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Abstract—Plant antimicrobial peptides represent one of the evolutionarily oldest innate immunity components providing
the first line of host defense to pathogen attacks. This review is dedicated to a small, currently actively studied family of
hevein-like peptides that can be found in various monocot and dicot plants. The review thoroughly describes all known pep-
tides belonging to this family including data on their structures, functions, and antimicrobial activity. The main features
allowing to assign these peptides to a separate family are given, and the specific characteristics of each peptide are described.
Further, the mode of action for hevein-like peptides, their role in plant immune system, and the applications of these mol-

ecules in biotechnology and medicine are considered.
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Plants are attacked by microorganisms and pests
throughout their life cycle. As a result of the long-term evo-
lutionary process, plants have developed an arsenal of pro-
tective agents being components of their innate immune
system. The most important components of “chemical”
protection are secondary metabolites, as well as antimicro-
bial proteins and peptides. Recently, defense (antimicro-
bial) peptides are being intensively studied. Antimicrobial
peptides (AMP) include short polypeptides that are
expressed in the cells of living organisms continuously or in
response to pathogenic attacks. They occur in all organ-
isms, not only plants, but also animals and microorgan-
isms. The AMPs are components of the innate immune
system, one of the oldest mechanisms of resistance provid-
ing fast-acting and non-energy-consuming “first line of
defense”. Although AMP structure is highly varied, we can
distinguish several common properties that are characteris-
tic for all AMPs. They include, first of all, low molecular
mass (up to 10 kDa), antimicrobial activity, positive charge
and amphiphilic structure of the molecule, which together
with features mentioned above enable interaction between
the peptides and the membranes of pathogens. Most of the

Abbreviations: a.a., amino acid residue; AMP, antimicrobial
peptide.
* To whom correspondence should be addressed.

plant AMPs are cysteine-rich and contain 2 to 12 cysteine
residues forming disulfide bonds, which contributes to
their structure density, as well as resistance to chemical and
proteolytic cleavage. The role of AMPs in resistance is
demonstrated in numerous works showing that transgenic
plants expressing AMP genes become more resistant to
phytopathogens, and plants show the enhanced expression
of AMP-encoding genes in response to biotic and abiotic
stresses. It is interesting that AMPs have been revealed in
all plant organs [1], and those constitutively expressed in
plants are usually found in peripheral cell layers covering
the surface of organs. Transcriptomic and genomic data
analysis shows that plants contain hundreds of AMP-like
sequences; however, the expression of their genes and the
synthesis of functional AMPs have been confirmed only for
some peptides [2-4].

It should be noted that the increasing interest in
plant AMPs is associated with their unique properties and
primarily with the mechanism of their action. It is con-
sidered that the main target of AMPs is the cytoplasmic
membrane of microorganisms, the integrity of which is
crippled by plant peptides. Therefore, in contrast to con-
ventional antibiotics causing the formation of resistant
forms of pathogens, the development of AMP resistance
reduces them to a minimum. In addition, the advantages
of AMPs are the broad spectrum of action and the ability
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Antimicrobial activity of hevein-like peptides

Name
of peptide
(ID in the Plant source Target pathogens
UniProt
database)
Hevein-like peptides with 8 cysteine residues
Hevein Hevea Botrytis cinerea (1C5, = 500 pg/ml), Fusarium culmorum (1Cs, = 600 ug/ml), Fusarium oxysporum
(P02877) brasiliensis (ICsy = 1250 pg/ml), Phycomyces blakesleeanus (1Cs, = 300 ug/ml), Pyrenophora triticirepentis
(ICsy = 350 pg/ml), Pyricularia oryzae (1Csy = 500 pg/ml), Septoria nodorum (1Csy = 500 pg/ml),
Trichoderma hamatum (1Cs, = 90 pg/ml)
Pn-AMP1 Pharbitis nil Bacillus subtilis (1Cs, = 38 ng/ml), Botrytis cinerea (1Cs, = 16 ug/ml), Colletotrichum langenarium
(P81591) (ICyy = 10 pg/ml), Sclerotinia sclerotiorum (ICsy = 11 ng/ml), Fusarium oxysporum (1Cs, = 10 pg/ml),
Rhizoctonia solani (ICs) = 26 pg/ml), Phytophthora capsici (ICs) = 5 pg/ml), Phytophthora
parasitica (1C5, = 3 ng/ml), Saccharomyces cerevisiae (1Cs, = 14 pg/ml)
Pn-AMP2 Pharbitis nil Bacillus subtilis (1Cs, = 20 pg/ml), Botrytis cinerea (1Cs, = 2 ng/ml), Colletotrichum langenarium
(ICs, = 4 pg/ml), Sclerotinia sclerotiorum (1Cs; = 3 pg/ml), Fusarium oxysporum (1Csy = 2.5 pg/ml),
Rhizoctonia solani (1Cs, = 75 ng/ml), Phytophthora capsici (1Cs, = 0.6 pg/ml), Phytophthora par-
asitica (1Csy = 2 pg/ml), Pythium spp. (1Cs, = 2.5 pg/ml), Saccharomyces cerevisiae (IC5, = 8 pg/ml)
Fa-AMP1 Fagopyrum Clavibacter michiganensis (1Cs, = 14 pg/ml), Curtobacterium flaccumfaciens (1Cs, = 13 pg/ml),
(PODKH7) esculentum Erwinia carotovora (1Csy = 11 pg/ml), Agrobacterium radiobacter (1Cs, = 24 pug/ml),
Agrobacterium rhizogenes (1Cs, = 20 pg/ml), Fusarium oxysporum (1Csy = 19 ng/ml), Geotrichum
candidum (1Cs, = 36 ug/ml)
Fa-AMP2 Fagopyrum Clavibacter michiganensis (1Cs, = 17 pug/ml), Curtobacterium flaccumfaciens (ICs, = 15 pg/ml),
(PODKHS) esculentum Erwinia carotovora (1Csy = 15 pg/ml), Agrobacterium radiobacter (1Cs, = 17 pg/ml),
Agrobacterium rhizogenes (1Cs, = 24 ng/ml), Fusarium oxysporum (1Cs, = 29 pg/ml), Geotrichum
candidum (I1Cs, = 25 ng/ml)
Hevein-like peptides with 6 cysteine residues
Ac-AMP1 Amaranthus Fungi: Alternaria brassicola (1Cs, = 7 pug/ml), Ascochyta pisi (1Cs, = 8 ug/ml), Botrytis cinerea
(Q9S8Z6), caudatus (ICsy = 10 pg/ml), Colletotrichum lindemuthianum (1Cs, = 8 ug/ml), Fusarium culmorum
Ac-AMP2 (ICsy = 2 ug/ml), Trichoderma hamatum (1Cs, = 7 ug/ml), Verticillium dahliae (1C5, = 6 pg/ml).
(Q9S8Z27) Gram-positive bacteria: Bacillus megaterium (1Cs, = 40 pg/ml), Sarcina lutea (1Csy = 250 pg/ml)
Ay-AMP Amaranthus Trichoderma sp. (1Cs, = 0.24 pg/ml), Candida albicans (1Cs, = 0.33 pg/ml), Geotrichum candidum
hypochondriacus | (ICs, = 0.61 pg/ml), Aspergillus candidus (1Cs, = 1.27 ng/ml), Alternaria alternata
(ICsy = 2.26 pg/ml), Penicillium chrysogenum (1Cs, = 2.66 pg/ml), Aspergillus ochraceus
(ICsy = 7.87 pg/ml), Fusarium solani (1Cs, = 11.88 ng/ml)
Ar-AMP Amaranthus Botrytis cinerea, Fusarium culmorum, Helminthosporium sativum, Alternaria consortiale; induces
(Q5I2B2) retroflexus morphological changes in Fusarium culmorum, Helminthosporium sativum, Rhizoctonia solani
IWF4 Beta vulgaris inhibitory activity against Cercosporia beticola spore growth
GAFP Ginkgo biloba Pellicularia sasakii, Alternaria alternata, Fusarium graminearum, Fusarium moniliforme
aSG1-3, Alternanthera Staphylococcus aureus, Escherichia coli
aSR1-3 sessilis
AMP-1.1a Stellaria media | Alternaria solani, Alternaria consortiale, Botrytis cinerea, Bipolaris sorokiniana, Rhizoctonia solani,
(2KUS_A), Fusarium culmorum, Fusarium oxysporum, Thielaviopsis basicola
AMP-1.2a
(CBJ21248.1),
AMP-2.1
(CBJ21249.1),
AMP-2.2a
(CBJ21249.1)
SmAMP3 Stellaria media Asperglllus niger (1Cs, = 5.4 uM), Bipolaris sorokiniana (1Cs;, = 2.0 uM), Botrytis cinerea (I1Csy =
(COHJUS.1) 6 uM), Fusarium solani (ICs, = 3.7 uM), and Alternaria alternata (1Cs;, = 5.0 uM)
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Name
of peptide
(ID in the Plant source Target pathogens
UniProt
database)
Hevein-like peptides with 10 cysteine residues
EAFP1 FEucommia Aculops lycopersici (1Cs, = 155 pg/ml), Fusarium moniliforme (1Cs, = 56 ug/ml), Fusarium
(P83596) ulmoides oxysporum (1Cs, = 46 pg/ml), Colletotrichum gossypii (ICs, = 35 pug/ml)
EAFP2 Eucommia Aculops lycopersici (1Csy = 109 pg/ml), Fusarium moniliforme (1Cs, = 18 pug/ml), Fusarium oxy-
ulmoides sporum (1Csy, = 94 pg/ml), Colletotrichum gossypii (1Cs, = 56 pug/ml)
Ee-CBP Euonymus Alternaria brassicicola (ICs, = 0.6 uM), Botrytis cinerea (ICs, = 0.2 uM), Fusarium culmorum
(Q7Y238) europaeus (ICsy = 0.6 uM), Fusarium oxysporum f. sp. cubense (1Csy = 3 uM), Fusarium oxysporum f. sp.
matthiolae (1Csy = 1 uM), Mycosphaerella eumusae (1Cs, = 1.2 uM), Neurospora crassa (1Cs, =
0.4 uM), Phoma exigua (ICs, = 6.6 uM), Phytophthora cryptogea (1Cs, = 5 uM), Pythium
ultimum (1C5y, = 6.6 uM), Rhizoctonia solani (1Csy = 5 uM), Trichoderma hamatum (1Cs, = 20 uM)
WAMP Triticum kiharae | Bipolaris sorokiniana (1Cs, = 5 ug/ml), Botrytis cinerea (1Cs, = 20 pg/ml), Fusarium oxysporum
(P85966) (ICsy = 5 pg/ml), Fusarium solani (1Cs, = 5 ng/ml), Fusarium verticillioides (1Cs, = 30 pug/ml),
Neurospora crassa (1Csy = 10 pg/ml)
LAMP Leymus arenarius | Bipolaris sorokiniana (1Cs, = 4.6 ug/ml), Fusarium oxysporum (1Cs;, = 2.7 ug/ml)

to rapidly kill target cells. All of the above makes AMPs
highly promising objects for research and practical appli-
cations aimed at the development of resistant crops and a
new generation of drugs [5-7].

Plant AMPs are molecules of extreme structural het-
erogeneity, which are usually grouped into families
depending on amino acid sequence similarity, spatial struc-
ture, the number and arrangement of cysteine residues in
molecules (the so-called “cysteine motif”’). Plant AMPs
are currently grouped into the following families: defensins,
thionins, lipid transfer proteins, alpha-harpinins, hevein-
like peptides, snakins, knottins, and cyclotides [8]. This
review is dedicated to the family of hevein-like peptides,
which have been intensively studied for some time past.

GENERAL CHARACTERISTICS
OF HEVEIN-LIKE PEPTIDES

The family of hevein-like AMPs has got its name from
hevein isolated from the latex of the rubber tree (Hevea
brasiliensis Moll. Arg.). This small family now includes
about 20 members isolated from different mono- and
dicotyledonous plants (see table). Hevein-like AMPs have
several characteristics: first, they are short basic peptides of
29-45 amino acid residues (a.a.) in length enriched in cys-
teine and glycine residues. The classical hevein-like AMPs,
including hevein, contain 8 cysteine residues; however,
there are many forms with 6 or 10 cysteines. Six of these
residues take rather conservative positions in the peptide
molecule and form a cysteine motif that can be expressed
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by the following formula: C'X, ;C2X,C3C*X,CX,C®,
where C represents cysteine and X is any residue except
cysteine. At the same time, disulfide bond formation
occurs between the following cysteine residues: C'—C*,
C?>—C’, and C*—C°.

The key feature of all hevein-like peptides is that one
of their structural components is a conservative chitin-
binding site with the amino acid sequence
SXFGY/SXYGY, where X is any amino acid residue. The
chitin-binding site is typical not only for hevein-like
AMPs, but also for other proteins capable of binding
chitin, which is a polymer of N-acetylglucosamine
(GIcNAc), as well as the related compounds containing
GIcNAc or N-acetylneuraminic acid (NeuNAc) [9].
Chitin is a cell wall component, that is present in numer-
ous plant pathogens (fungi, insects, and nematodes) but is
absent in plants [8]. Chitin-binding proteins are believed
to be involved in plant protection from various chitin-
containing pathogens [1]. The chitin-binding proteins of
plants also include lectins, class I and IV chitinases, and a
few proteins induced by wounding [9]. All these proteins
have at least one chitin-binding domain consisting of 30-
43 a.a. and containing the above-mentioned site of con-
servative amino acid residues. Among the chitin-binding
proteins listed above, the proteins with the highest simi-
larity to hevein-like AMPs are class I and IV chitinases,
which are monomeric enzymes with molecular weight of
25-35 kDa [1] acting as endochitinases and forming chi-
tooligosaccharides with various polymerization degrees.
In addition to the chitin-binding domain, the precursors
of these chitinases contain an N-terminal hydrophobic
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Class | chitinases m ChitBD L|

Catalytic domain | (o] |

Class IV chitinases m ChitBD j=»

Catalytic domain ‘

Hevein-like peptides m Hev

Fig. 1. Characteristic structural features of precursors of hevein-like AMPs and class I and IV chitinases. SP, the N-terminal signal peptide;
ChitBD, the chitin-binding domain; Hev, the mature hevein-like peptide; L, the linker, or “hinge” region; C, the C-terminal prodomain.

signal peptide, a “hinge” (linker) proline-rich region, and
a catalytic domain. The structural characteristics of pre-
cursors of hevein-like AMPs and class I and IV chitinases
are shown in the Fig. 1. It is interesting that the antifun-
gal and catalytic activities of class I chitinase retain after
removal of the chitin-binding domain, but are much
lower than in the intact enzyme [10]. Consequently, the
chitin-binding domain is not essential for fungal growth
suppression but seems to provide efficient interaction
between the enzyme and the substrate.

Thus, the main structural characteristics that can be
used to assign the peptide to the family of hevein-like
AMPs are its small size (29-45 a.a), positively charged
molecule, abundance of glycine and cysteine residues (6,
8, or 10), and the presence of the characteristic cysteine
motif and chitin-binding site.

HEVEIN: PROPERTIES, STRUCTURE,
AND FUNCTIONS

Hevein was first described as early as in 1960 [11].
This short cysteine-rich peptide was assigned to the basic
components of vacuolar structures (the so-called
“lutoids™) of the latex of rubber tree (Hevea brasiliensis)
of the spurge family (Euphorbiaceae). The amino acid
sequence of hevein was determined in 1975 [12] and,
unexpectedly, proved to be highly similar to the chitin-
binding agglutinin (UDA) of great nettle (Urtica dioica
L.) [13, 14]. It is known that UDA is accumulated in large
amounts in the underground organs of nettle and inhibits
in vitro the growth of many chitin-containing fungi [15].
It was shown that hevein had a number of characteristics
similar to UDA. Like the chitin-binding domain of UDA,

a ;
) b 1 I I 1
EQCGROQAGGKLCPNNLCCSQWGWCGSTDEYCSPDHNCQSNCKD
b 17 a.a. 43a.a. 6aa. 144 a.a.
B Hevein [ c
C

Hevein

Fig. 2. Primary (a) and spatial ((¢) IHEV in the PDB database) structure of hevein and its precursor (b); cysteine residues are shown in bold
and underlined; disulfide bonds are shown with black lines; Ser19 and the loop (13-16 a.a.) playing the key role in the binding of hevein with
oligosaccharides are red; Arg5, Lys10, Asn14, Glu29, His35, and GIn38 residues involved in the interaction with immunoglobulin E are blue;
Trp21, Trp23, Tyr30 residues important for the interaction with both oligosaccharides and immunoglobulin E are green; Hevein is the mature

peptide hevein; for other designations see Fig. 1 legend.

BIOCHEMISTRY (Moscow) Vol. 82 No. 13 2017



HEVEIN-LIKE ANTIMICROBIAL PEPTIDES

hevein contains 8 cysteine residues forming a typical cys-
teine motif (Fig. 2a), is able to specifically bind to chitin,
and possesses antifungal activity in vitro against several
chitin-containing phytopathogenic fungi [16]. The anti-
fungal activity of hevein is retained even after high tem-
perature exposure (90°C for 10 min). However, in con-
trast to lectins, hevein does not exhibit agglutinating
properties [16]. Hevein inhibited hyphal growth, but its
activity was low compared to those of other known
hevein-like peptides (see table).

The structure of hevein-encoding cDNA was deter-
mined in 1990 [17]. The hevein precursor turned out to
be a rather long protein (210 a.a.) consisting of a signal
peptide (17 a.a.), the hevein itself (43 a.a.), a linker
(6 a.a.), and a C-terminal domain (144 a.a.; Fig. 2b).
Using the in vitro translation system and the experiments
on translocation of hevein domains as hybrid protein
components, it was shown that the N-terminal peptide
was in fact a signal peptide responsible for pro-hevein
transport into the rough endoplasmic reticulum [18].
Then, the signal peptide is cleaved and the remaining
precursor undergoes further processing including the
cleavage of 6 a.a. between mature hevein and the C-ter-
minal domain [18]. Mass spectromery showed the pres-
ence of minor components containing one or two addi-
tional residues at the C-termunis of hevein. This indicat-
ed that the processing most likely included the cleavage
of N-terminal region of C-terminal domain, followed by
the cleavage of 4-6 a.a. from the C-terminus of mature
hevein [19].

Interestingly, cDNA encoding the C-terminal
domain of hevein showed high similarity with cDNA of
the potato protein WIN1 and WIN2 genes induced by
wounding. Plant wounding and the treatment with phyto-
hormones (ethylene and abscisic acid) induced the accu-
mulation of hevein transcripts in leaves, stems, and latex,
but not in roots [17]. Hence, it is necessary to mention
the initial function of hevein in hevea plant. It has been
shown that hevein specifically interacts with glycoprotein
receptors on the surface of rubber particles resulting in
particle aggregation and coagulation of latex [20].
Coagulation is necessary for blocking the casual wounds
or those created by frequent tapping of rubber trees for
latex. As a result, the wound quickly closes and, accord-
ingly, the possibility for pathogenic microorganisms to get
into and spread over the plant is eliminated. Thus, hevein,
initiating the described cascade of reactions, actively par-
ticipates in the protection of tissues of rubber tree stem
[20].

Five novel genes encoding hevein precursors were
discovered in 2005 [21]. These genes were highly conser-
vative in transcribed regions and differed only in pro-
moter sequences. It turned out that, though all of the
discovered promoters were functional, only the longest
of them provided the high level of expression of hetero-
logous gene in differnet tissues of transgenic rice. This
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promoter was shown to induce enhanced transgene
experssion in case of mechanical damage and fungal
infection [21].

The spatial structure of hevein was determined by
nuclear magnetic resonance (NMR) and X-ray structure
analysis [22, 23]. Both methods have shown that hevein
contains a characteristic structural motif including the o.-
helix—p1—p2—a-helix—B3, the central B-sheet with
antiparallel B-chains being surrounded by two small
helices stabilized by disulfide bridges (Fig. 2c). Various
techniques including NMR, molecular modeling, and
isothermal titration calorimetry were used to study the
interaction between hevein and saccharides [24-26]. As a
result, it was shown that Trp21, Trp23, Tyr30, Ser19, and
residues from 13 to 16 play a key role in the binding of
hevein to oligosaccharides [24, 27]. Moreover, it was
shown that the minimal number of monomeric elements
of polymer (GIlcNAc),, with which hevein can bind at a
ratio of 1 : 1, is 2. With the number of monomers increas-
ing to 5 or 8, the hevein/oligosaccharide ratio in solution
becomes 2 : 1 [24]. It is interesting that, in case of sub-
stantial shortening of hevein molecule and substitution of
Asp for one of the key residues, Ser19, the ability to bind
to oligomers remains, but the binding constant decreases
significantly [28].

HEVEIN AS AN ALLERGEN
IN LATEX-FRUIT SYNDROME

In the field of hevein research the considerable num-
ber of studies is devoted to the ability of this peptide to
cause allergic reactions. As mentioned above, hevein is a
component of natural latex, which represents the con-
centrated and stabilized milky sap of the rubber tree.
Natural latex is extensively used in the production of nat-
ural rubbers, as well as for various latex products. The
first cases of allergic reactions to latex were described as
early as in 1927; however, beginning from the 1980s, the
frequency of occurrence of this type of allergy has dra-
matically increased, especially for medical personnel
using latex gloves [29]. In 2002, the proportion of med-
ical personnel exposed to this allergic reaction reached
36% [30]; in 2008, this index slightly decreased in the
developed countries due to using gloves with low content
of allergens [31]. However, the risk group still includes
patients (children and adults) with various diseases that
require frequent repeated surgery, as well as the use of
catheters, drainage tubes, and other latex-containing
accessories [31]. Interestingly, 30-50% of individuals suf-
fering from latex allergy also demonstrate allergic reac-
tions to some plant products, mainly fresh fruit (banana,
avocado, nuts, kiwi fruit, etc.); consequently, this type of
allergy is referred to as latex-fruit syndrome [31]. It has
been shown that the major allergens of the latex-fruit
syndrome are hevein and its precursor protein (pro-
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hevein), since they cause allergic reactions in 70% of
patients [32, 33]. The cross-reactivity between latex and
some fruits is caused by class I endochitinases, in partic-
ular their chitin-binding domain, the sequence of which
is homologous to the hevein sequence [34]. There are
about 12 protein allergens causing the latex-fruit syn-
drome [35], including endo-f-1,3-glucanase [36], profil-
in [37], patatin-like proteins [38], nonspecific lipid trans-
fer protein [39], etc.

One of the methods of allergy control is efficient
allergen-specific immunotherapy with allergen isoforms
or modified proteins having a reduced ability to bind with
immunoglobulin E (IgE) [40]. The production of such
compounds, in addition, associated with the minimal risk
of occurrence of systemic side effects, requires the identi-
fication of IgE-related epitopes. The study of the hevein
linear epitopes in several independent works has shown
that the regions critical for interaction with immunoglob-
ulin E are located at the N- and C-termini of the peptide
[41, 42]. In addition, it has been shown that the tertiary
structure of the allergen is crucial for the binding to IgE,
because recognition of mutant peptide forms by IgE in
case of Ser or Ala substitutions for Cys residues in hevein
did not occur [43]. The amino acid residues directly
involved in the interaction with IgE were identified: Arg5,
Lys10, Glu29, Tyr30, His35, GIn38 [44] (Fig. 2a). Based
on the data obtained, different mutant forms of hevein
with alanine substitutions for all or some of the critical
amino acid residues were constructed. This substantially
reduced their ability to bind with IgE, as well as the sen-
sitivity of skin scarification tests [44]. The list of amino
acids involved in the interaction with IgE was later sup-
plemented with Trp21, Trp23 [45], and Asnl4 [46]
(Fig. 2a). Further studies of natural hevein isoforms and
mutant forms with chemically modified residues of aro-
matic amino acids demonstrated the existence of several
conformations of the hevein epitope; however, the precise
mechanism of hevein recognition by IgE is yet unknown
[47]. At the same time, it is believed that the derived
mutant hevein analogs having a reduced ability to bind to
IgE can be used as candidates for immunotherapy; more-
over, such compounds should have lower risk of develop-
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ment of systemic or anaphylactic side effects in allergy
treatment.

OTHER HEVEIN-LIKE PEPTIDES
WITH EIGHT CYSTEINE RESIDUES

In addition to hevein, hevein-like peptides with eight
cysteine residues (8C-Hev peptides) include the mole-
cules isolated from different plants of the Poaceae,
Convolvulaceae, and Polygonaceae families. First, we
should mention the two short (about 40 a.a.) antifungal
peptides isolated from the seeds of morning glory
(Pharbitis nil) belonging to Convolvulaceae family [48].
The Pn-AMP1 and Pn-AMP?2 peptides have identical pri-
mary structures except for the presence of an additional
serine residue at the C-terminus of the Pn-AMP1 mole-
cule (Fig. 3). Both peptides possess a remarkable antifun-
gal activity against fungi either containing or not contain-
ing chitin in their cell walls. It was shown that these pep-
tides penetrated very rapidly into fungal hyphae and con-
centrated near the septum and at the hyphal tips, which
caused actin depolarization and burst of hyphal tips, fol-
lowed by membrane disruption and the crippling of cyto-
plasm integrity [48]. The precursors of ipomoea peptides
contain N-terminal signal peptide, a mature protein, and
C-terminal domain. The transcripts encoding Pn-AMP1
and Pn-AMP?2 have been found in seeds only.

In addition to the peptides from ipomoea, 8C-Hev
peptides include peptides from buckwheat (Fa-AMPI,
Fa-AMP2) [49] and a peptide from oats (Avesin A) [50]. It
is interesting that Avesin A was the first hevein-like peptide
isolated from cereals by 2003 [50]. All of the peptides given
above are short (up to 40 a.a.) and contain, in addition to
8 cysteines, 10 glycine residues and a chitin-binding site,
similar to all hevein-like peptides (Fig. 3). It should be
noted that buckwheat peptides were identical to each
other except for the terminal residue: Fa-AMP2 peptide
had a Lys40 — Arg40 substitution (Fig. 3). Both peptides
inhibited the growth of phytopathogenic fungi and were
active against Gram-positive and Gram-negative bacteria
in micromolar concentrations (see table) [49].

Hevein -F
Pn-AMP1  _o
Pn-AMP2 ¢
Fa-AMP1 -2
Fa-AMP2 —A
AvesinA WS

GRQAGGKLEPNN
GRQASGRLGNR
GROASGRLEGNR
GAQGGGATPGG

000 0 0

* ok ok %k

Fig. 3. Alignment of amino acid sequences of hevein (number in UniProt database: P02877), Pn-AMP2, Pn-AMP1 (P81591), Fa-AMP1
(PODKH7), Fa-AMP2 (PODKHS), and Avesin A [50]; identical amino acids are shown as white letters on black background; conservative
amino acids are shown as black letters on gray background; amino acids comprising the chitin-binding site are asterisked.
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HEVEIN-LIKE PEPTIDES
WITH SIX CYSTEINE RESIDUES

The shortest molecules demonstrating antifungal
activity and ability to bind to chitin are 6-cysteine hevein-
like peptides (6C-Hev peptides) with three disulfide
bonds and a total length of 29-30 a.a. Most of the 6C-Hev
peptides were isolated from plants of the Amaranthaceae
family; however, some representatives were obtained from
plants of the Caryophyllaceae family. The molecules of
these peptides have a deletion of the C-terminal region as
compared to the 8C-Hev peptides. The size of deletion is
about 10 a.a. including two cysteine residues, which form
the fourth disulfide bond in the 8C-Hev peptides.

The first 6C-Hev peptides (Ac-AMP1, Ac-AMP2)
were isolated in 1992 from the seeds of love-lies-bleeding
(Amaranthus caudatus L.) [51]. Both peptides had identi-
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cal primary structures and differed only in the presence of
additional arginine residue at the C-terminus of Ac-
AMP?2 (Fig. 4a). It has been shown that these peptides are
reversibly bound to chitin by means of the chitin-binding
site. It should be noted that Ac-AMP1 and Ac-AMP2
inhibited the growth of phytopathogenic fungi at much
lower effective concentrations (see table) than many anti-
fungal chitin-binding proteins known by that time. These
peptides inhibited the growth of Gram-positive bacteria,
but were inactive against Gram-negative bacteria (see
table), while their antimicrobial activity decreased con-
siderably in the presence of cations [51].

In 2007, a peptide identical to Ac-AMP2 was isolat-
ed from Prince-of-Wales feather (A. hypochondriacus)
and designated as Ay-AMP [52]. It was suggested, on the
basis of the hypothesis of monophyletic origin of ama-
ranths, that the identical sequences of Ay-AMP and Ac-

a
' |
Ac-AMP1 -—-vi§ KGPKY@G-—---—--
Ac-AMP2 -—-V@ KGPKY[®GR—————-
Ar-AMP -—-AG RGPKY[®GR—————-
aSR1 -—-VG TGPAY®G-—--—--
asG1l --APG €S TGPAY®G-—--—--
asSG3 ——APGQEN———HGRqulLQYG@TGPAYEg, ______
aSG2 -—-AGE[@N---HGREPsE KoY YEETCPRY[8G-——-——-
asR2 --APGE[@K---HGEEP I DYGYRETGPAY®G--——---
aSR3 --APGE[gK---HGREP YGY[METGPAY[®- - ————--
IWF4 ———SGEEN——MfGREPpﬁfEKEGYvaRMEG _______
GAFP ——DPT—-{@SVLGDF 2GIRCC Sl CYQWRFGLTPAR-
SmAMP3 VGPGGEMGGR - FECEACE SRR FG Fees GPK YR H - ———— -
AMP-1.1a SGPNGOEGPG-WEGERGE (eSO Y G SGPK - R
AMP-1.2a ~-DAGR@SG--RG TS GlER MoK v G Y[ele TG PAY[®GL.G—————
* ¥ ¥ *
6C-Hev peptides of 5. media | SP TGN L [ESLEFN ¢ |
C

Amp-1.1a

Ac-AMP2

Fig. 4. Alignment of amino acid sequences (a) of 6C-hevein-like plant peptides Ac-AMP1 (Q9S8Z6), Ac-AMP2 (Q9S8Z27), Ar-AMP
(Q512B2), IWF4 [56], aSG1-3, aSR1-3 [54], AMP-1.1a (CBJ21248.1) and AMP-1.2a (CBJ21248.1), the typical structure of their precursors
and its comparison with the precursor of 6C-Hev peptides of Stellaria media (b) and the spatial structure (c¢) of Ac-AMP2 (IMMC) and
AMPI1.1a (2KUS). 6C-Heyv, the mature 6C-Hev peptide; 6C-Hevl, the first mature 6C-Hev peptide of S. media (AMP-1.1a); 6C-Hev2, the

second mature 6C-Hev peptide of S. media (AMP-1.2a).
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AMP?2 result from domestication of green amaranth (4.
hybridus), which is probably the common ancestor of A.
caudatus and A. hypochondriacus. This hypothesis is con-
firmed by the fact that the sequence of nonspecific lipid
transfer peptide isolated from A. Aypochondriacus is iden-
tical to the sequence of the A. caudatus peptide [52]. Ay-
AMP possesses antifungal properties identical to those of
Ac-AMP2 (see table) and can bind to chitin [52].

Another 6C-Hev peptide, Ar-AMP isolated from
red-root amaranth (A. retroflexus), differs from Ac-AMP2
only in three amino acid substitutions (Fig. 4a) [53]. It is
interesting that this peptide was obtained from seeds that
had lost their germination ability, because they were col-
lected almost 20 years before the beginning of the experi-
ment. Nevertheless, it retained its antimicrobial activity
against phytopathogenic fungi and Gram-positive bacte-
ria (see table). In particular, it inhibited, in micromolar
concentrations, the development of helminthosporium
leaf blight caused by Helminthosporium sativum on barley
seedlings (see table) [53].

Six highly homologous 6C-Hev peptides were isolat-
ed from a perennial herbaceous plant, sessile joyweed
(Alternanthera sessilis L.), which also belongs to the
Amaranthaceae family [54]. The comparison with Ac-
AMP1 showed that these peptides had similar structures
of the precursors and several substitutions (Fig. 4a). The
spatial structure of the aSG1 peptide was determined by
NMR, and it was found that its aromatic amino acid
residues comprising the chitin-binding site directly inter-
acted with the chitin of pathogens, similarly to other
hevein-like peptides [54].

The structures of precursors of all described 6C-Hev
peptides were typical for hevein-like peptides (Fig. 4b): N-
terminal signal peptide (about 25 a.a.), the mature peptide
(about 30 a.a.), and C-terminal prodomain (about
34 a.a.). The genes of 6C peptides from different amaranth
species were highly similar in their nucleotide sequences.
At the same time, the genes encoding the Ac-AMP1 and
Ac-AMP?2 peptides were also found, in addition to A. cau-
datus, in A. retroflexus [53]. Interestingly, the Ac-AMP
transcripts were revealed in developing seeds but did not
present in roots, leaves, and leaves exposed to stress [55].

The intercellular washing fluid from leaves of sugar
beet (Beta vulgaris L.), also belonging to the
Amaranthaceae family, was shown to contain another
6C-Hev peptide designated as IWF4 [56]. This peptide
had 10 a.a. substitutions compared to Ac-AMP (Fig. 4a),
exhibited higher affinity to chitin compared to chitin-
binding chitinases, and efficiently inhibited spore germi-
nation in the phytopathogenic fungus Cercospora beticola
(see table). The IWF4 precursor had the same structure as
the above 6C peptides (Fig. 4b) and was expressed in the
aerial parts of plants only [56].

Another 6C-Hev peptide designated as GAFP was
isolated from the leaves of the medical plant Ginkgo bilo-
ba of the family Ginkgoaceae [57]. It contained 38 a.a.,
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and its primary structure was substantially different from
the structure of peptides from the Amaranthaceae family
(Fig. 4a). GAFP was active against such fungi as
Pellicularia sasakii, Alternaria alternata, Fusarium
graminearum, Fusarium moniliforme; it increased the per-
meability of hyphal membranes, causing a rapid alkaliza-
tion of the medium.

Finally, the peptide designated as Sm-AMP3 was
isolated from the leaves of the common chickweed
(Stellaria media L.) from the Caryophyllaceae family and
was characterized [58]. This 6C-Hev peptide was 35-a.a.
long, its amino acid sequence was rather different from
that of Ac-AMP1 (Fig. 4a), and it showed high antifungal
activity against several phytopathogenic fungi, but not
against bacteria (see table). It was shown that SmMAMP?3
could bind chitin in vitro. Interestingly, this peptide was
constitutively expressed in all above-ground organs and
seeds of chickweed, which may be evidence of its impor-
tant role in plant immunity. It should be noted that the
precursors of 6C-Hev peptides isolated also from the
common chickweed seeds proved to be homologous to the
SmAMP3 peptide and had a modular structure, in con-
trast to all the precursors described above. Thus, besides
the signal and mature peptides and the C-terminal
prodomain typical to this family, they contained an addi-
tional domain, which represented another 6C-Hev pep-
tide, as well as a linker binding it to the first mature pep-
tide (GenBank: CBJ21248.1; CBJ21249.1; Fig. 4b) [1].
The two mature 6C-Hev peptides formed during the pro-
cessing of such prepropeptide, AMP-1.1a and AMP-1.2a
(Fig. 4a), were shown to have high antifungal activities,
but against different pathogens [59]. This, probably,
enabled the plant to be resistant to a wide range of phy-
topathogens (see table) [60].

The spatial structures of 6C-Hev peptides such as
Ac-AMP2, AMP-1.1a, and aSG1 (IDs IMMC, 2KUS in
the database RSCB PDB) were determined by the NMR
technique [54, 61] (Fig. 4c). The cysteine motif typical to
all hevein-like peptides forms a knot in the spatial struc-
ture, in which a ring of two disulfide bonds and atoms of
the main chain is “threaded” by the third disulfide. At the
same time, the main structural element of the Ac-AMP2
peptide is an anti-parallel B-sheet (Met13-Lys23) includ-
ing two P-strands, N-terminal region with unordered
structure, and C-terminal B-turn (Gly24-Cys28) [61]. It
has been shown that the N-terminal region is linked with
the two main -strands by two disulfide bonds, while the
C-terminal region containing a helical turn is linked with
the first B-chain by the third disulfide bond [8].

HEVEIN-LIKE PEPTIDES
WITH TEN CYSTEINE RESIDUES

Along with truncated 6C-Hev peptides having the
fourth disulfide bond deleted, some peptides with 10 cys-
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teine residues and, accordingly, five disulfide bonds, have
been isolated. The first 10-cysteine hevein-like peptides
(10C-Hev peptides) were isolated in 2002 from the bark
of elm-leaved pineapple-flower (Eucommia ulmoides)
belonging to the family Eucommiaceae, and were desig-
nated as EAFPI and EAFP2 [62]. They contained 41 a.a.,
had a pyroglutamic acid residue at the N-terminus, and
differed only in one amino acid substitution (Asn27 —
Ala). It should be noted that eight basic cysteine residues
were located at conservative positions, like in hevein,
while the additional fifth disulfide bond was formed
between the second and ninth cysteine residues in its
molecule Cys7—Cys37 (Fig. 5a). The presence of five
disulfide bonds in peptide molecules from Fucommia
made them extremely stable. Specifically, they main-
tained their antifungal activity even after 30-min boiling
and formed crystals easily. The peptides had a broad spec-
trum of antifungal activity: they were active against eight
major pathogenic fungi attacking cotton, wheat, potato,
tomato and tobacco. At the same time, the inhibitory
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activity was observed against fungi either containing or
not containing chitin. The effective concentration varied
within a range of IC5, = 18-155 pg/ml, while the antifun-
gal effect decreased dramatically in the presence of calci-
um ions [62] (see table).

The methods of X-ray structure analysis and NMR
spectroscopy were used to determine the spatial structure
of the EAFP2 peptide in crystal and in solution [63, 64]
(Fig. 5b). These two methods showed similar results,
namely, that the tertiary structure of EAFP2 was a com-
pact globule consisting of a 3, helix (Cys3-Arg6), a-helix
(Gly26-Cys30), and three regions of anti-parallel -
strands (Cys16-Serl8; Tyr22-Gly24; Arg36-Cys37). The
chitin-binding site of EAFP2 had a conformation similar
to the analogous domains of other hevein-like peptides;
its characteristic feature was that the amino acids sur-
rounding the site formed a hydrophobic surface.
Interestingly, the fifth disulfide bond connected the first
ten N-terminal residues with C-terminal residues at posi-
tions 35-41, formed a cluster of positively charged amino

a
EAFP1 BAsRCE - REf
EAFP2 T®ASRCP-R
Ee-CBP J®GROAGNR
LAMP GEQGRGA
WAMP1 CREGDOARGA!
b
WAMP1
C
Class I chitinases m\ L] Catalytic domain c]
Ee-CBP [sP X L Catalytic domain c|
wame | sp NV el

Fig. 5. The alignment of amino acid sequences (a) of such 10C-Hev plant peptides as EAFP1 (P83596), EAFP2 (P83597), Ee-CBP (Q7Y238),
LAMP (P86521), and WAMP-1 (H6S4F1), the comparison of structures of EeCBP and WAMP precursors with class I chitinase precursors
(c), and the spatial structures (b) of EAFP2 (1P9Z) and WAMP1 (2LB7); the formation of the additional fifth disulfide bond is shown by
dashed lines; Ee-CBP, WAMP represent the mature Ee-CBP and WAMP peptides.
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acid residues Arg6, Arg9, Arg36, and Arg40 on the surface
of the molecule [63, 64].

Another 10C-Hev peptide (Ee-CBP) was isolated
from the bark and leaves of European spindle-tree
(Euonymus europaeus) belonging to the family
Celastraceae. The fifth disulfide bond of this peptide was
located in C-terminal part of the molecule, connecting
the seventh and tenth cysteine residues (Cys32—Cys44)
[65] (Fig. 5a). Like the Eucommia peptides, this bond
provided higher stability for Ee-CBP. It retained antifun-
gal activity after 10-min boiling, long-term storage, and
in a broad pH range (from 2 to 11). Ee-CBP had a high
antifungal activity, which exceeded the activity of the 6C-
peptide Ac-AMP?2 from amaranth, one of the most active
hevein-like antimicrobial peptides (see table). In particu-
lar, Ee-CBP inhibited the growth of the fungus B. cinerea
at a concentration lower than 1 pug/ml. In addition, the
peptide possessed antibacterial activity against Gram-
positive bacteria [65].

Interestingly, class I chitinase (Ee-chitinase) was iso-
lated from the leaves and bark of European spindle-tree
simultaneously with the Ee-CBP peptide [66]. It was
shown that the sequences of Ee-CBP and Ee-chitinase
precursors had a high similarity (about 70%) but, in con-
trast to Ee-CBP, the chitin-binding domain of the chiti-
nase contained only eight cysteine residues forming four
disulfide bonds. The 10C-Hev peptide and chitinase pre-
cursors had almost the same size, and the difference
between them was mainly located in the linker between
the hevein-like and C-terminal domains. It should be
noted that, compared to other peptides of the family, Ee-
CBP had the longest precursor including the C-terminal
prodomain of the same length as in class I/IV chitinases
(Fig. 5¢). This prodomain consisted of a catalytic chiti-
nase domain and a linker, by which the proteolysis took
place. In chitinase, only short C-terminal propeptide was
truncated as a result of processing; in Ee-CBP, the entire
C-terminal domain underwent processing. The study of
antimicrobial activity showed that the Ee-CBP peptide
had a higher activity than chitinase. It has been found for
the first time that the joint effects of Ee-CBP and Ee-
chitinase resulted in synergism, and the antimicrobial
activity increased many times. To establish whether this
effect could be observed in planta, the plant was treated
with a phytohormone (methyl jasmonate), whereupon
the Ee-CBP and Ee-chitinase transcripts were found in
the bark and leaves of European spindle-tree; at the same
time, the level of expression of both transcripts increased
substantially. The analysis of leaf and bark extracts con-
firmed the presence of 10C-Hev peptide and chitinase in
the organs being investigated, which was also an evidence
of the joint effect of Ee-CBP and Ee-chitinase [66].

Other peptides containing 10 cysteine residues are
WAMP and LAMP isolated from the seeds of highly
resistant wheat species Triticum kiharae L. and wild lyme
grass (Leymus arenarius L.) [67, 68]. The positions of four
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disulfides in the WAMP peptide structure precisely
matched their localization in the chitin-binding domain
of class I chitinases isolated from cereals. At the same
time, the fifth disulfide bond in the peptides was located
between the third and tenth cysteine residues
(Cys16—Cys44; enumerated by the WAMP peptide), and
this bond brought together the N- and C-terminal regions
of the polypeptide chain, enriched in basic amino acids
(Fig. 5a). Thus, a cluster of positively charged amino acid
residues was formed. On the other side of the molecule,
there was a hydrophobic cluster containing the chitin-
binding site. It should be noted that the WAMP and
LAMP peptides had unique chitin-binding sites, the
characteristic of which was that that the conservative ser-
ine residue at position 20 was replaced by glycine
(Ser20 — Gly20); at the same time, three other conserva-
tive residues of aromatic amino acids (Tyr22, Phe24,
Tyr31) remained unchanged (Fig. 5a). It is interesting
that this substitution had no effect on the ability of
WAMP and LAMP to bind to polymeric chitin in vitro;
however, the WAMP peptide lost its ability to bind penta-
N-acetylchitopentose [1, 69]. A method of heterologous
expression in E. coli cells was developed to obtain the
recombinant analogs of WAMP and LAMP in the
amounts necessary for testing their antimicrobial activi-
ties and determining their spatial structures. It was shown
that these peptides, at their micromolar concentrations,
were active against a wide range of microorganisms and
demonstrated antimicrobial activity against fungi either
containing or not containing chitin in the cell wall (see
table). In addition, the WAMP peptide was active against
Gram-positive and Gram-negative bacteria [67]. The
structural studies by NMR spectroscopy showed that
WAMP had a 3D structure typical to all hevein-like pep-
tides [69]. The two disulfide bonds (between the first and
fourth, second and fifth cysteine residues) were located
actually at right angle to each other and formed a nottin-
like core, while the whole spatial structure of the mole-
cule included four anti-parallel B-strands (2-3, 18-20,
24-26, and 37-39 a.a.) and two short helical regions (helix
3,0 — residues 6-8 and a-helix 29-32 a.a.) [69] (Fig. 5b).
It was shown that the WAMP peptide had a precur-
sor protein typical to hevein-like AMPs, which consisted
of the signal and mature peptides and C-terminal
prodomain (Fig. 5¢) [70]. The comparion of the WAMP
precursor with chitinase and with the 10C-Hev peptide
precursor Ee-CBP showed that the C-terminal domain of
the WAMP precursor was strongly reduced. In spite of a
vast deletion (about 700 bp), a minor part of the chitinase
domain showing high similarity to the analogous domains
of class I chitinases was retained in the structure of the
WAMP prepropeptide. In addition to this domain, high
sequence similarity was observed between the hevein
domain of chitinase and the mature region of the WAMP
peptide (Fig. 5¢). Taking into account this fact, as well as
the similarity between spatial structures of the WAMP
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peptide and class I/IV chitinases, it was supposed that the
WAMP gene could evolutionarily descend from the chiti-
nase genes. The selection of these genes during evolution
was probably a result of pronounced antimicrobial activi-
ty of WAMP peptides, which enhanced the resistance of
plants to phytopathogens [70].

The wheat and goat grass species used for obtaining
T. kiharae were investigated. The formula of the T.
kiharae genome is A°’A° GGDD. It has been shown that
the species 7. monococcum and T. urartu, being the
donors of genome A, contain no wamp gene homologs. At
the same time, the species Ae. fauschii (the donor of
genome D) and T. timopheevii (the donor of genome G)
contain homologous genes, which encode the precursors
different from the wamp gene-encoded precursors in sin-
gle amino acid substitutions or small deletions concen-
trated mainly in the region of the signal peptide and the
C-terminal prodomain. The most conservative domain of
such homologous genes was the mature peptide region
having, however, one non-conservative position (34th
a.a.) where the amino acid residues Ala, Lys, Glu, Asn
were observed depending on the species being investigat-
ed (Fig. 6a).

It was shown that wamp gene expression was activat-
ed in response to salt stress, while no changes in its

ChitA

WAMP1
WAMP2
WAMP3
WAMP4
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expression were observed in response to temperature
stress (temperature increase/decrease). It turned out that
wamp transcripts accumulated in response to infection
with the phytopathogenic fungus F. oxysporum, while the
reprogramming of transcription and alternative
polyadenylation were switched on in response to infec-
tion with A. niger [70].

MECHANISM OF ACTION
OF HEVEIN-LIKE PEPTIDES

Until recently, it was considered that the main mech-
anism of action of hevein-like peptides is associated with
their ability to interact with the cell wall chitin of
pathogens. Using Ac-AMP, as well as truncated hevein
mutant (Hev32), it has been shown that the interaction
with hydrophobic C-H groups of the fungal saccharide
occurred through the m-electrons of aromatic amino acid
residues of the chitin-binding domain [26, 28, 71, 72]. It
was shown that the 8C-Hev peptide Pn-AMPI1 quickly
penetrated into fungal hypha and induced actin depolar-
ization in the cytoskeleton, membrane disrupture, and
leakage of cytoplasmic materials; as a result, hyphal
growth of the fungi (Saccharomyces cerevisiae and

b First step

Binding of chitinase
to chitin in a cell wall
of pathogenic fungus

and its hydrolysis

Second step

Fungalysin secreted
by fungus cleaves
and inactivates
chitinase

4~
Third step

WAMP inhibits
fungalysin retaining
chitinase activity

Fig. 6. Mechanism of action of WAMP peptides. a) Comparison of the chitin-binding domain of chitinase ChitA (DOEMS57) and peptides
WAMP-1 (H6S4F1), WAMP-2 (H6S4F4), WAMP-3 (H6S4F5), and WAMP-4 (H6S4F6). Non-conservative position 34 in WAMP peptides is
shown in bold; the site of proteolysis of the enzyme fungalysin is asterisked. b) Model of plant—pathogen interaction (see explanations in text).
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Candida albicans) was stopped [73]. However, it should be
noted that mannans, rather than chitin, are responsible
for this process in the fungal cell wall [73]. It was sup-
posed that hevein-like AMPs and chitinases could work
together, exerting a targeted impact on the fungi, since
they were structurally similar and had a common target of
action. This was shown for 10C-Hev peptide Ee-CBP
[66]. However, the mechanism of action was described in
detail and the molecular target in the pathogenic organ-
ism, to which the major activity of hevein-like AMP is
directed, was identified as a result of investigating the
10C-Hev peptide WAMP.

It should be noted that the class IV chitinases ChitA
and ChitB were isolated previously from the seeds of
maize (Zea mays L.) and proved to have high antimicro-
bial activity against Fusarium and Bipolaris fungal species
[74]. It was also shown that some phytopathogenic fungi,
in turn, secreted proteins that targeted these chitinases
and cleaved the peptide bond between the chitin-binding
and chitinase domains; as a result, the chitinases were
inactivated and, accordingly, the protection of plants
from pathogens was weakened (Fig. 6a) [75]. One of the
chitinase-modifying proteins was the enzyme secreted by
the fungus F. verticillioides and designated as Fv-cmp.
After primary structure identification, this enzyme was
assigned to the class of fungalysins, the family of M36
metalloproteases [75]. It was shown that Fv-cmp cleaved
class IV chitinases of not only maize (ChitA and ChitB)
but also of A. thaliana (AtchitlV3, AtchitlV5). It cleaved
the conservative peptide bond between glycine and serine
residues located in the region between two chitinase
domains. As a result, the chitinases lost their activity and
could not affect pathogens (Fig. 6a) [75].

WAMP was also supposed to be a target of fungalysin
because of high structural similarity between the WAMP
peptide and plant chitinases. However, it turned out that
the proteolysis did not occur during the joint incubation
of this peptide and the purified protease Fv-cmp in vitro.
The absence of proteolysis by Fv-cmp was also observed
for the peptides homologous to WAMP having Lys
(WAMP2), Glu (WAMP3) or Asn residues (WAMP4) in
place of Ala at non-conservative position 34 (Fig. 6a),
even under conditions of prolonged incubation. It is sup-
posed that the observed stability is associated with the
presence of the additional Ser36 residue in the region that
should undergo proteolysis; however, this amino acid
residue is absent in the structure of both chitinase and
other hevein-like peptides. Moreover, ChitA chitinase
remained intact when added to fungalysin and WAMP.
No changes in the properties of ChitA were observed in
case of WAMP replacement by its homolog WAMP34K;
however, the chitinase underwent partial or complete
proteolysis in the presence of other homologs
(WAMP34E, WAMP34N). Thus, it turned out that the
amino acid residue at position 34 is one of the key
residues for the binding with fungalysin, and the inhibi-
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tion of the enzyme could be either observed or not
depending on its nature.

A model of plant—pathogen interaction has been
proposed (Fig. 6b). In response to the attack of a patho-
genic fungus, a plant expresses chitinase that can bind
and cleave hyphal chitin. In its turn, the fungus produces
fungalysin that specifically cleaves and inactivates chiti-
nase, suppressing its function. Then the plant begins to
express hevein-like peptides (WAMP) that bind to fun-
galysin and inhibit its activity. At the same time, fun-
galysin cannot cleave chitinase so that chitinase remains
intact and can cleave the fungal chitin and suppress the
effect of the pathogen.

Since both WAMP and chitinases are expressed in
wheat seedlings in response to the infection with
Fusarium fungal species [70, 76], we can suppose that the
synergism between WAMP and chitinases demonstrated
in vitro is also implemented in planta. It is still unclear
whether the described mechanism of action is specific
only for WAMP peptides or represents a characteristic of
other hevein-like AMPs as well [77].

BIOTECHNOLOGICAL AND MEDICAL
APPLICATIONS OF HEVEIN-LIKE PEPTIDES

Due to the pronounced antimicrobial activity against
phytopathogens, hevein-like peptides are used primarily
for obtaining transgenic plants with enhanced resistance
to pathogenic microorganisms. A vector construction
based on hevein-encoding ¢cDNA was made to obtain
transgenic mustard (Brassica juncea) resistant to the fun-
gus A. brassicae [78]. The biological testing in greenhous-
es showed that the obtained trangenic plants possessed all
characteristics of resistance to alternariosis: longer incu-
bation and latent periods, smaller size of necrosis, and
smaller degree of disease development [78]. The hevein
precursor expressed in transgenic tomatos was used in
addition to the mature hevein. Interestingly, there was no
processing, and no mature hevein was formed. However,
the obtained plants acquired resistance to the phy-
topathogen Trichoderma hamatum, which was demon-
strated by fungal growth inhibition [79].

Transgenic plants were also obtained using the pro-
moter region of the hevein-encoding gene. The hevein
promoter (HEV2.1) was used to obtain constructions
allowing the expression of reporter protein p-glu-
curonidase (GUS) in transgenic Hevea. Interestingly, the
expression of GUS in the roots and stems of transgenic
plants was observed only in laticifer cells (the cells pro-
ducing latex), while its expression in leaves was observed
in all cells [80]. Currently there are attempts to use the
hevein promoter (pHevP) for obtaining transgenic Hevea
plants producing higher amounts of recombinant proteins
used in pharmaceutics, namely, human protamine 1 and
atrial natriuretic peptide [81, 82]. It is supposed that
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greater amounts of heterologous proteins can be obtained
since latex is produced in Hevea in large amounts.
Furthermore, it will not be necessary to use the whole
plant for obtaining target proteins, but only to make an
incision in the bark of the tree, without damaging the
cambium, and to collect the dripping sap with the target
protein [80-82].

In addition to hevein, transgenic plants were also
obtained by using other 8 C-Hev peptides [83]. In partic-
ular, the Pn-AMP2-encoding ¢cDNA was successfully
expressed in tobacco plants under the control of 35S pro-
moter, resulting in their enhanced resistance to the
oomycete Phytophthora parasitica causing late blight dis-
ease [84]. Transgenic tomato plants expressing the Pn-
AMP?2 peptide and possessing higher resistance to the
phytopathogenic fungi P. capsici and F. oxysporum were
obtained [85]. Since chitin was present in the cell walls of
F. oxysporum but absent in the same cells of P. capsici, it
was concluded that the presence of chitin was not a nec-
essary condition for the exhibition of antifungal activity
of the Pn-AMP2 peptide [85].

6C-Hev peptide Ac-AMP2 was used to obtain trans-
genic plants of tobacco [86] and tomato [87]. Transgenic
tobacco plants were obtained using the following two
types of constructions: one with the wild-type gene
encoding Ac-AMP2 and the other with the mutant gene
carrying no nucleotide sequence encoding the C-terminal
propeptide. The transgenic plants obtained from both
constructions contained, instead of the original peptide
Ac-AMP2, its isoform with deleted Arg residue at the C-
terminus, which was present only in intracellular fluid.
This peptide isoform was isolated from transgenic tobac-
co plants, and its antimicrobial activity was determined in
vitro. It was shown to possess an antifungal activity simi-
lar to that of Ac-AMP2. At the same time, the transgenic
plants did not possess the enhanced resistance either to B.
cinerea or to A. longipes, against which the isolated
isopeptide was active [86].

The genes encoding 6C-Hev peptides of chickweed
(SmAMP1, SmMAMP?2) were used for expression in tobac-
co plants to provide enhanced resistance to fungal infec-
tion [60]. It should be noted that the precursors of these
hevein-like AMPs have a modular structure and contain
two mature peptides in one cassette. It was shown that
SmAMP precursors underwent processing in the obtained
trangenic plants, resulting in the formation of SmMAMP1
and SmAMP2 peptides. The obtained tobacco plants
showed the highest resistance to the phytopathogenic
fungi Bipolaris sorokiniana and Thielaviopsis basicola.

Hevein-like peptides are a comparatively small AMP
family, the interest in which has increased recently. Due
to the high number of cysteine residues, which form a
motif typical to these AMPs, hevein-like peptides repre-
sent highly stable compounds resistant to heating and
protease action. The chitin-binding site provides these
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peptides with the ability to bind to chitin, the major cell
wall component of pathogens, which is absent in plants.
Hevein-like AMPs have been found in mono- and
dicotyledonous plants from different families. Almost all
hevein-like peptides are active, at their micromolar con-
centrations, against the wide range of phytopathogens,
often including bacteria besides fungi. These and other
characteristic features of the peptides from this family
make them important components of plant innate immu-
nity. Based on two hevein-like peptides it has been shown
that they act together with protective proteins, chitinases.
It has been established that the WAMP peptide inhibited
the secreted metalloprotease of the pathogenic fungus,
which protected the plant chitinase from degradation by
the enzyme of the pathogen. However, it is still unclear
whether this mechanism is universal for all peptides from
this family or is typical only for some of them. Hevein-
like AMPs were used in biotechnology for obtaining
transgenic plants with enhanced resistance to phy-
topathogens. A number of such plants expressing differ-
ent hevein-like peptides have been obtained. It is
attempted to use the promoter regions of the genes of
these peptides for producing large amounts of drugs. The
data presented above show that hevein-like AMPs repre-
sent a distinctive family, the investigation of which seems
promising in both fundamental and practical respect.
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