properties of
LYZ (Ito Y et al. 1997; Nash JA et al. 2006). LYZ acts against both Gram-positive and Gram-negative bacteria such as Peptostreptococcus micros, Eubacterium nodatum, Eikenella corrodens, Fusobacterium
periodontium and Campylobacter rectus (Laible & Germaine 1985, Surna A et al. 2009; Tenovuo J 2002).
Followed by: LYZ hydrolyzes peptidoglycans in the bacterial cell wall

Literature references
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LYZ hydrolyzes peptidoglycans in the bacterial cell wall ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-8862320
Type: omitted
Compartments: cell wall, extracellular region

Lysozyme (LYZ), also known as 1,4-beta-N-acetylmuramidase C, is a host hydrolytic enzyme with muramidase activity that hydrolyzes (1->4)-beta-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in the bacterial cell wall peptidoglycan (Schindler M et al. 1977; Surna A et al. 2009). LYZ
acts against both gram-positive and gram-negative bacteria such as Peptostreptococcus micros, Eubacterium nodatum, Eikenella corrodens, Fusobacterium periodontium and Campylobacter rectus (Surna A
et al. 2009; Tenovuo J 2002). The muramidase activity of LYZ is thought to be more effective against
Gram-positive bacteria with their peptidoglycan layer exposed to the extracellular milieu. The detailed
mechanism by which LYZ hydrolyses its substrate is described for hen egg-white lysozyme (HEWL)
(Blake CC et al. 1967; Vocadlo DJ et al. 2001).
Many pathogens such as Streptococcus pneumoniae have evolved lysozyme resistance to prevent peptidoglycan hydrolysis. The primary mechanism for lysozyme resistance in both Gram-positive and Gramnegative organisms appears to be direct modification of peptidoglycan; however, modification of other
cell wall-linked components, such as teichoic acid, may also contribute to resistance (Amano K & Williams JC 1983; Bera A et al. 2005; Pushkaran AC et al. 2015).
LYZ is found in many human secretions such as tears, milk, mucus and saliva (Surna A et al. 2009; Minami J et al. 2015; Sahin O et al. 2016; Masschalck B & Michiels CW. 2003).
Preceded by: LYZ binds bacterial peptidoglycan

Literature references
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ELANE, CTSG or PRTN3 binds bacteria ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6813659
Type: binding
Compartments: plasma membrane, extracellular region

Polymorphonuclear neutrophils (PMNs) are the most abundant circulating blood leukocytes that are rapidly recruited to sites of infection by host- and/or pathogen-derived components. PMNs provide the firstline defense against infection killing invading pathogens and resolving the inflammation they cause
(Kobayashi SD et al. 2005). Activated neutrophils are known to release a variety of molecules, including
the neutrophil serine proteases such as neutrophil elastase (ELINE), proteinase 3 (PRTN3) and cathepsin
G (CTSG) (Garwicz D et al. 2005). Neutrophil serine proteases contribute to antimicrobial defense by
•

attacking membrane-associated (E. coli) or capsule proteins (S.pneumonia), which leads to loss of
membrane integrity (Belaaouaj A et al. 2000; Standish AJ & Weiser JN 2009)

•

processing host immune proteins to generate antimicrobial peptides that can directly kill bacteria
(Sorensen OE et al. 2001)

•

targeting and inactivating bacterial virulence factors to attenuate bacteria (Weinrauch Y et al. 2002;
Lopez-Boado YS et al. 2004)
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PLA2G2A binds bacterial phospholipids ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-8862771
Type: binding
Compartments: plasma membrane, extracellular region

Human group IIA secreted phospholipase A2 (PLA2G2A, sPLA2-IIA) is an acute phase protein that is induced in the serum under inflammatory conditions (Crowl RM et al. 1991; Lindbom J et al. 2002).
PLA2G2A is a highly cationic protein with a positive charge globally distributed over the protein surface
(Wery LP et al. 1991; Scott DL et al. 1994; Birts CN et al. 2010). The structure supports two functions of the
protein
•

An antibacterial role where the enzyme catalyzes the calcium-dependent hydrolysis of phospholipids in the bacterial membranes causing leakage of cell content (Buckland AG et al. 2000a,b; Foreman-Wykert AK et al. 1999; Beers SA et al. 2002; Nevalainen TJ et al. 2008)

•

A proposed non-catalytic role in which PLA2G2A forms supramolecular aggregates with anionic
phospholipid vesicles or debris (Bezzine S et al. 2002; Birts CN et al. 2008). These aggregates are then
internalized via interactions with cell surface heparin sulphate proteoglycans and macropinocytosis
for disposal by macrophages.

PLA2G2A shows bactericidal activity against various bacterial pathogens, in particular, against gram-positive bacteria such as Micrococcus luteus, Listeria innocua and Staphylococcus aureus though the sensitivity varies greatly between species (Buckland AG et al. 2000b; Beers SA et al. 2002; Koprivnjak T et al.
2002).
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Metal sequestration by antimicrobial proteins ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6799990

Metals are necessary for all forms of life including microorganisms, evidenced by the fact that metal
cations are constituents of approximately 40% of all proteins crystallized to date (Waldron KJ et al. 2009;
Foster AW et al. 2014; Guengerich FP 2014, 2015). The ability of microorganisms to maintain the intracellular metal quota is essential and allows microorganisms to adapt to a variety of environments. Accordingly, the ability of the host to control metal quota at inflammation sites can influence host-pathogen interactions. The host may restrict microbial growth either by excluding essential metals from the microbes, by delivery of excess metals to cause toxicity, or by complexing metals in microorganisms (Becker KW & Skaar EP 2014).

Literature references
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Ion influx/efflux at host-pathogen interface ↗
Location: Antimicrobial peptides
Stable identifier: R-HSA-6803544

Essential metal ions act as co-factors that enable enzymes to catalyse a wider range of chemical transformations than would be achievable using solely organic catalysts. The precise metal requirements of
organisms vary between species, environmental niches, metabolic states and circadian rhythms.
Metals are required cofactors for numerous processes that are essential to both pathogen and host. They
are coordinated in enzymes responsible for DNA replication and transcription, relief from oxidative
stress, and cellular respiration. However, excess transition metals can be toxic due to their ability to
cause spontaneous redox cycling and disrupt normal metabolic processes. Vertebrates have evolved intricate mechanisms to limit the availability of some crucial metals while concurrently flooding sites of infection with antimicrobial concentrations of other metals.
Both pathogens and hosts have complex regulatory systems for metal homeostasis. Understanding these
provides strategies for fighting pathogens, either by excluding essential metals from the microbes, by delivery of excess metals to cause toxicity, or by complexing metals in microorganisms.

Literature references
Guengerich, FP. (2015). Introduction: Metals in Biology: METALS AT THE HOST-PATHOGEN INTERFACE. J. Biol.
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