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Fungal defensins, an emerging source of anti-infective drugs
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Abstract With the rapid increase of antibiotic-resistant

pathogens and the decline of discovery and development of

new antibiotics, there is an urgent need to exploit alterna-

tive anti-infective drugs. Fungal defensin-like peptides are

emerging as a class of new source of anti-infective drugs

due to their potent antibacterial activity, low toxicity, and

high serum stability. Fungal genome sequencing projects

combined with the development of recombinant expression

techniques will accelerate the discovery of fungal defensin-

like peptides.
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1 Introduction

Following the discovery of penicillin by Fleming [1],

human beings enter an ‘‘antibiotic era’’, in which millions

of lives have been saved. However, in recent several dec-

ades antibiotic abuse has led to the rapid increase of drug

resistant bacterial pathogens; what’s worse, many large

pharmaceutical companies have terminated their antimi-

crobial development programs [2]. In fact, only two new

chemical classes of antibacterial drugs entered the market

in the past 50 years [3]. Therefore, it is an urgent need to

exploit alternative anti-infective drugs to treat antibiotic-

resistant bacterial infections.

In 2005, a fungus-derived defensin—plectasin was

firstly isolated from the saprophytic ascomycete

Pseudoplectania nigrella [4]. This small antibiotic peptide

shows great therapeutic potential on multidrug resistant

Gram-positive bacterial infections. Since its discovery,

other 44 fungal defensin-like peptides (fDLPs) have been

also identified from a diverse fungal species by a com-

parative genomics approach [5, 6]. In combination with

bioinformatics and experimental methods, we have dis-

covered the first dermatophytic defensin (micasin) that is

active on several skin-derived opportunistic pathogens [6].

This review will describe structural and functional features

of fDLPs characterized so far.

2 Classification of fDLPs

The defensins with a conserved cysteine-stabilized a-helix

and b-sheet (CSab) structural motif are a group of unique

antimicrobial peptides (AMPs) widely distributed in plants,

animals, fungi, and even in bacteria [4–7]. On the basis of

sequence, structural, and functional similarity, these

defensins can be distinguished into three major types,

including antibacterial ancient invertebrate-type defensins

(AITDs), antibacterial classical insect-type defensins

(CITDs), and antifungal plant/insect-type defensins (PIT-

Ds). Usually, CITDs have a longer amino-terminal loop

(herein called n-loop) compared with AITDs, whereas the

amino-terminal region of PITDs folds into a b-strand. The

presence of all these types of defensins in fungi sheds light

on their ancient origin and divergent evolution of the

CSab-type defensins [5]. The sequence alignment of AI-

TDs and CITDs are shown in Fig. 1a, in which three

structurally and functionally identified fDLPs (plectasin,

micasin, and eurocin) [4, 6, 8] are classified into AITDs. In

comparison with animal-derived AITDs, fungal homologs

have more anionic amino acids in their n-loop and the
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helix-associated region. Whether such an unusual charge

distribution is related to their low toxicity on mammals

awaits further investigation.

3 Three dimensional structures

As mentioned above, there are three fDLPs (plectasin,

micasin, and eurocin) whose structures have been experi-

mentally determined by nuclear magnetic resonance

(NMR) and X-ray crystallography [4, 6, 8, 11]. They all

adopt a typical CSab fold with the same cysteine con-

necting pattern (Fig. 2a). In micasin and eurocin, the Cys4-

Pro5 amide bonds adopt an unusual cis-conformation while

in plectasin the Pro exhibits a trans-conformation due to

the insertion of two amino acids between Cys and Pro.

Compared with MGD-1, an AITD isolated from the Med-

iterranean mussel Mytilus galloprovincialis [12] that has a

highly positive charge surface, fDLPs have their positively

and negatively charged residues scattered on the molecular

surface (Fig. 2b). Obviously, micasin lacks an amphipathic

architecture that is a functional element found in many

AMPs with membrane-disruptive mode of action [6, 13].

Superimposition of the three defensins revealed a root-

mean-square deviation (RMSD) of 1.43 Å, indicating their

high-structural similarity. Despite this, their loops exhibit

high flexibility. The most flexible loop in eurocin and

micasin is in the c-core region located between two rigid b-

strands, whereas in plectasin the flexible region is in the

first three amino-terminal residues and the loop following

the a-helix [4, 6, 8]. Given a key functional role of these

loops in many defensins, their structural differences could

be associated with functional divergence of fDLPs.

4 Biological activity

Plectasin mainly inhibits the growth of Gram-positive

bacteria, including the isolates resistant to antibiotics

clinically used, especially the penicillin-resistant

a

b
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–
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–
–
–
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Fig. 1 Multiple sequence alignment of the CSab-type defensins from fungi and animals. a AITDs. Negatively and positively charged residues

are boldfaced in red and blue, respectively. Conserved amino acids are shadowed in color: cysteines in yellow, polar amino acids in cyan, and

hydrophobic amino acids in green. NC, net charge, estimated at pH 7.0 by Protein Calculation v3.3 (http://www.scripps.edu/*cdputnam/

protcalc.html). Secondary structures (cylinder: a-helix; arrow: b-strand) and the pairing pattern of disulfide bridges were extracted from the

coordinates of micasin (pdb entry 2LR5); b CITDs. The color codes and symbol codes are the same as those in Fig. 1a and the secondary

elements and disulfide bridge pattern were extracted from the flesh fly defensin sapecin (PDB entry 1L4 V). Sequence sources: Plectasin and

defensins from tick, mussel, scorpion, and dragonfly [4]; Micasin [6]; Eurocin [8]; Acasin and Atesin-1 [5]; Pechrysin, Atesin-3, Anisin-1,

Anisin-2, Labisin, Vasin, Vedasin, and Aflasin-2 [5, 6]; CITDs from Flesh fly [9] and mosquito [10]
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Streptococcus pneumoniae, a major cause of meningitis,

community-acquired pneumonia, sepsis, and otitis media.

In vitro, S. pneumoniae was rapidly killed by plectasin at

rates comparable to two conventional antibiotics (penicillin

and vancomycin) that inhibit bacterial cell wall biosyn-

thesis [4]. Eurosin has a similar antibacterial spectrum to

plectasin [8]. Different from these two fDLPs, the der-

matophytic fungi-derived micasin shows potent activity not

only against Gram-positive bacteria, such as methicillin-

resistant Staphylococcus aureus (MRSA), Bacillus subtilis,

and Bacillus megaterium, but also exhibits some activity

against several Gram-negative bacteria. Micasin kills bac-

teria more rapidly than vancomycin [6].

In contrast to these fungal AITDs, CITDs (Fig. 1b) from

fungi appear to lack antibacterial activity, as observed in

anisin-1 before [14] and our work in pechrysin (Fig. 3a, b).

Although adopting a similar structure to micasin, as iden-

tified by circular dichroism analysis, the synthetic

pechrysin exhibited no activity on all the tested bacteria (data

not shown). Structural analysis shows that the molecular

surfaces of these fDLPs carry enormous negative charges

without or with less positive charge zones (Fig. 3c). The

absence of cationic residues on the molecular surface could

account for the lack of activity of these acidic defensins.

In addition, in fungal genomes there is a class of PITDs

without known functions [5]. Considering remarkable

structural similarity to plant defensins and Drosophila

drosomycins, these fungal peptides could constitute a new

class of antifungal components involved in defending other

fungal species occupying the same ecological niche.

5 Mode of action

AMPs interact with microbes through different ways and this

is one of the reasons why they can reduce the resistance of

microorganisms [13]. Some AMPs permeabilize the bacterial

membrane and destroy its integrity [13]. Unlike this, plectasin

and eurocin both coalesce with the pyrophosphate moiety of

lipid II, an essential precursor of the cell wall, to kill pathogens

[8, 15]. Micasin kills bacteria through a membrane non-dis-

ruptive mechanism of action [6]. With the help of transmission

electron microscopy, we observed some internal protein par-

ticle-like materials accumulated in the treated cells, suggest-

ing that it targets some intracellular components. Whether

micasin interacts with lipid II remains to be investigated in the

future. However, the diverse mode of action could help reduce

bacterial resistance on these defensins.

Fig. 2 Structures of fDLPs. a Ribbon representations of plectasin, micasin, and eurocin (pdb entries 3E7R, 2LR5, and 2LT8, respectively) with

disulfide connectivity shown in blue sticks, which are displayed by MOLMOL; b Molecular surface calculated by SPDBV v4.0 with the ‘‘simple

charge: red -1.8 to white 0.0 to blue 1.8’’ command. MGD-1 (PDB entry 1FJN) was shown here for comparison
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6 Therapeutic potential and drug design

Plectasin and micasin exhibit higher serum stability than

conventional antibiotics, as identified by the observation

that their biological activity remained after incubation of

24 h in serum at 37 �C [4, 6]. They are non-toxic on

mammals, consistent with the observation that plectasin

lacks the ability in induction of the inflammatory cytokine

interleukin-8 (IL-8) [16]. In the mouse peritonitis model,

these two fDLPs eliminated the infections and saved the

lives of the mice. By the experimental meningitis model, a

novel plectasin variant (NZ2114) with antibacterial

potency was found to possess excellent cerebrospinal fluid

penetration activity, suggesting its potential for the treat-

ment of central nervous system infections caused by gram-

positive bacteria [17].

fDLPs are ideal molecular templates for rational drug

design due to their structural stability. Through the high-

throughput mutation and screening [18], a plectasin variant

named NZ2114 was identified, which exhibits improved

in vitro bactericidal activity. Fusing the pheromone

peptides of subgroup 1 of S. aureus (AgrD1) to the

Fig. 3 Structural features of fungal CITDs. a RP-HPLC of synthetic pechrysin. The peak corresponding to the pure product, indicated by an

arrow, was collected for MALDI-TOF (inset); b Circular dichroism (CD) spectra of pechrysin; c Molecular surface electrostatic potentials of

fungal CITDs, calculated by WebLab ViewerLite (http://www.marcsaric.de/index.php/WebLabViewer_Lite). Red and blue represent negative

and positive charge zones, respectively
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amino-terminal end of plectasin generated a novel AMP

especially effective against MRSA without disrupting the

normal flora [19]. By substituting the n-loop of micasin

with the equivalent region of an insect-derived CITD, we

acquired a novel peptide that is capable of disrupting the

membrane of sensitive bacteria [20].

7 Perspectives

The fungus kingdom encompasses an enormous diversity

of taxa with four major groups (ascomycetes, basidiomy-

cetes, zygomycetes, and chytrids) [21]. Owing to their

importance in medicine, agriculture, and environmental

science [22], a large number of fungal genomes have been

sequenced in recent 5 years (Fig. 4), which will undoubt-

edly accelerate the discovery of fDLPs. It is expected that

the family of fDLPs will quickly expand with the releasing

of more fungal genome sequences. Furthermore, high

efficiency of recombinant expression of fDLPs in Asper-

gillus oryzae [4], Pichia pastoris [23], and Escherichia coli

[24] is prepared for the cost-efficient large scale production

of fDLPs, which will become promising alternatives for

conventional antibiotics in treating antibiotic-resistant

bacterial infections in the future clinical applications.
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