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A new defensin Lc-def, isolated from germinated seeds of the lentil Lens culinaris, has molecular mass
5440.4 Da and consists of 47 amino acid residues. Lc-def and its °N-labeled analog were overexpressed
in Escherichia coli. Antimicrobial activity of the recombinant protein was examined, and its spatial struc-
ture, dynamics, and interaction with lipid vesicles were studied by NMR spectroscopy. It was shown that

1<€ywo_rd55 ) ) Lc-def is active against fungi, but does not inhibit the growth of Gram-positive and Gram-negative bac-
g“;‘m‘,cmb‘al peptide teria. The peptide is monomeric in aqueous solution and contains one o-helix and triple-stranded -
Leenfirllsm sheet, which form cysteine-stabilized o motif (CSaB) previously found in other plant defensins. The ste-

Recombinant expression rically neighboring loop1 and loop3 protrude from the defensin core and demonstrate significant mobil-
Antifungal activity ity on the ps-ms timescale. Lc-def does not bind to the zwitterionic lipid (POPC) vesicles but interacts
NMR with the partially anionic (POPC/DOPG, 7:3) membranes under low-salt conditions. The Lc-def antifungal

activity might be mediated through electrostatic interaction with anionic lipid components of fungal

membranes.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Plant defensins belong to a large family of pathogenesis-related
proteins (PRP), which are involved in plant defense against pests
and pathogens and accumulated in plant tissues under stress con-
ditions [1]. The defensins are basic peptides possessing antimicro-
bial activity toward different pathogens including bacteria, fungi,
and viruses [2]. These peptides consist of 45-54 amino acid resi-
dues and characterized by the presence of some conservative
amino acid residues including eight cysteines [3]. Spatial structure
of plant defensins is typically formed by antiparallel triple-
stranded B-sheet packed against an o-helix (in a p;o,B3 configu-
ration) [4]. Plant defensins contain three conserved intramolecular

Abbreviations: CSap, cysteine-stabilized o motif; DOPG, 1,2-dioleoyl-sn-glyce-
ro-3-phosphoglycerol; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;
SUV, small unilamellar vesicles.
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disulfide bridges (C2-C5, C3-C6, C4-C7) forming so-called cys-
teine-stabilized o motif (CSaB) [5]. This motif was found in many
toxins isolated from arthropods including arachnids and insects
[5]. An additional disulfide bond (C1-C8) brings together the N-
and C-terminal regions of plant defensins forming pseudo-cyclic
structures.

Plant defensins possess various biological activities including
inhibitory effects on a broad range of plant and human pathogens
(e.g. different Candida species [6]), digestive enzymes (a-amylases
[7] and serine proteinases [8]), HIV-1 reverse transcriptase [9], and
growth of parasitic plants [10]. The peptides take part in regulating
plant growth and development [11] and promote zinc tolerance in
plants [12]. Some plant defensins inhibit protein translation in a
cell-free system [13] and proliferation of tumor cells [14], block
ion channels [15], display insecticidal effects [16] and mitogenic
activity towards mouse splenocytes [17].

Molecular mechanism of antimicrobial action of plant defensins
is still obscure. In contrast to other antimicrobial peptides, defen-
sins do not permeabilize artificial phospholipid membranes [18],
but induced hyphal permeabilization [19]. Recent research has
demonstrated that microbe-specific lipid receptors are involved
in antibiotic activity of various defensins [20]. In common with
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human, invertebrate, and fungal defensins that bind to lipid II of
the bacterial cell wall [20], plant and insect defensins were found
to interact with sphingolipid receptors, resulting in fungal cell
death [21]. Besides, plant defensins might enter the cell and access
intracellular targets, such as DNA, RNA or components of the pro-
tein biosynthesis machinery [18].

In previous study [22], we discovered a novel defensin, termed
as Lc-def, in the lentil Lens culinaris germinated seeds. Lc-def has
molecular mass 5440.4 Da and consists of 47 amino acid residues
including 8 cysteines forming 4 disulfide bonds. Here we report
on the development of a bacterial expression system for produc-
tion of the recombinant Lc-def and its '°N-labeled analog. Antimi-
crobial activity and solution structure of the recombinant Lc-def
were studied in the present work.

2. Materials and methods

2.1. Heterologous expression and purification of recombinant Lc-def
and its "°N-labeled analog

The recombinant plasmid pET-Trx-Lc-def was constructed by
ligating the 5253 bp Bglll/Xhol fragment of pET-31b(+) vector
(Novagen) with a PCR-constructed insert encoding the recombi-
nant protein (see Supplementary data). The BL-21 (DE3) cells
transformed with pET-His8-TrxL-Lc-def were grown in LB medium
containing ampicillin and glucose. '°N-labeled Lc-def was
expressed in M9 minimal medium containing '>NH,Cl. Purification
of the recombinant Lc-def and its °N-labeled analog involved
immobilized-metal affinity chromatography (IMAC), refolding,
CNBr cleavage of the fusion protein, elimination of the carrier pro-
tein by IMAC, and final RP-HPLC (see Supplementary data).

2.2. Antimicrobial assay

Antimicrobial activity of the recombinant Lc-def was measured
by microspectrophotometry using 96-well microplates and serial
dilutions of the peptide as described [23]. Spore germination and
altered morphology of hyphae were observed with an Olympus
CKX41 microscope (see Supplementary data).

2.3. NMR experiments and spatial structure calculation

NMR investigation was done using 0.5-1.0 mM samples of Lc-
def or its '>N-labeled analog in 10% D,O or 100% D0 at pH 5.0.
All the NMR spectra were acquired on a Bruker Avance 600 spec-
trometer equipped with a cryoprobe at 27 °C or 55 °C. 'H and '°N
resonance assignment was obtained by a standard procedure using
combination of 2D and 3D TOCSY and NOESY spectra [24]. The data
obtained from 2D DQF-COSY and '3>C-HSQC spectra were also used.
The 3y and 3Js coupling constants were measured using 3D
HNHA and HNHB experiments [24]. The 3]s, coupling constants
for AMX systems were estimated from splitting of H*HP cross-
peaks in 2D TOCSY and NOESY spectra.

Spatial structure calculation was performed in the CYANA 2.1
program [25]. Upper interproton distance constraints were derived
from the intensities of cross-peaks in 2D and 3D NOESY spectra
(tm=120ms) via a “1/r® calibration. Torsion angle restraints
and stereospecific assignments were obtained from J coupling con-
stants and NOE intensities. Hydrogen bonds were introduced bas-
ing on water and deuterium exchange rates of HN protons (Fig. 2B).
The disulfide bond connectivity pattern was established on the
basis of the observed NOE contacts and verified during preliminary
stages of the spatial structure calculation.

15N-relaxation parameters (R; and R, rates and heteronuclear
15N-{'H} NOEs) were measured at 27 °C using pseudo 3D experi-

ments [24]. Hydrodynamic calculations were carried out in the
HYDRONMR program [26].

Small unilamellar vesicles (SUV) composed of POPC or POPC/
DOPG (7:3) mixture (Avanti Polar Lipids, Alabaster, AL) were pre-
pared by sonication. Titration of the unlabeled Lc-def sample
(30 uM, 5% D,0, 10 mM Tris-Ac buffer, pH 7.0) with SUV was per-
formed at 27 °C. At each lipid concentration 1D 'H NMR spectrum
was measured, and the equilibrium concentration of the “free”
peptide in solution was determined on the basis of the integral
intensity of the amide-aromatic region of the spectrum.

3. Results

3.1. Heterologous expression, purification and characterization of
recombinant Lc-def and its stable isotope labeled analog

The recombinant Lc-def was produced in Escherichia coli using
T7 promoter based expression system. E. coli BL-21(DE3) cells were
transformed by pET-His8-TrxL-Lc-def containing the Lc-def
sequence fused with the His8-tagged thioredoxin A (M37L) carrier
protein (Fig. S1). Decreasing the induction temperature to 25-30 °C
resulted in increasing level of the Lc-def-containing fusion protein
expression in a soluble form. In LB medium the recombinant pep-
tide was obtained mostly in a soluble form. The yield of the puri-
fied peptide constituted up to 3.5 mg/L of the medium. In order
to obtain the uniformly '>N-labeled recombinant Lc-def, the BL-
21 (DE3) cells transformed with the same plasmid were grown in
M9 minimal medium containing '>NH4Cl as the only source of
nitrogen. The yield of the '°N-labeled Lc-def was somewhat lower
(2.5 mg/L). MALDI-TOF MS analysis of the recombinant Lc-def
revealed a monomeric protein with molecular mass identical to
that of the native defensin (5440.06 Da and 5440.4 Da, respec-
tively). The '>N-labeled Lc-def showed 73 Da increase in molecular
mass (5513.69 Da) indicating that all the '“N atoms were substi-
tuted with the stable isotope '’N. The SDS-PAGE revealed the
refolded fusion protein in a monomeric form both under reducing
and non-reducing conditions. At the same time, the recombinant
Lc-def demonstrated different electrophoretic mobility under
reducing and non-reducing conditions. Under non-reducing condi-
tions the main peptide band corresponded to the protein dimer
(~11 kDa). Addition of an excess of 2-mercaptoethanol resulted
in the appearance of a single band corresponding to the mono-
meric peptide (data not shown).

3.2. Biological activity of the recombinant Lc-def

Antimicrobial activity of the recombinant Lc-def against 11
phytopathogenic microorganisms was examined by the broth

Table 1
Antimicrobial activity of Lc-def.
Test-microorganisms?® 1Cs0, UM
Bacteria
Agrobacterium tumefaciens, strain A281 NA
Clavibacter michiganensis, strain VKM Ac-1144 NA
Pseudomonas syringae, strain VKM B-1546 NA
Fungi
Alternaria alternata, strain VKM F-3047 NA
Ascochyta pisi, strain VKM F-1173 NA
Aspergillus niger, strain VKM F-2259 18.5
Aspergillus versicolor, strain VKM F-1114 18.5
Botrytis cinerea, strain VKM F-3700 9.25
Fusarium culmorum, strain VKM F-844 18.5-37.0
Fusarium solani, strain VKM F-142 NA
Neurospora crassa, strain VKM F-184 9.25-18.5

NA, not active.
2 VKM strains were from all-Russian collection of microorganisms.
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Fig. 1. Effect of Lc-def on the growth of N. crassa and B. cinerea (x100
magnification).
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microdilution assay (Table 1). The defensin exhibited antifungal
activity, but did not inhibit the growth of Gram-positive or
Gram-negative bacteria. Similarly to other plant defensins [27],
the observed antifungal activity of Lc-def strongly depends on
the targeted fungus. The fungi Botrytis cinerea and Neurospora
crassa were the most sensitive test microorganisms to Lc-def
(Fig. 1). Effectiveness of Lc-def against N. crassa was nearly 100%
after 48 h at the peptide concentration of 37 uM. At the same time,
Lc-def almost did not inhibit the growth of such fungi as Alternaria
alternata, Ascochyta pisi, and Fusarium solani at the maximal tested
concentration of 37 uM. Microscopic analysis showed that Lc-def
not only inhibited the N. crassa and B. cinerea spore germination,
but also altered the morphology of their hyphae at the peptide con-
centration of 18.5 uM (Fig. 1). The defensin inhibited hyphal

growth with a concomitant increase in hyphal branching. In addi-
tion, Lc-def at high concentrations ( >37 mM) induced lysis of the
fungus mycelium.

3.3. Optimization of conditions for NMR study

Preliminary NMR spectra of the °N-labeled Lc-def measured at
pH 3.5 and 27 °C revealed significantly inhomogeneous distribu-
tion of line-widths and peak intensities for the signals of HN
groups (data not shown). The observed line broadening pointed
to the presence of conformational exchange process(es) taking
place on the ps-ms timescale. To find optimal conditions for the
NMR study, several parameters including temperature, pH and
ionic strength were systematically varied in the ranges of 10-
55°C, pH 3.0-7.0 and 0-100 mM, respectively. Variation in pH
and ionic strength did not significantly affect quality of the NMR
spectra. Increase in the temperature above 50°C (at pH > 5.0)
resulted in narrowing of some sets of HN signals, but induced
broadening of some other signals, probably due to acceleration of
the exchange with water. pH 5.0 and 27 °C in the absence of salt
were chosen as optimal conditions for the structural study. At
these conditions only 36 of 44 expected backbone HN groups were
observed in the >N-HSQC spectrum (Fig. 2A and B, lower row).
Complementary NMR spectra were acquired at 55 °C. In spite of
thorough conditions optimization, the spin systems corresponding
to the residues Cys14-Cys20 were not identified at any conditions
tested.

3.4. Spatial structure and backbone dynamics of Lc-def

According to the obtained NMR data (Fig. 2B) and the calculated
set of spatial structures (Fig. 3A, Table S1) the secondary structure
of Lc-def involves triple-stranded antiparallel B-sheet (Lys1-Leu6,
Ser32-Cys35, Cys41-Cys47) and one o-helical region (Asn21-
Lys27). These results are in good agreement with the circular
dichroism data (Fig. S2), indicating that Lc-def contains about
33% of B-sheet and 16% of o-helix. The peptide structure is stabi-
lized by four disulfide bonds (Cys3-Cys47, Cys14-Cys35, Cys20-
Cys41 and Cys24-Cys43) and 16 hydrogen bonds. The calculated
Lc-def structure is well defined in the regions corresponding to sec-
ondary structure elements (f-sheet and a-helix). At the same time,
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Fig. 2. (A) The fragment of 2D '"’N-HSQC spectrum of 0.5 mM Lc-def at pH 5.0 and 27 °C. The resonances of side chain groups are marked with subscript “s”. (B) Overview of
the NMR data collected for Lc-def. (From top to bottom.) Large (>8 Hz), small (<6 Hz) and medium (others) 3Jny» couplings are indicated by the filled triangles, open squares,
and crosses, respectively. The open circles (H/Dgx) denote HN protons with H-D half-exchange time > 30 min. Amide protons which demonstrate fast exchange with water
protons are shown by filled circles (H,Ogx). The corresponding cross-peaks on the water frequency were observed in the 3D ">N-TOCSY-HSQC spectrum (7., 80 ms). H*
chemical shift indices (H*CSI), positive and negative values correspond to B-structure and a-helix, respectively. NOE connectivities correspond to cross-peaks observed in the
120 ms 2D and 3D NOESY spectra. (Ln[HSQC]) - intensity (log values) of peaks in >N-HSQC spectrum. The level corresponding to the average intensity is shown by a solid
line. The levels corresponding to twice smaller or twice larger intensities are shown by broken lines.



Z.0. Shenkarev et al./Biochemical and Biophysical Research Communications 451 (2014) 252-257 255

B

30 uM Lc-def
ps-ns
motions
us-ms
motions
ps-ns and
ns-ms
motions N N N N N N N
broadened| 95 9.0 85 80 75 7.0 6.5ppm
beyond the
detection 30 pM Lc-def
limit +0.95 mM POPC/DOPG (7:3)

Negative

9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm
30 uM Lc-def
+ 0.95 mM POPC/DOPG (7:3)

+100 mM NaCl

95 90 85 80 75 7.0 6.5 ppm

Fig. 3. (A) The calculated set of the 20 Lc-def structures. (B) Spatial structure and backbone dynamics of Lc-def in aqueous solution. The peptide ribbon is colored according to
the dynamical NMR data obtained from the '°N-relaxation measurements (see legend, experimental data are presented in Fig. S3). Residues with the significantly broadened
HN signals (pH 5.0 and 27 °C) are shown in yellow. This broadening is the consequence of the 1is-ms exchange process(es). (C) Two-sided view of electrostatic potential on
the Lc-def surface. (D) Lc-def binding to POPC/DOPG (7:3) vesicles (10 mM Tris-Ac, pH 7.0, 27 °C). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

conformations of two loops (loop1 and loop3) protruding from the
defensin core and the N-terminal turn of the o-helix (residues
Lys11-Cys21 and Asp37-Arg40) remain loosely defined (Fig. 3A).
The lack of structural convergence is connected with the absence
of observable NMR signals or significant line broadening in the
mentioned above regions of the molecule (Fig. 2B).

The '>N relaxation data (Fig. S3) were used to characterize
mobility of the peptide backbone on ps-ns and pis—-ms timescales.
Interpretation of the obtained data (for example, with the use of
so-called “model free” approach [24]) turned out to be a problem
due to the presence of significant pis—-ms exchange contributions
to the R, relaxation rates for 8 HN groups of the 36 observed
ones (Fig. S4). However, qualitative analysis revealed that some
amino acid residues in the N-terminal B-strand, loopl, o-helix
and the C-terminal Cys47 are probably subjected to extensive
motions on the ps-ns timescale (Fig. 3B, red and green). These
residues demonstrate heteronuclear '>N-{'H} NOE values < 0.55.
On the other hand, spatially neighboring fragments including
the loop1, the N-terminal turn of the o-helix, the second and
third B-strands, and the loop3 are mobile on the ps-ms timescale
(Fig. 3B, blue, green and yellow). These residues either were
unobservable in the NMR spectra (probably their broadened
beyond the detection limit) or demonstrated elevated values of
relaxation rates R, and effective rotational correlation times 7y
(calculated from R,/R; ratio, see Fig. S3). It should be noted that
the loop1 contains two Pro residues (13 and 16), and possible
cis—trans isomerization of the Xxx-Pro peptide bonds might con-
tribute to the observed ps-ms dynamics. The average tr value
(2.8 ns) calculated over “stable” regions of the peptide (Fig. S3)
is in good correspondence with the results of hydrodynamic cal-
culations (2.9 ns) carried out with the use of experimentally
determined spatial structure of Lc-def. These data indicate that
Lc-def is monomeric in aqueous solution.

3.5. Interaction of Lc-def with lipid vesicles

The maps of electrostatic (Fig. 3C) and molecular hydrophobic-
ity (Fig. S4) potentials showed that the positive and negative
charges are distributed uniformly on the quite hydrophilic Ls-def
surface (net charge of the peptide is +2). The defensin does not con-
tain evident hydrophobic patches that could contribute to mem-
brane anchoring or inserting. Nevertheless, the side chains of
Pro13, Ile15, Pro16, and Phe39 residues (loop1 and loop3) form a
small stretched nonpolar cluster (Fig. 3C). To investigate mem-
brane binding propensity of Lc-def, the vesicles consisting of either
zwitterionic lipids (POPC) or the mixture of anionic and zwitter-
ionic lipids (POPC/DOPG 7:3) were added to the water solution of
Lc-def, and quantity of the unbound peptide was estimated by 'H
NMR (Fig. 3D and Fig. S5). It was found that the peptide does not
bind to the zwitterionic membranes but interact with the partially
anionic vesicles in the absence of salt. Addition of 100 mM NaCl
caused a complete release of the bound Lc-def from the liposomes
(Fig. 3D).

4. Discussion

In this report Lc-def has been shown to possess highly specific
antimicrobial activity. The peptide exhibits antifungal activity,
but does not inhibit growth of Gram-positive and Gram-negative
bacteria. Microscopic analysis revealed that Lc-def belongs to a
subgroup of morphogenic plant defensins which inhibit hyphal
growth with a concomitant increase in hyphal branching. Mode
of antifungal action of plant defensins is still needs to be unraveled.
Being the cationic peptides, defensins may directly interact with
the negatively charged microbial membranes, form the ionic chan-
nels or transmembrane pores and induce lysis of the target cell



256 Z.0. Shenkarev et al./Biochemical and Biophysical Research Communications 451 (2014) 252-257

[28]. On the other hand, antifungal defensins may interact with
specific component of the plasma membrane, penetrate into the
cell, and interact with intracellular targets [21,29]. In this case
the defensin action might be mediated by intracellular formation
of reactive oxygen species and programmed cell death [21]. To pro-
pose a mechanism of antifungal action of the lentil defensin, bio-
physical and structural investigations were performed here.

Plant defensins demonstrate low similarity in amino acid
sequences; only a few residues including eight cysteines, Gly at
positions 12 and 33, Phe/Tyr/Trp10, Ser7, and Glu28 are highly
conserved (the sequential numbering is relative to Lc-def). Despite
low identity in primary structures, defensins share similar three-
dimensional scaffold — CSaf motif. The structural data, presently
obtained by heteronuclear 'H,’>N NMR spectroscopy, showed that
the Lc-def core adopted well-ordered and compact CSap-type
structure. The peptide contains o-helix, three antiparallel B-
strands (B1-3) and two extended loops (Fig. 3B). These loops pro-
trude from the Lc-def core (the loop1 connects B1 with the a-helix,
and the loop3 couples B2 with B3) and demonstrate significant
mobility on the pis—ms timescale. These loops are fastened together
by the disulfide bond Cys14-Cys35. Interestingly, the region of
enhanced mobility also covers the adjacent fragments of the o-
helix and B-strands (Fig. 3B).

As peptide-membrane interactions might be involved in antimi-
crobial action of plant defensins [19], lipid-binding propensity of Lc-
def was evaluated. Zwitterionic and anionic lipid vesicles were used
as model membranes. Lc-def was able to bind anionic vesicles under
low-salt conditions, but did not interact with them at the physiolog-
ical ionic strength (100 mM NacCl). These data are in line with the
absence of the tested antibacterial activity and suggest that specific
target might be involved in Lc-def interaction with the fungal mem-
branes. The presence of the “dynamic” region on the Lc-def surface
implies that the defensin loop1 and loop3 may form the binding site.
This proposal is in agreement with the results obtained for other
plant defensins. For example, the loop3 was reported as a major
determinant of antifungal activity of the radish defensin Rs-AFP2
[30]. This activity was mediated by the peptide interaction with
glucosylceramides from fungal membranes [29]. At the same time,
the sequence of the Lc-def loop3 (C3sRDDFRCy4;) has no homology
with that of Rs-AFP2 (C3gNYVFPAHKC,s5), thus indicating involve-
ment of other membrane receptor or mechanism. Similarly to Lc-
def, the enhanced pis-ms mobility was observed in the loop1 of
pea antifungal defensin Psd1 [31]. The region of enhanced mobility
also covered the N-terminal turn of the Psd1 a-helix. As reported,
this Psd1 fragment is responsible for the defensin interaction with
glucosylceramide from F. solani. Low sequence homology in the cor-
responding loops of Psd1 and Lc-def (Y{oRGVCFTNASC,o and Fyq.
KGPCIPDGNGC,, respectively) also argues for targeting different
membrane receptors.

It was observed that some plant defensins tend to form dimers
[27]. Recently, the dimeric state of the antifungal defensin SPE10
from Pachyrrhizus erosu was shown by X-ray crystallography
[32]. The asymmetric dimer is formed by association of the loop3
and B3 residues (R36, R40, and W42) of one monomer with the
a-helix of another. In spite of the fact that Lc-def has similar
R36, R40, and W42 residues, the presently obtained '°N-relaxation
data indicate that the lentil defensin is monomeric in aqueous
solution. The observed difference is probably related to the essen-
tial sequence difference in the a-helical regions, where SPE10 con-
tains a lot of acidic residues in contrast with Lc-def. Interestingly,
the formation of Lc-def dimers was observed in the SDS-PAGE
under non-reducing conditions. Previously, similar behavior was
documented for the cationic antimicrobial peptide arenicin-2 from
the marine polychaeta Arenicola marina [33] which was able to
form oligomeric pores in planar lipid bilayers [34].

In summary, we characterized a new defensin Lc-def from ger-
minated seeds of lentil L. culinaris by biological and structural
methods. It was observed that Lc-def displays antifungal activity,
adopts CSaB motif and is able to interact with the anionic lipid
membranes under low-salt conditions. Presumably, antifungal
activity of the lentil defensin is mediated through electrostatic
interaction with anionic lipid components of fungal membranes.
Our results afford further molecular insight into possible mecha-
nism of antifungal action of plant defensins.
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