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The chitin-binding capability of Cy-AMP1
from cycad is essential to antifungal activity

Seiya Yokoyama,? Yuto lida,? Yousuke Kawasaki,” Yuji Minami,**

Keiichi Watanabe® and Fumio Yagi®

Antimicrobial peptides are important components of the host innate immune responses by exerting broad-spectrum
microbicidal activity against pathogenic microbes. Cy-AMP1 found in the cycad (Cycas revoluta) seeds has chitin-binding
ability, and the chitin-binding domain was conserved in knottin-type and hevein-type antimicrobial peptides. The recombinant
Cy-AMP1 was expressed in Escherichia coli and purified to study the role of chitin-binding domain. The mutants of Cy-AMP1
lost chitin-binding ability completely, and its antifungal activity was markedly decreased in comparison with native Cy-AMP1.
However, the antimicrobial activities of the mutant peptides are nearly identical to that of native one. It was suggested that
the chitin-binding domain plays an essential role in antifungal, but not antimicrobial, activity of Cy-AMP1. Copyright (©) 2009
European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Antimicrobial peptides are important substances functioning of
self-defense against infection by various pathogens. They are
isolated from various sources of animals, plants and bacteria and
have been characterized [1-3]. Some plants have antimicrobial
peptides that have similar amino acid sequence to those from
animals. Plant peptides having primary structures similar to those
of the defensin family, most of which are found in animals, are
called the plant defensin family [4,5]. Most of the plant defensins
can be classified into three types: hevein type [6,7], knottin type
[8,9] and thionin type [10,11], according to the number and
position of cysteine residues in the molecules.

One of the actions of antimicrobial peptides is thought to
exert their activity through destruction of the cell membrane
of infections pathogens, but the molecular mechanism still
remains unclear. For antimicrobial peptides, three models of
membrane destruction mechanisms have been proposed: barrel-
stave, carpet and toroidal models [12-16]. In these models, the
interaction with the surface of pathogens serves as a key step
of the antimicrobial activity. The characteristic, positive charge
and hydrophobicity of antimicrobial peptides are considered
to participate in antimicrobial activity [17,18]. Furthermore, the
chitin-binding domain is conserved in knottin-type and hevein-
type antimicrobial peptides (Figure 1). However, the relationship
between the chitin-binding capability and the antimicrobial
activity has not been studied.

Antimicrobial peptide (AMP) derived from cycad (Cycas revoluta)
seeds, Cy-AMP1, has been isolated and characterized [19]. It
has been shown that Cy-AMP1 is unique in having two knottin
motifs and possesses antimicrobial activity against a wide range
of microorganisms, including Gram-positive and Gram-negative
bacteria and fungi. In addition, Cy-AMP1 has the chitin-binding
capability.

To investigate the relationship between chitin-binding capa-
bility and antimicrobial activity, the recombinant Cy-AMP1 was

produced in which highly conserved Ser residue is altered to Gly
residue and the conserved aromatic amino acid to Asn or Val. The
effect of these point mutations on the chitin-binding capability
and the antimicrobial activity is discussed. This is the first report on
the relationship between chitin-binding capability and antifungal
activity.

Materials and Methods

Materials

The following bacteria and fungi were used for testing an-
timicrobial activity: Erwinia carotovora subsp. carotovora MAFF
106 567. They were kindly provided by Dr Iwai of the Laboratory
of Phytopathology, Faculty of Agriculture, Kagoshima University.
Lactococcus lactis subsp. lactis NBRC 12 007, Geotrichum candidum
NBRC 4597, Streptococcus mutans NBRC 13 955, Enterobacter cloa-
cae NCBR 12935, Clavibacter michiganensis NBRC 13763 and
Fusarium oxysporum cucumerium NBRC 6384 were obtained
from National Institute of Technology and Evaluation, Biological
Resource Center (NBRC). The Escherichia coli strain JM109 was
used for all routine cloning purpose and the strain BL21(DE3)
was used for overproduction of recombinant proteins. All strains
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Figure 1. Sequences comparison of Cy-AMP1 with plant defensins. The amino acid sequence of Cy-AMP1 was compared with those of typical plant
defensins. The well-conserved amino acids, indicated in black, are involved in chitin-binding activity. Pseudo-hevein, antimicrobial peptide from
Hevea brasiliensis [20]; Pn-AMP1, antimicrobial peptide from Pharbitis nil [7]; Pa-AMP1, antimicrobial peptide from Phytolacca americana [9]; Mj-AMP1,
antimicrobial peptide from Mirabilis jalapa [8]; Ar-AMP1, antimicrobial peptide from Amaranthus retroflexus [21]; Ac-AMP1, antimicrobial peptide from
Amaranthus caudatus [22]; EAFP1, hevein-type antimicrobial peptide from the Euonymus europaeus [23]; Ee-CBP, antimicrobial peptide from Euonymus
europaeus [24]; Mc-AMP, antimicrobial peptide from Mesembryanthemum crystallinum.

Table 1. Theoretical characteristic and amino acid sequence of Cy-AMP1 and its derivate
Amino acid sequence MW GRAVY Net charge

Cy-AMP1 KGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKYGFCGSGPQYCG 4591.3 —0.341 +3
rCy-AMP1 GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKYGFCGSGPQYCG 4735.4 —0.352 +3
S31G GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCGKYGFCGSGPQYCG 4705.4 —0.343 +3
Y33V GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKVGFCGSGPQYCG 4671.4 —0.233 +3
Y33N GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKNGFCGSGPQYCG 4686.4 —0.400 +3
F35V GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKYGVCGSGPQYCG 4687.4 —0.322 +3
F35N GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKYGNCGSGPQYCG 4702.4 —0.489 +3
Y42V GSKGAPCAKKPCCGPLGHYKVDCSTIPDYPCCSKYGFCGSGPQVCG 4671.4 —0.233 +3

were cultured at 30°C in a constant-temperature incubator.
All other chemicals were of the highest purity commercially
available.

Plasmids and Site-specific Mutagenesis

The gene encoding 44 amino acid sequence of Cy-AMP1 was
synthesized using the favored codons for E. coli (Figure 1A).
The Cy-AMP1 gene was amplified by PCR with the follow-
ing primers (forward primer 1: AAGGATCCAAGGGTGCACCGTGT
and reverse primer 2: AAGAATTCTTAACCACAATATTGCGG) us-
ing Cy-AMP1 complementary DNA cDNA as template. The
PCR-amplified DNA fragments were digested by BamH| and
EcoRl, and then ligated via multi-cloning site into pGEX-4T1
vector (GE Healthcare, UK), using DNA ligation kit Ver2.1
(TAKARA BIO, Japan) (Figure 1C). Construction of plasmid in-
cluding site-specific mutant Cy-AMP1 cDNA was amplified
from the above-mentioned vector by PCR using the following
primer sets (S31G: primer1 CGTGTTGTGGTAAATACGGCTTCTGCG-
GTAGCG, primer2 CGCTACCGCAGAAGCCGTATTTACCACAACACG,
Y33V: primerlT GTTGTAGTAAAGGTGGCTTCTGCGGTAGCGGTCC,
primer2 GGACCGCTACCGCAGGAGCCAACTTTACTACAAC, Y33N:
primer1 GTTGTAGTAAAAATGGCTTCTGCGGTAGCGGTCC, primer2
GGACCGCTACCGCAGAAGCCATTTTTACTACAAC, F35V: primerl
GTTGTAGTAAATACGGCGTTTGCGGTAGCGGTCC, primer2 GGAC-
CGCTACCGCAAACGCCGTATTTACTACAAC, F35N: primer1 GTTG-
TAGTAAATACGGCAATTGCGGTAGCGGTCC, primer2 GGACCGC-
TACCGCAATTGCCGTATTTACTACAAC, Y42V: primerl GTAGCG-
GTCCGCAAGTTTGTGGTTGAGAAT, primer2 ATTCTCAACCACAAC-
CTTGCGGACCGCTACQ). And then, the PCR products were digested
by Dpnl.

The resulting vectors were transformed into the E. coli JM109
cell (Promega, USA), and after isolation and purification, subjected
to the DNA sequence analysis. The theoretical characteristic and

amino acid sequence of Cy-AMP1 and its derivate were shown in
Table 1.

Expression and Purification of Recombinant Peptides

A single colony was inoculated to 100 ml of Luria—Bertani LB
medium supplemented with 100 ug/ml ampicillin and 1% (w/v)
glucose, and cultured overnight at 37 °C. The culture was then
used to inoculate the fresh LB medium at the volume ratio of
1:100. Cells were incubated to the mid-log phase (absorbance
at 600 nm = 0.6), and then induced by the addition of isopropyl
B-D-1-thiogalactopyranoside to a final concentration of 0.5 mm.
Expression was carried out at 27°C for 36 h. The cells were
harvested from 1 | of culture by centrifugation at 1700x g for
20 min and were resuspended in 50 ml phosphate buffered saline.
After sonicating for 30 min on ice, the suspension was centrifuged
at 24000x g for 20 min. The clear supernatant was put through
the Glutathione Sepharose™ 4B column (GE Healthcare, UK)
according to the manufacturer’s instructions. To release rCy-AMP1,
the fusion protein was digested by thrombin at 16 °C for 36 h,
and then passed through SP Sepharose column. The rCy-AMP1
was further purified by reversed-phase HPLC on a Mightysil RP-4
column (particle diameter, 5 um; ® 4.6 x 250 mm; Kanto Chemical,
Japan), using a linear gradient of 0-40% MeCN in 0.1% TFA.

Maldi-Tof Ms

For measuring the molecular mass, Cy-AMP1s were analyzed on a
MALDI-TOF MS (Voyager DE-RP, Applied Biosystems, USA), which
used a pulsed nitrogen laser emitting at 337 nm. Pressure in the
jon chamber was kept between 1 x 1077 and 4 x 1077 Torr. The
matrix solution contained saturated «-cyano-4-hydroxycinnamic
acid in 50% acetonitrile/0.1% TFA. Matrix mixture solution (matrix:
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Cy-AMP1s = 9:1, v/v) was put on the sample plate and then
air-dried completely. Mass spectra were collected by using the
linear delayed extraction mode (DE mode) and positive ion mode
with the following parameters: accelerating voltage, 20 000 V; grid
voltage, 95.500%; guide wire voltage, 0.050%; low mass gate 500.0
and laser intensity, 2,400. Signals from 26 to 256 excitation pulses
were accumulated and averaged to yield each recorded mass
spectrum. The spectra were externally calibrated with the « chain
[(M +H)* = 3497.0 Da] and 8 chain of insulin [(M + H)* = 5731.6
Da] and analyzed using GRAMS/386 software (Galactic Industries
Coro., Salem, New Hampshire, USA).

Measurement of CD Spectrum

CD spectra were measured on a Jasco J-820 spectropolarimeter
(JASCO corporation, Japan). Measurement carried out at 27°C
using a0.2-mm pathlength quartz cell, with five scans per spectrum
at a scan speed of 50 nm/min. The peptide samples (500 pg/ml)
were dissolved in Milli-Q water cont. 20% TFE. The molar ellipticity
perresidue [A]r (deg-cm?/dmol) was calculated using the following
equation:
Blr=6-100-(-C-A)",

where 0 is the experimental ellipticity (mdeg), | is cuvette path
length (cm), Cis protein concentration (M) and A is the number of
residues in the protein.

Measurements of Chitin-binding Capability of Peptides

Chitin-binding capability was measured by a method similar to
that of Fujimura etal. [25]. The peptides were put through the
chitin column (1.5 x 15 cm) equilibrated with the 20 mm sodium
bicarbonate buffer (pH 8.5). A chitin-flow through fraction was
collected by loading the same buffer. Then, a chitin-binding
fraction was eluted at a flow rate of 0.5 ml/min with 20 mm acetic
acid (pH 3.0). A chitin-binding fraction and flow through fraction
were applied to Tricin SDS-PAGE analysis as described by Schgger
and Jagow [26].

Assay of Antimicrobial Activity

Antimicrobial activity was measured by a method similar to that
of Broekaert et al. [27] using PD medium (Siguma Aldrich, USA)
containing 2.5 x 10* fungal spores per milliliter for antifungal
activity and 1 x 10° colony-forming units of bacteria per milliliter
for antibacterial activity. A peptide solution (20 pl) sterilized by
ultrafiltration with a nitrocellulose membrane, and the sterilized
culture solution (80 pl), were successively put into a microplate
and incubated at 30 °C for 24 h. The turbidity of the solution was
measured at 490 nm [25].

Result
Expression and Purification of Recombinant Peptides

The nucleotide sequence of the constructed pGEX-CyAMP1
and mutants were confirmed by DNA sequencing and were
transformed into the expression host E. coli BL21(DE3). As shown in
Figure 2, the resulting expression level of fusion protein reached
>10% of the total protein, and >60% of the target proteins
were in soluble form. The existence of the GST-tag on the carrier
protein enables an effective purification of the fusion protein by
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Figure 2. a, SDS-PAGE analysis of fusion proteins expressed in E. coli, and
purified fusion protein. Lane 1, protein molecular weight marker; Lane 2,
precipitation of bacterial lysate; Lane 3, supernatant of bacterial lysate;
Lane 4, purified GST-CyAMP1. b, Tricine SDS-PAGE analysis of digestion
of fusion protein by thrombin. Lane 1, protein molecular weight marker;
Lane 2, purified GST-CyAMP1; Lane 3, purified GST-CyAMP1 digestion
product with Thrombin. This figure is available in colour online at
www.interscience.wiley.com/journal/jpepsci.

Glutathione Sepharose™ 4B column. SDS-PAGE analysis revealed
the purity of target peptides.

The desalted fusion protein was cleaved by thrombin at 16 °C
for 36 h. The cleaved fusion partner and some containing proteins
could be removed rapidly by SP Sepharose column, and then
further purified by reverse-phase HPLC on a Mightysil RP-4 column
using a linear gradient of 0-40% MeCN;2-PrOH (3:7, v/v) in 0.1%
TFA. The major peak was confirmed to be the target peptide
by analyses with a Waters Pico-Tag amino acid analyzer, MALDI-
TOF/MS and amino acid sequencer. About 1 mg of target peptides
was obtained from 1 | culture.

Estimation of the Secondary Structure of Native
and Recombinant Cy-AMP1 (rCy-AMP1)

To compare the structure of rCy-AMP1 and mutant Cy-AMP1s with
its native counterpart, Cy-AMP1, these peptides were analyzed by
CD (Figure 3). Each of Cy-AMP1, rCy-AMP1 and S31G presented
comparable spectra that were characteristic of structured peptide
with a negative maximum at 198 and 215nm, which are
indicative of a predominantly random coil and B-strand structure,
respectively. In contrast, other mutant Cy-AMP1s, Y33V, Y33N,
F35V, F35N and Y42V, showed reduction in a negative maximum
at215 nm.

Chitin-binding Capability of the Peptides

To confirm that Cy-AMP1 and its analogs have chitin-binding
capability, these peptides were applied to chitin column, then
collected flow through fraction and absorbed fraction. These
fractions were applied to Tricin SDS-PAGE. The Cy-AMP1 and rCy-
AMP1 were present in absorbed fraction (Figure 4A). However,
S31G, Y33V, Y33N, F35V, F35N, Y42V and Y42N were present in
flow through fraction (Figure 4B).

www.interscience.com/journal/psc  Copyright (©) 2009 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 3. The feature comparison of native Cy-AMP1 and derived Cy-AMP1s. The comparison of the secondary structure by CD. The spectra were

measured at 27 °C and the peptides were dissolved in 20% TFE.
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Figure 4. SDS-PAGE analysis of chitin-binding capability. a, Flow through fractions; b, Absorbed fractions; Lane M, protein molecular weight marker
(16.9 kDa, 14.4 kDa, 8.2 kDa, 6.2 kDa, 3.5 kDa); Lane 1, native Cy-AMP1; Lane 2, rCy-AMP1; Lane 3, S31G; Lane 4, Y33N; Lane 5, Y33N; Lane 6, F35W; Lane 7,

F35V; Lane 8, F35N; Lane 9, Y42V.

Antimicrobial Activity of Recombinant Peptides

The antimicrobial activity of recombinant peptides against plant
pathogenic fungi and Gram-negative and -positive bacteria were
evaluated as equivalent concentration for growth inhibition. The
growth inhibition ratios of the peptides are shown in Table 2. The
rCy-AMP1 and mutant Cy-AMP1s showed similar antimicrobial
activity in comparison with native Cy-AMP1. In addition, the
rCy-AMP1 retained antifungal activity equivalent to native one.
In contrast, antifungal activity of the mutant Cy-AMP1s, S31G,
Y33V, Y33N, F35V, F35N and Y42V, was markedly decreased in
comparison with Cy-AMP1 and rCy-AMP1. These Cy-AMP1 mutants
showed only ~10% of antifungal activity of native one.

Discussion

Plant defensins that contribute to defense against pathogens
have been recently reported. Although these peptides commonly

have antimicrobial activity against pathogens, there are many
variations in their primary structures. For relationship between
structure and activity, linearization of cyclic antimicrobial peptides
generally alters their activities as well as their ability to interact
with cell membranes [28-33]. Furthermore, Peng et al. reported
that the positive patch and the hydrophobic surface were both
important for the antifungal function of Pa-AMP from poke
weed (P. americana) seeds [34]. Most of antimicrobial peptides
with chitin-binding capability were classified into knottin type
or hevein type. These peptides have well-conserved amino acid
sequence [C-C-S-X-aromatic amino acid residue-X-aromaticamino
acidresidue-(6 ~ 8X)-aromaticamino acid residue)] (Figure 1),and
these conserved amino acid are considered to participate in chitin-
binding capability [35-37]. Cy-AMP1 has a potent antimicrobial
activity and a model peptide for studying the relationships
between structure, charge, affinity and antimicrobial activity.
In this study, to investigate the effect of elimination of chitin-
binding capability on the activity of Cy-AMP1, the 31 serine residue
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Table 2. Antimicrobial activity of Cy-AMP1, rCy-AMP1 and mutant Cy-AMP1s
IC50 (ug/ml)
Microorganisms Cy-AMP1 rCy-AMP1 S31G Y33V Y33N F35Vv F35N Y42V
Fungi F. oxysporum 6.0 6.0 45 67 37 21 29 33
G. candidum 74 8.2 56 55 41 31 68 72
Gram-positive L. lactis 10 8.0 12 5.6 11 9.5 19 12
S. mutans 8.0 9.0 7.0 9.0 1 5.1 4.2 10
C. michiganensis 5.0 4.0 10 4.6 5.9 5.1 4.6 2.8
Gram-negative E. carotovora 6.0 4.0 5.0 49 2.0 24 14 3.7
E. cloacae 8.5 74 8.1 9.9 2.0 3.2 3.5 9.6
considered important in a conserved region was substituted with References

glycine residue, the aromatic amino acid residue, Tyr 33 and Phe
35 which exists in a chitin-binding domain were substituted with
Val or Asp residue, in addition, the aromatic amino acid residue
Tyr 42 which exists downstream of a chitin-binding domain was
also substituted with Val residue.

In the CD spectra, rCy-AMP1 and S31G were similar to native
one. In contrast, Y33V, Y33N, F35V, F35N and Y42V showed a slight
alteration in CD spectra. This result has suggested the influence
on the secondary structure or CD spectra by the substitution of
amino acid residue. The three aromatic amino acid residues might
be important for keeping secondary structure.

Harata et al. suggested that CH-rr interaction involving three
aromatic residues is a major determinant of the affinity of hevein
domain for chitin, and this interaction is further strengthened
by a hydrogen bonding with Ser of hevein domain [38]. The
substitution of Tyr 42 of Cy-AMP1 to Val caused loss of a
chitin-binding capability. The substitution by Asp residue or Val
residue of aromatic amino acid residue, the Tyr 33 and Phe 35
in a chitin-binding domain, resulted in disappearance of chitin-
binding capability. In addition, the chitin-binding capability of
Cy-AMP1 was lost by substitution of Ser 31 to Gly without
change of secondary structure as compared with native one. This
result suggested that the interaction of Cy-AMP1 and chitin, the
m-stacking interaction of chitin and 33rd, 35th and 42nd aromatic
rings and a hydrogen bond between the hydroxyl group of Ser 31
and the carbonyl group of chitin, is important for chitin-binding
capability.

Mutants of Cy-AMP1 that were incapable of binding to chitin
were shown to have reduced antifungal activity (Table 2). They had,
however, same level of antibacterial activity against Gram-positive
and Gram-negative bacteria in comparison with native Cy-AMP1
and rCy-AMP1. This result suggested that chitin-binding capability
of Cy-AMP1 plays a crucial role in its antifungal activity. The
antifungal mechanism might be differing from the antibacterial
mechanism. In the antifungal mechanism of knottin-type or
hevein-type antimicrobial peptide, it is considered that binding to
chitin at a fungus surface serves as first interaction of antifungal
activity.

In conclusion, we created the mutants Cy-AMP1s that were
substituted of serine residue or aromatic amino acid in chitin-
binding domain without severe alteration in secondary structure
and demonstrated the relationship between chitin-binding ca-
pability and antifungal activity. The biological role of Cy-AMP1
has not been clarified. The finding of this relationship may help
contribute to the understanding of the antimicrobial mechanism.
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