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ABSTRACT: Plant defensins (PDF) are cysteine-rich peptides that are major actors in
the innate immunity in plants. Besides their antifungal activity, some PDF such as
Arabidopsis halleri PDF1.1b confer zinc tolerance in plants. Here we present (i) an
efficient protocol for the production of AhPDF1.1b by solid-phase peptide synthesis
followed by controlled oxidative folding to obtain the highly pure native form of the
defensin and (ii) the three-dimensional (3D) nuclear magnetic resonance structure of
AhPDF1.1b, the first 3D structure of plant defensin obtained with a synthetic peptide. Its
fold is organized around the typical cysteine-stabilized α-helix β-sheet motif and contains
the γ-core motif involved in the antifungal activity of all plant defensins. On the basis of
our structural analysis of AhPDF1 defensins combined with previous biological data for
antifungal and zinc tolerance activities, we established the essential role of cis-Pro41
within the γ-core. In fact, the four consecutive residues (Val39-Phe40-Pro41-Ala42) are
strictly conserved for plant defensins able to tolerate zinc. We hypothesized that structural
and/or dynamic features of this sequence are related to the ability of the defensin to chelate zinc.

Defensins form a widespread and heterogeneous family of
antimicrobial peptides (AMP) that are actively involved

in the innate immunity in all organisms, including insects,
plants, and mammals.1 We focused here on plant defensins,
whose antifungal activity is the most frequently reported in the
literature.2,3 Identified in most plant tissues, the peptide
sequences (45−54 amino acids) harbor eight highly conserved
cysteines involved in four conserved disulfide bonds (C1−C8,
C2−C5, C3−C6, and C4−C7). Despite weak sequence
identity, all plant defensins share a common globular
cysteine-stabilized α-helix β-sheet structure (CSαβ)4 also
found in scorpion toxins and insect defensins,5 which
distinguishes them from vertebrate defensins (subdivided into
three families, α-, β-, and θ-defensins).6,7 Currently, 13 three-
dimensional (3D) structures of plant defensins, either extracted
or recombinant, are available in the Protein Data Bank (PDB).
(i) The γ 1-hordothionin (PDB entry 1GPS),8 the γ 1-
purothionin (PDB entry 1GPT),8 the RsAFP1 defensin (PDB
entry 1AYJ),9 the AhAMP1 defensin (PDB entry 1BK8),10 the
Psd1 defensin (PDB entry 1JKZ),11 and the VrD1/VrD2
defensins (PDB entries 1TI5 and 2GL1)12,13 were extracted
from seeds of Hordeum vulgare, Triticum aestivum, Raphanus
sativus, Aesculus hippocastanum, Pisum sativum, and Vigna
radiata, respectively. (ii) The NaD1 defensin (PDB entries
1MR4, 4AAZ, and 4ABO)14,15 and the PhD1 defensin (PDB
entry 1N4N)16 were purified from Nicotiana alata and Petunia

hybrid flowers, respectively. (iii) The Pachyrrhizus erosus
defensin SPE10 (PDB entry 3PSM)17 and the Medicago
truncatula defensin MtDef4 (PDB entry 2LR3)18 were
expressed in Pichia pastoris. (iv) The Saccharum of f icinarum
defensin Sd5 (PDB entry 2KSK)19 and the Lens culinaris
defensin Lcdef (PDB entry 2LJ7) were expressed in Escherichia
coli. The eight cysteine residues involved in four conserved
disulfide bridges and a glycine in the γ-core motif are strictly
conserved. The γ-core motif GXC(X3−9)C (X being any amino
acid) consists of two antiparallel β-strands (β2 and β3) with an
interposed β2−β3 loop. It includes two cysteine residues from
two different bridges and is considered as a major determinant
for the antifungal activity.20

Besides their antifungal activity, some plant defensins also
exhibit unrelated activities, such as enzyme inhibition, trans-
lation inhibition, ion channel inhibition, or redox activity.21−23

In addition, some plant defensins from subfamily 1 (PDF1)
have been shown to confer zinc tolerance in yeast and in plant
cells upon being overexpressed.24 The AhPDF1.1b defensin
had thereby been identified from a functional screening of an
Arabidopsis halleri cDNA library in Saccharomyces cerevisiae
yeast.24 The A. halleri AhPDF1.1b was first produced in E. coli
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in its denatured and reduced form.25 However, the final yield of
the recombinant protein after purification was too low to
envision the resolution of its 3D structure by nuclear magnetic
resonance (NMR). An alternative is to produce AhPDF1.1b by
chemical means (see, for example, our previous work26,27).
Chemical synthesis has never been used for the production of
plant defensins, without doubt because of a rather long
polypeptide backbone (∼50 amino acids), the presence of a
conserved cysteine at the C-terminus, which represents a
synthetic challenge,28 and the complexity of reaching the native
cysteine pairing of four disulfide bridges.29

In this work, we report the first total chemical synthesis of a
plant defensin, AhPDF1.1b, and its detailed NMR structural
study in the overall context of other CSαβ defensins. Because
small variations in the primary structure and/or small
conformational changes in the 3D structure could account for
multiple biological activities, we focused on a fine 3D
characterization of AhPDF1.1b to gain further insight into
the structural requirement for the antifungal and zinc tolerance
activities.

■ MATERIALS AND METHODS
Synthetic AhPDF1.1b Sequence. ZRLCE KPSGT

WSGVC GNNGA CRNQC IRLEK ARHGS CNYVF
PAHKC ICYFP C, Z being a pyroglutamic acid residue.
RP-HPLC and Mass Spectrometry (MS) Analyses. The

peptides were analyzed by RP-HPLC (reverse-phase high-
performance liquid chromatography) and MALDI-TOF
(matrix-assisted laser desorption ionization time-of-flight)
mass spectrometry. HPLC analyses were conducted either on
a LaChrom Elite system equipped with a Hitachi L-2130 pump,
a Hitachi L-2455 diode array detector, and a Hitachi L-2200
autosampler or on a LaChrom 7000 system equipped with a
Merck-Hitachi L-7100 pump, a Merck-Hitachi L-7455 diode
array detector, and a Merck-Hitachi D-7000 interface, which
was also used for semipreparative purification. The machines
were equipped with C18 reversed-phase columns (Nucleosil,
300 Å, 5 μm, 250 mm × 4.6 mm for the analytical separations,
or 250 mm × 10.5 mm for purification). Solvents A and B were
0.1% trifluoroacetic acid (TFA) in H2O and 0.1% TFA in
MeCN, respectively. MS analyses were performed on an
Ultraflex MALDI-TOF instrument (Bruker Daltonics, Bremen,
Germany) equipped with a 337 nm nitrogen laser and a gridless
delayed extraction ion source. The instrument was used in
positive ion reflector mode with a 150 ns delay and an
accelerating voltage of 19 kV. Instrument control and external
calibration were accomplished using FLEXcontrol (Bruker).
The observed m/z values correspond to the monoisotopic ions.
Peptide Synthesis. Solid-phase peptide synthesis (SPPS)

was conducted on a 433A automated synthesizer from Applied
Biosystems (Courtaboeuf, France) using Fmoc/tBu chemistry
on a 0.1 mmol scale with O-(6-chlorobenzotriazol-1-yl)-
N,N,N′,N′-tetramethyluronium hexafluorophosphate (HCTU)
as a coupling reagent in the presence of a 2-fold excess of
iPr2NEt in N-methylpyrrolidone (NMP). The elongation was
conducted automatically from a H-Cys(Trt)-Trityl-ChemMa-
trix resin (loading of 0.31 mmol/g) (PCAS BioMatrix, St-Jean-
sur-Richelieu, QC) using a 10-fold excess of protected amino
acids and coupling reagents. Fmoc deprotection was performed
using a 20% piperidine solution in NMP. Each coupling step
was followed by capping with acetic anhydride. The following
side chain protecting groups were used: Arg(Pbf), Asn(Trt),
Cys(Trt), Glu(OtBu), Gln(tBu), His(Trt), Lys(Boc), Ser(tBu),

Thr(tBu), Trp(Boc), and Tyr(tBu). The 0.1 mmol scale
program purchased from the manufacturer was used, modified
by doubling the reaction volumes and coupling times to fit with
the high swelling of the ChemMatrix resin. After completion of
the peptide elongation, the peptide resin was transferred into a
polypropylene syringe fitted with a polypropylene frit (Torviq,
Niles, MI) and treated with a TFA/H2O/iPr3SiH/phenol
mixture (88:5:2:5) for 3 h. After filtration, the peptide was
precipitated by dilution into cold diethyl ether, recovered by
centrifugation, and washed three times with diethyl ether. Then
the pellet was dissolved in H2O containing 0.1% TFA. The
reduced form was purified by semipreparative C18 reverse-
phase HPLC and lyophilized. Reduced synthetic AhPDF1.1b:
MALDI-TOF [M + H]+ m/z 5687.61 (calcd for
C242H373N76O68S8 m/z 5687.57); HPLC analytical gradient
20 to 40% B/A over 30 min; retention time 22.5 min.

Oxidative Folding. The oxidative folding experiments were
conducted under argon at different pHs and temperatures on
the reduced form of an HPLC-purified AhPDF1.1b solution
(final concentration of 12 μM) in Tris-HCl buffer (final
concentration of 100 mM), 1 mM ethylenediaminetetraacetic
acid (EDTA), and a mixture of reduced (GSH) and oxidized
glutathione (GSSG) at a peptide:GSH:GSSG molar ratio of
1:100:10. The peptide concentration was determined using UV
spectrophotometry at 280 nm (εred = 8480 M−1 cm−1; εoxi =
8980 M−1 cm−1). The time course of oxidative folding was
followed by taking aliquots from the reaction mixture,
quenching the oxidation by acidifying the sample with TFA
(final concentration of 2%), and then analyzing the sample by
analytical HPLC (gradient from 20 to 40% B/A over 30 min, at
a rate of 1 mL/min). The oxidative yield of AhPDF1.1b was
calculated from integrated HPLC peak areas estimated at λ =
280 nm. The preparative scale oxidative folding of AhPDF1.1b
was conducted under optimized folding conditions (45 °C and
pH 8.5) over 4 h. After acidification with TFA (final
concentration of 2%), the peptide was purified by semi-
preparative C18 reverse-phase HPLC and lyophilized.
Oxidized synthetic AhPDF1.1b: MALDI-TOF [M + H]+ m/

z 5679.48 (calcd for C242H365N76O68S8 m/z 5679.52); HPLC
analytical gradient 20 to 40% B/A over 30 min; retention time
16.1 min.

Antifungal Assays. Growth inhibition assays were
conducted against Fusarium oxysporum f. sp. melonii (given by
INRA Avignon) as described previously.25 The minimal
inhibitory concentration (MIC) was determined as the lowest
defensin concentration that induced 100% reduction of growth
compared with the inhibitor-free growth conditions. Three
biological repetitions were conducted for each defensin
concentration.

NMR Spectroscopy. The synthetic peptide was dissolved
in a 9:1 (v/v) H2O/D2O mixture, leading to a protein
concentration of 1.3 mM. The final pH of the AhPDF1
solution, adjusted with minute increments of 1 N HCl, was 4.5.
NMR spectra were recorded on a 600 MHz VARIAN INOVA
NMR spectrometer equipped with a z-axis field-gradient unit.
Standard VARIAN library pulse programs were acquired in
phase-sensitive mode, with quadrature detection in both
directions using the States method and WATERGATE water
suppression. A standard set of two-dimensional 1H NOESY
(nuclear Overhauser enhancement spectroscopy) with a mixing
time of 160 ms, TOCSY (total correlation spectroscopy) with
an MLEV of 80 ms, and DQF-COSY (double-quantum-filtered
correlation spectroscopy) NMR experiments were performed at
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298 and 308 K. Natural-abundance 13C HSQC and fast 15N
HSQC spectra were recorded at 298 K with 700 FIDs and 63
scans (63 h) and 300 FIDs and 960 scans (94 h), respectively.
1H chemical shifts were referenced to DSS used as an internal
standard. 15N and 13C chemical shifts were indirectly referenced
to DSS as described by Wishart et al.30 Spectra were processed
with NMRPIPE31 and analyzed with CCPNMR (version
2.2.2).32 DOSY experiments were performed on a 700 MHz
Avance III instrument equipped with a cryoprobe using a
standard Bruker sequence and diffusion protocol described in
the NMR user manual. Calibration of the gradient strength was
performed on a 99.9% D2O/0.1% GdCl3 sample at 25 °C.
Structure Calculations. Nuclear Overhauser effects

(NOEs) were used to determine a set of empirical structural
parameters, such as inter- and intraresidue distance restraints.
Structures were performed with NOE distance by using
CNS33,34 incorporating automatic assignment software ARIA2
(version 2.3).35 The pyroglutamic acid residue (PCA) located
at the N-terminal position of the AhPDF1.1b sequence is
considered as a nonstandard residue in CNS. Topology libraries
(topalldg5.3.pro and topalldg5.3.pep) were modified as
described in the ARIA 2.3 tutorials. Covalent bonds were
added between sulfur atoms involved in each bridge (Cys4−
Cys51, Cys15−Cys36, Cys21−Cys45, and Cys25−Cys47) by
homology with all the other 3D structures of plant defensins
and in accordance with intra-cysteine NOE connectivities
[Cys4 (HN)/Cys51 (HN), Cys15 (Hβ)/Cys36 (Hα), Cys21
(Hβ)/Cys45 (Hα), and Cys25 (Hβ)/Cys47 (Hα)]. The
ARIA2 protocol used simulated annealing with torsion angle
and Cartesian space dynamics with the default parameters. The
iterative process was repeated until the assignment of the
NOESY map was complete. The last run, performed with 500
initial structures, used a list of 943 NOE-derived distance
restraints. The final structures were displayed and analyzed
using MOLMOL,36 and their qualities were evaluated using
PROCHECK-NMR and PROMOTIF.37,38 The figures were
drawn with PYMOL39 and MOLMOL.36

Comparative Modeling. Comparative modeling, or
homology modeling, was performed with MODELER,40 taking
AhPDF1.1b as the template, to build the 3D structures of all
AtPDF1 and AhPDF1 defensins with known sequences, except
for the truncated AhPDF1.7 defensin. Multiple-sequence
alignments were performed using the online Clustal Omega
(EMBL-EBI Website). Molecular surfaces were created, and
surface properties (hydrophobic and electrostatic potentials)
were analyzed with MOE (Molecular Operating Environment,
Chemical Computing Group, Montreal, QC).

■ RESULTS

Synthesis and Chemical Characterization of Oxidized
Synthetic AhPDF1.1b. The AhPDF1.1b sequence, deduced
from the gene,41 includes an N-terminal glutamine,25 a residue
that is well-known for being able to spontaneously cyclize into a
pyroglutamyl residue. We observed such a spontaneous
cyclization during preliminary oxidative folding experiments
conducted with recombinant AhPDF1.1b, and we decided to
introduce an N-terminal pyroglutamyl residue that we
hypothesize to be present in the natural AhPDF1.1b. In
support of this hypothesis, the RsAFP1 defensin isolated from
R. sativus seeds, being 90% identical to AhPDF1.1b, contains an
N-terminal pyroglutamyl residue.9

The peptide elongation of AhPDF1.1b was conducted by
SPPS following the Fmoc/tBu strategy using a polar resin
facilitating the synthesis of “difficult sequences” and long
peptides42,43 and a 2-chlorotrityl resin to minimize the
epimerization of the C-terminal Cys residue.44 After
completion of the elongation and TFA treatment, the reduced
form of AhPDF1.1b was precipitated by dilution into cold
diethyl ether. Analysis by HPLC and mass spectrometry
revealed that the major peak was accompanied by a smaller one
corresponding to the same mass (Figure S1 of the Supporting
Information). This was attributed to an epimerization during
the 51 repetitive piperidine treatments (i.e., 8 h).45,46 Minor
peaks with ΔM values of +56 and +51 Da were also observed

Figure 1. HPLC traces of AhPDF1.1b during oxidative folding. The reduced form of AhPDF1.1b (R) was folded in the presence of GSH and GSSG,
at 45 °C, in 100 mM Tris buffer (pH 8.5) containing 1 mM EDTA to give the oxidized form of AhPDF1.1b (O). The reaction was quenched by
acidification before being analyzed by C18 RP-HPLC [gradient from 20 to 40% B/A over 30 min (solvents A and B were 0.1% TFA in H2O and
0.1% TFA in MeCN, respectively)]. The initial conditions (T0) correspond to the sample prior to the addition of the redox system.
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and attributed to the well-known tert-butyl group adducts
produced during the TFA treatment and to the C-terminal 3-
(1-piperidinyl) alanine formation,28 respectively. Other minor
peaks were characterized as acetylated truncated peptides. After
purification of the reduced form of AhPDF1.1b by HPLC
(Figure S2 of the Supporting Information), the oxidative
folding was optimized using a procedure based on a
thermodynamically controlled disulfide shuffling, in the
presence of reduced and oxidized glutathione (Figure 1). The
folding kinetics was followed by quantitative analytical HPLC.
Different pH and temperature combinations were screened, and
pH 8.5 and 45 °C, the best conditions tested, proved to be
perfectly satisfactory in terms of conversion yield (Figure S3 of
the Supporting Information) and were selected for preparative
scale oxidative folding. MALDI-TOF MS analysis of oxidized
AhPDF1.1b showed a −8 Da difference in mass compared to
that of the reduced form, consistent with the fully oxidized
form of the peptide (Figure S4 of the Supporting Information).
AhPDF1.1b was produced in a 4% satisfactory yield (starting
from the initial resin substitution), considering the challenging
sequence.
Antifungal Activity of the Synthetic AhPDF1.1b. The

synthetic AhPDF1.1b defensin was assayed in vitro for its ability
to inhibit the growth of F. oxysporum f. sp. melonii. It showed a
minimal inhibitory concentration (MIC) of 2 μM (Figure 2 and

Figure S5A of the Supporting Information). This value is
similar to the MIC previously found for the recombinant
AhPDF1.1b (2.5 μM) (Figure S5B of the Supporting
Information).41

AhPDF1.1b Adopts a Typical CSαβ Fold. The 3D
structure of AhPDF1.1b was determined by NMR spectrosco-
py. The one-dimensional 1H NMR spectrum showed good
dispersion (≈4 ppm) in the amide region, indicative of a highly
structured peptide. Two-dimensional 1H NMR spectra allowed
a complete assignment of 1H chemical shifts (BRMB entry
19237). Natural-abundance heteronuclear NMR spectra
allowed 25 NH, 35 Cα, and 31 Cβ shifts to be assigned along
with many side chain carbon chemical shifts. This helped us to
unambiguously assign 1H chemical shifts, particularly in
crowded regions of the 1H NOESY spectra corresponding to
side chains. As some plant defensins were reported as
dimers,15,17 it was important to define the oligomeric state of
AhPDF1.1b before structure calculation. Determination of the

translational diffusion coefficient from pulsed field gradient
NMR experiments allowed us to estimate that the peptide mass
is 5000 ± 400 Da, which is compatible with a monomeric form
of our NMR sample of AhPDF1.1b (Figure S6 of the
Supporting Information).
The Phe40−Pro41 amide bond predominantly adopts an

unusual cis conformation as shown by the observed NOEs:
Phe40 (Hα)/Pro41 (Hα) and Phe40 (HN)/Pro41 (Hα). A
minor trans conformer (15%) of Pro41 was observed in
NOESY spectra of AhPDF1.1b. Therefore, Pro41 was set to be
cis in the ARIA2 protocol.
The 3D structure of AhPDF1.1b was calculated by taking

into account a total of 943 distance restraints (Table 1). The

number of NOE restraints was sufficient to reach a good
convergence in the calculation. Therefore, neither dihedral
constraints nor H bond constraints were added. Among the 50
best refined structures, 10 structures were selected, in
agreement with all of the experimental data and the standard
covalent geometry. They were considered as being representa-
tive of the solution structure of AhPDF1.1b. Coordinates were
deposited as PDB entry 2M8B.
AhPDF1.1b displays the typical CSαβ fold of the plant

defensins (Figure 3). Analysis of the 10 final structures with
PROCHECK-NMR37 showed that all the residues were in the
most favored (85.9%) or additionally allowed (14.1%) regions
of the Ramachandran diagram (Table 1). Analysis of the
structures with PROMOTIF38 identified one α-helix between
residues 18 and 27 and one β-sheet consisting of three
antiparallel strands between residues 4 and 7, 32 and 39, and 42
and 49. A long loop of 10 residues (β1−α loop, residues 8−17)

Figure 2. Antifungal activity of synthetic AhPDF1.1b. Growth
inhibition of F. oxysporum sp. melonii was measured in the presence
of increasing AhPDF1.1b concentrations to estimate the minimal
inhibitory concentration (MIC) for the synthetic defensin. Error bars
correspond to standard errors; n = 3 biological repetitions.

Table 1. Experimental Restraints and Structural Statistics of
AhPDF1.1ba

NMR Constraints

distance restraints
total NOE 943
unambiguous 859
ambiguous 84

Structural Statistics for the Ensemble of the 10 Lowest-Energy Structures

backbone atoms heavy atoms

average pairwise root-mean-square deviation (rmsd) (Å)
residues 2−51 0.68 ± 0.12 1.51 ± 0.33

average rmsdb(Å)
helix α (residues 18−27) 0.50 ± 0.12 1.26 ± 0.30
strand β1 (residues 4−7) 0.45 ± 0.15 1.18 ± 0.47
strand β2 (residues 32−39) 0.48 ± 0.12 1.03 ± 0.19
strand β3 (residues 42−49) 0.45 ± 0.13 0.72 ± 0.14
β1−α loop (residues 8−17) 0.89 ± 0.27 1.20 ± 0.28
α−β2 loop (residues 28−31) 0.48 ± 0.16 1.02 ± 0.25
β2−β3 loop (residues 40 and 41) 0.99 ± 0.41 1.31 ± 0.51

average violations per structure
NOEs ≥0.5 Å 0
NOEs ≥0.3 Å 0.1

Ramachandran analysis (%)
most favored region 85.85
allowed region 14.15
generously allowed 0
disallowed 0

aStructural statistics are calculated for the ensemble of the ten lowest-
energy structures. bAverage rmsd are calculated after fitting the
secondary structure elements (α1, β1-3) as is on Figure 4A.
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links strand β1 to the α-helix, with a type I β-turn around Ser8-
Gly9-Thr10-Trp11. A shorter α−β2 loop (residues 28−31) is
structured with a type I β-turn around Arg27-Leu28-Glu29-

Lys30. Finally, the β2−β3 loop involving Val39-Phe40-Pro41-
Ala42 residues is structured with a dominant type VIa1 β-turn.
The superimposition of the 10 models of AhPDF1.1b (Figure
4A) shows that the peptide is globular and compact. The rmsd
calculated on secondary structure elements is 0.47 ± 0.13 Å.
Only the β1−α loop and the β2−β3 loop show a greater
mobility, with backbone rmsd values of 0.89 ± 0.27 and 0.99 ±
0.41 Å, respectively (Table 1).
It is commonly accepted that antimicrobial activities of AMPs

require a subtle balance between cationicity and hydro-
phobicity. In AhPDF1.1b, the face corresponding to the helix
is globally positive; β1−α and β2−β3 loops create hydrophobic
patches at the top of the molecule, whereas cationic and
hydrophobic residues are scattered on the surface (Figure
4B,C). Thus, overall, AhPDF1.1b contains cationic and
hydrophobic residues exposed at the surface but lacks
amphipathic architecture.

Homology Modeling of the Forms of PDF1 from A.
halleri and Arabidopsis thaliana. Peptide sequences for
forms of AhPDF1 from A. halleri and AtPDF1 from A. thaliana
have been previously predicted from PDF1 genes.41 Some of
them differ only in their N-terminal secretory signal peptide but
lead to the same mature form (AtPDF1.2a, AtPDF1.2b, and
AtPDF1.2c). For the 18 available Ah- and AtPDF1 sequences
(Figure 5), the 3D structures were built by homology modeling
using the experimental AhPDF1.1b structure as a target. As
expected, the 3D folds can be superimposed on the target
structure. Surface properties (hydrophilic/hydrophobic and
electrostatic) were calculated for the ensemble of Ah- and
AtPDF1 structures to gain insight into structure−activity

Figure 3. Schematic representation of the AhPDF1.1b backbone,
which adopts the typical CSαβ fold (drawn with MOLMOL36). The
three strands of the β-sheet (cyan) are numbered from the N- to C-
terminus (β1 to β3), and cysteine residues are numbered to clearly
identify the disulfide bridges (colored yellow). The α-helix is colored
red and yellow.

Figure 4. Surface properties of AhDPF1.1b, with a 90° rotation from left to right. (A) Superimposition of the 10 NMR structures of AhPDF1.1b
drawn with PYMOL39 (α-helix colored red, β-strands cyan, and loops and turns gray). (B) Hydrophobic and hydrophilic potential areas, calculated
with the MOE software at the Connolly surfaces, are colored brown and blue, respectively. Green surfaces represent an intermediate hydrophobicity
(symmetric scale). (C) Electrostatic positive and negative areas, calculated with MOE software based on the solution to the Poisson−Boltzmann
equation, are colored blue and red, respectively (scale from −40 to 40 eV).
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relationships. All of the forms of PDF1 are cationic except
AhPDF1.5 and AtPDF1.5, which present anionic surfaces
(Figure S7 of the Supporting Information). For the others,
cationic and hydrophobic residues are scattered on the surface,
but none of them displays amphipatic properties, even for
defensins showing weak sequence identity with AhPDF1.1b.
Some defensins differing by only a few residues display
significant modifications of biological activities. For example,
AhPDF1.4 from A. halleri and AtPDF1.4 from A. thaliana differ
by only two residues (Ala1 and Gly1 and Ser27 and Arg27,
respectively), leading to subtle observable changes in the
calculated surface properties (Figure 6).41

■ DISCUSSION

All the 3D structures of plant defensins currently determined
display a conserved CSαβ fold.47 However, some defensins
display a comparable spectrum of activities despite low levels of
sequence homology, whereas other defensins with highly
homologous sequences differ in one or several activities (Figure
7). It is then tricky to relate the function(s) to the sequence or
structure. Moreover, the identification of functional areas from
the distribution of cationic and hydrophobic residues scattered
on the surface is not obvious. Small conformational changes in
the 3D structure and/or subtle variations in surface properties
could account for divergent or additional functions. To gain
initial insights into the structural requirement for multifunc-
tional plant defensins, we have combined our fine 3D
characterization of AhPDF1.1b with a large set of 3D structures,
and previous biological data for two activities, antifungal
properties and ability to tolerate zinc.

Structural Features of Plant Antifungal CSαβ Defen-
sins. Most of the roles described for plant defensins are due to
specific interactions with plasma membrane components.48

Thevissen et al. proposed that glycosylceramides present in the
fungus membrane are the main receptors for plant defensin
binding.49 Moreover, several structure−activity studies indicate
that the major determinants of antifungal activity reside in the
γ-core motif50 (Figure 7). For example, variations in the
essential γ-core motif of MsDef1 and MtDef4 are responsible
for the differences in antifungal spectra and morphological
response in the fungus.51 The γ-core motif was also highlighted
as being functionally important in DmAMP1, which binds to
mannose diinositolphosphoceramide (MI2PC).

52 Recently, a
novel cell lysis mechanism for fungal and tumor cells was
described for NaD1 that acts via direct binding to the plasma
membrane phospholipids, including phosphatidylinositol 4,5-
biphosphate (PIP2).53 In the crystal structure of a NaD1:PIP2
complex (PDB entry 4CQK), seven dimers of NaD1
cooperatively bind the anionic headgroups of 14 PIP2
molecules through a unique “cationic grip”. This lipid binding
grip belongs to the β2−β3 loop within the γ-motif.
The γ-core motif is a molecular signature of the plant

defensins, but several structure−activity studies highlight the
importance of dynamics of the β1−α and α−β2 loops. Thus,

Figure 5. Comparative sequence alignment of predicted amino acid sequences encoded by PDF1 genes from A. halleri and A. thaliana. The signal
and mature peptide sequences and the γ-motif are specified.

Figure 6. Surface properties of AhDPF1.4 and AtPDF1.4 showing S27
and R27, respectively. The top structures show hydrophobic and
hydrophilic potential areas, calculated with the MOE software at the
Connolly surfaces, colored brown and blue, respectively. Green
surfaces represent an intermediate hydrophobicity (symmetric scale).
The bottom structures show electrostatic positive and negative areas,
calculated with MOE software based on the solution to the Poisson−
Boltzmann equation, colored blue and red, respectively (scale from
−40 to 40 eV). The left structure shows the orientation of the
molecules.

Biochemistry Article

dx.doi.org/10.1021/bi501285k | Biochemistry 2014, 53, 7745−77547750



specific residues, essential for antifungal activity, conserved or
not in AhPDF1.1b, were pointed out. (i) In the case of
RsAFP2, 10 amino acids belonging to the β1−α and α−β2
loops and the γ-core motif were identified as being essential for
antifungal activity54,55 and are conserved in AhPDF1.1b. Thus,
we can postulate a similar role of these residues. (ii) For Psd1,
the β1−α loop and the β2−β3 loop belonging to the γ-core
motif were mapped as binding sites using mimetic systems of
the Fusarium solani membrane,56 but the Phe15 and Thr16
residues shown to be responsible for the specific interaction of
Psd1 with glucosylceramide are never conserved in Ah- or
AtPDF. (iii) Finally, in the case of the sugar cane Sd5 defensin,
the α−β2 loop is proposed to be responsible for the interaction
with glucosylceramide,19 but the involved residues are absent
from Ah- and AtPDF. In summary, the precise mechanisms on
the atomic scale are not yet clearly understood, and the great
divergence in primary structure hampers the easy identification
of a unique binding site (Figure 7).
cis−trans Conformation of Pro in the γ-Core Motif of

CSαβ Proteins. cis−trans isomerization of amide bonds is
known to play critical roles in protein molecular recognition,
protein folding, protein misfolding, and diseases.57 In
AhPDF1.1b, a Pro residue is present in the γ-core motif, and
the Phe40−Pro41 amide bond predominantly adopts an
unusual cis conformation. In the Protein Data Bank, 56 3D
structures of proteins exhibiting a CSαβ motif are available: 14
plant defensins (AhPDF1.1b included), six insect defensins,
four fungus defensins, one mussel defensin, and 31 scorpion
toxins. Among them, only 10 proteins possess one (sometimes
two) Pro residue(s) located in the γ-core motif (Figure 8). In
addition to AhPDF1.1b, cis-Pro was observed in NMR
structures of only two other plant defensins, RsAFP1 and
Sd5, and in the crystal 3D structures of the scorpion toxin Ts1
(Figure 8). Conversely, for six other CSαβ proteins, the Gly/
Ser−Pro amide bonds located in the γ-motif adopt a trans
conformation.
The type VI turn is the unique member of the β-turn family

that incorporates a cis prolyl bond, and the four consecutive
residues (Val39-Phe40-Pro41-Ala42) present in AhPDF1.1b
are known to strongly favor a VIa1 β-turn conformation around
the cis-Pro.58 Indeed, the presence of an aromatic residue such
as Phe40 (position i + 1) preceding Pro is essential. Moreover,

a β-branched residue like Val39 (residue i) and Ala42 (position
i + 3) stabilize this cis conformation.58 The tetrapeptide (Val-
Phe-Pro-Ala) is conserved in 12 of 17 types of Ah- and AtPDF1
(Figure 5). Pro is preceded by an aromatic residue (Phe/Tyr)
in all of them except for the truncated AhPDF1.7 lacking the 24
C-terminal residues.41 Moreover, the Phe-Pro dipeptide is
conserved in all Arabidopsis lyrata defensins.41 Thus, this cis-Pro
residue, favored by neighboring residues, is doubtless a key for
one or several functions.
For another class of plant AMPs, the Möbius cyclotides,59

the cis-Pro conformation has been reported as being essential
for binding to the target membrane. These cystine knot
peptides are involved in multiple functions, all related to their
strong interaction with membranes. For example, Kalata B1 is
antibacterial, insecticidal, molluscicidal, nematocidal, anti-HIV,
and hemolytic.60 In this case, Trp23 and cis-Pro24 insert into
lipid bilayers to form membrane pores destabilizing the
membrane through hydrophobic and phosphoethanolamine-
specific interactions.61

Evolvability of Plant Defensins. Comparison of potential
surfaces of PDF1 defensins could not evidence patterns of
charge distribution or hydrophobic/hydrophilic patches among
the ensemble of proteins, which could easily correlate surface
properties to biological activities. Moreover, slight changes in
the sequence cannot be correlated with significant variation of
activity. For example, it is tricky to explain why AtPDF1.4 from
A. thaliana, differing from AhPDF1.4 from A. halleri by only

Figure 7. Alignment of the 14 sequences of plant defensins for which the 3D structure was determined. The γ-core motif, the four disulfide bridges,
and the secondary structure elements are highlighted.

Figure 8. Sequence alignment of the γ-core motif of CSαβ proteins,
from various origins, possessing at least one Pro residue in this region.
Conserved Gly and Cys residues are colored light and dark gray,
respectively. cis-Pro residues are highlighted in black and trans-Pro
residues in bold.
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two residues, confers more zinc tolerance. Evolvability defines
the ability of proteins to adopt new functions within existing
(or even new) folds.62 In the case of rigid structures, such as the
CSαβ proteins, this evolvability could originate from move-
ments of loops.62 We focused on the β2−β3 loop containing
the cis-Pro41 (AhPDF1.1b numbering). Because this Pro is not
a conserved residue for CSαβ proteins, it is not essential for the
3D fold itself. Moreover, Pro41 is not conserved in antifungal
plant defensins; therefore, it is not essential for the antifungal
activity but could be related to zinc tolerance.
The ability to confer zinc tolerance in yeast has been

previously reported for 18 types of Arabidopsis PDF1 along
with the antifungal activity for 11 of them.41 As shown in Figure
9, all 12 forms of PDF1 that confer a high zinc tolerance harbor

the Val-Phe-Pro-Ala sequence containing the presumed cis-Pro
conformation in their γ-motif. Among them, the forms of A.
halleri PDF1 that have been produced and tested for their
antifungal activity also showed good antifungal activity against
F. oxysporum sp. melonii, except AhPDF1.8b.41 The case of
AhPDF1.8b is singular as its mature peptide sequence
significantly differs from those of other forms of AhPDF1,
whereas the Val-Phe-Pro-Ala sequence is fully conserved
(Figure 5). At the functional level, its antifungal activity is
very low41 whereas its zinc tolerance activity is fully efficient.
Remarkably, when the Val-Phe-Pro-Ala sequence is not strictly
conserved, zinc tolerance activity decreases as for AtPDF1.4
and even collapses as for AhPDF1.4, AhPDF1.5, and AtPDF1.5
(Figure 9). It thus turns out that for all the forms of Arabidopsis
PDF1 for which the ability to confer zinc tolerance has been
established, the Val-Phe-Pro-Ala sequence containing the
presumed cis-Pro conformation is fully conserved and its
alteration deeply impairs the function.
As structural and/or dynamic modification of loops can lead

to evolvability,62 we hypothesized that cis-Pro isomerism and/
or cis−trans isomerization certainly ensures structural or
dynamic features essential for zinc tolerance activity. Isomer-
ization would impact the redox potential of the neighboring
disulfide bonds and consequently zinc chelation.63,64

■ CONCLUSION
The γ-core motif conserved in all plant defensins is known to
be involved in antifungal activity. We established here that the

four consecutive residues (Val39-Phe40-Pro41-Ala42) present
in AhPDF1.1b, which contain a cis amide bond and form a type
VIa1 β-turn within this γ-core, are essential for zinc tolerance.
On the basis of a set of structural and functional data for A.
halleri and A. thaliana defensins, we demonstrated that if this
sequence is not strictly conserved, zinc tolerance activity
decreases and even collapses. The β2−β3 loop sequence (Val-
Phe-Pro-Ala) within the γ-core would ensure structural or
dynamic features essential for the chelation of zinc. Our
hypothesis is that the zinc tolerance capacity of AhPDF1.1b
would rely on the oxidative state of cysteines. The cis
conformation of the Phe40−Pro41 bond within this β-turn or
its cis−trans isomerization could impact the redox potential of
the two neighboring disulfide bridges allowing zinc chelation.
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