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Background: NaD1 is a potent antifungal plant defensin from Nicotiana alata flowers.

Results: NaD1 forms dimers as determined by x-ray crystallographic, biophysical, and biochemical approaches.

Conclusion: Dimerization of NaD1 enhances its fungal cell killing.

Significance: Understanding the molecular basis of NaD1 antifungal activity helps define defensin function and has potential
application for improving plant resistance against agronomically important fungal pathogens.

The plant defensin, NaD1, from the flowers of Nicotiana
alata, is a member of a family of cationic peptides that displays
growth inhibitory activity against several filamentous fungji,
including Fusarium oxysporum. The antifungal activity of NaD1
has been attributed to its ability to permeabilize membranes;
however, the molecular basis of this function remains poorly
defined. In this study, we have solved the structure of NaD1 from
two crystal forms to high resolution (1.4 and 1.58 A, respec-
tively), both of which contain NaD1 in a dimeric configuration.
Using protein cross-linking experiments as well as small angle
x-ray scattering analysis and analytical ultracentrifugation, we
show that NaD1 forms dimers in solution. The structural studies
identified Lys* as critical in formation of the NaD1 dimer. This
was confirmed by site-directed mutagenesis of Lys* that resulted
in substantially reduced dimer formation. Significantly, the
reduced ability of the Lys* mutant to dimerize correlated with
diminished antifungal activity. These data demonstrate the
importance of dimerization in NaD1 function and have implica-
tions for the use of defensins in agribiotechnology applications
such as enhancing plant crop protection against fungal
pathogens.

Plants are continually exposed to a myriad of potentially
damaging microorganisms, phytophagous insects, and envi-
ronmental stresses. As a counter-measure, plants have devel-
oped sophisticated innate defense mechanisms for protection.
These range from preformed physical barriers such as the cell
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wall to the constitutive or inducible expression of chemical
compounds, including secondary metabolites and defensive
proteins.

Of the defense proteins that are produced by plants, the
defensins represent one of the largest families. They are small
(~5 kDa), basic, and cysteine-rich and are abundantly
expressed in various plant tissues. As a result of recent advances
in whole-genome sequencing and proteomics, coupled with
improved bioinformatic analyses, there has been a huge expan-
sion in the number of described defensins, many of which are
encoded by multigene families (1-5).

Plant defensins are distinguished from other protein families
based on the number and arrangement of cysteines, the config-
uration of the disulfide bridges (C;—Cy;, C;—Cy, Ci—Cyp and
Cv—Cy), and a distinct structural fold consisting of a triple-
stranded antiparallel B-sheet tethered via three disulfide bonds
to an a-helix in a configuration known as the cysteine-stabi-
lized a3 (CSaB) motif. The fourth disulfide bond links the N-
and C-terminal regions, producing a pseudocyclic protein that
renders the protein highly stable to chemical and thermal dena-
turation (6, 7). Interestingly, the Petunia hybrida floral
defensins PhD1 and PhD2 have a fifth disulfide bond (8 —10).
Apart from the cysteines, only a limited number of other resi-
dues are conserved among members of this family. They
include a serine (position 8), two glycines (position 13 and 34),
an aromatic residue (position 11), and a glutamic acid (position
29) (numbering relative to the radish defensin Rs-AFP2) (7). An
amino acid sequence alignment of select representative exam-
ples of plant defensins is given in Fig. 1.

Despite the low primary sequence identity between different
plant defensins, their three-dimensional structures are remark-
ably similar. To date, the structures of 13 defensins have been
elucidated (8, 10-20). All of these defensin structures, with the
exception of one, were solved by solution "H NMR spectros-
copy as monomeric proteins (7). More recently, the structure of
the SPE10 defensin from Pachyrrhizus erosus seeds was solved
by x-ray crystallography and presented as a dimer in the asym-
metric unit (20).
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FIGURE 1. Amino acid sequence alignment of representative mature plant defensins from class | and Il. The cysteine residues that are invariant in all
members of the plant defensin family are highlighted and are included in the consensus sequence, together with a serine, an aromatic residue (denoted as o),
two glycines, and a glutamic acid that are conserved in most of the sequences. The disulfide bonds are shown below the consensus sequence by connecting
lines. Z is the one-letter code for pyroglutamic acid. The amino acids are shaded in black or gray to indicate identity or similarity to NaD1, respectively. Spaces
have been introduced to maximize the alignment. The accession numbers for each protein are given in parentheses. Sources of protein are as follows: NaD1 (N.
alata), FST (Nicotiana tabacum), NpThio1 (Nicotiana paniculata), PhD1 and PhD2 (P. hybrida), TPP3 (Solanum lycopersicum), CcD1 (Capsicum chinense), SPE10
(Pachyrrhizus erosus), Cp-thionin (Vigna unguiculata), Rs-AFP1 (Raphanus sativus), Hs-AFP1 (Heuchera sanguinea), Dm-AMP1 (Dahlia merckii), and Ct-AMP1

(Clitoria ternatea).

Importantly, plant defensins display a variety of biological
functions despite their conserved three-dimensional struc-
tures. Best characterized is their ability to inhibit fungal patho-
gens (9, 21-25). A number of defensins have also been
described with antibacterial activity (26-28) or can act as
inhibitors of protein synthesis (29-32), a-amylases (33, 34),
proteases (35, 36), or ion channels (37, 38). It is interesting to
note that the latter functions are more consistent with a role in
defense against insect pests. Furthermore, some defensins have
been implicated in plant tolerance to environmental stresses
such as high levels of zinc (39), salt (40, 41), or cold (42). Hence,
the varied biological functions of plant defensins make them
attractive candidates for exploitation in agribiotechnological
applications to confer enhanced resistances to pathogens,
insect herbivory, or environmental stresses in commercially
important crops.

In solanaceous plants, defensins are divided into two classes.
Class I defensins encode a precursor protein with an endoplas-
mic reticulum signal peptide and a mature defensin domain,
whereas class II defensins encode a precursor with an addi-
tional C-terminal propeptide (7, 9). At least for three class II
defensins, namely NaD1, PhD1, and PhD2 (where the protein
has been characterized), the C-terminal propeptide is removed
from the mature biologically active protein (8 —10).

NaD1 is a defensin from the flowers of the ornamental
tobacco, Nicotiana alata (9). It has been suggested that its pri-
mary function is to protect the reproductive tissues against
damage from potential fungal pathogens (9, 24, 25). This is cor-
roborated by in situ hybridization studies on N. alata flowers
demonstrating accumulation of NaD1 transcripts in tissues
surrounding the reproductive organs. Immunoblot analysis
with NaD1-specific antibodies also revealed high levels of the
protein in floral tissues (9). Furthermore, NaD1 exhibits potent
in vitro antifungal activity against a number of pathogenic fila-
mentous fungi, including Fusarium oxysporum f. sp. dianthi
(Race 2), F. oxysporum {f. sp. vasinfectum, and Botrytis cinerea
(9, 24, 25). Recent studies have demonstrated that the antifun-
gal activity of NaD1 involves specific interactions with the fun-
gal cell wall, followed by permeabilization of the plasma mem-
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brane and entry of NaD1 into the cytoplasm. It has been
proposed that NaD1-mediated membrane permeabilization,
together with the recognition of intracellular targets, leads to
fungal cell death (24, 25). However, the molecular basis of this
process has not been defined.

Previously, the structure of monomeric NaD1 was deter-
mined by solution 'H NMR spectroscopy (10). Here, we report
the high resolution crystal structures of NaD1 from two crystal
forms, both of which contain NaD1 in a dimeric configuration.
Using cross-linking experiments as well as small angle x-ray
scattering analysis and analytical ultracentrifugation, we dem-
onstrate that NaD1 forms dimers in solution. Dimerization of
NaD1 is critical for antifungal activity as a mutant that does not
dimerize has a greatly reduced ability to kill the filamentous
fungus F. oxysporum.

EXPERIMENTAL PROCEDURES

Protein Purification—NaD1 was purified from whole N.
alata flowers up to the petal coloration stage of flower develop-
ment as described in van der Weerden et al. (25).

Crystallization and Data Collection—NaD1 crystals were
obtained by the sitting drop vapor diffusion method in 20% PEG
1500 and 10% succinate/phosphate/glycine buffer, pH 9, and
native data were collected from two different crystal forms, A
and B, as described previously (43).

Heavy Atom Derivatization and Derivative Data Collection—
Initial attempts to solve the structure of NaD1 by molecular
replacement using either the NMR structure of NaD1 (PDB*
code 1MR4) or other plant defensin structures failed. Conse-
quently, NaD1 crystals from crystal form A were soaked in
mother liquor supplemented with 0.2 M 5-amino-2,4,6-triiodo-
isophthalic acid (44) and 10% ethylene glycol for 5 min. Deriv-
ative diffraction data were collected at 100 K using a wavelength
of 1.5 A at the Australian Synchrotron (beamline 3ID1) and
processed using XDS (45).

“The abbreviations used are: PDB, Protein Data Bank; BS?, bis(sulfosuccinimidyl)-
suberate; BS(PEG)s, bis-N-succinimidyl-(pentaethylene glycol) ester; SAXS,
small angle x-ray scattering.
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TABLE 1

X-ray crystallographic data collection and refinement statistics

I13C is 5-amino-2,4,6-triiodoisophthalic acid.
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Crystal form A 13C derivative Crystal form B
Data collection
Space group P2, P2, P3,21
Cell dimensions .
a, b, c(A) 32.70, 32.69, 41.98 32.64, 32.57, 42.06 33.09, 33.09, 128.77 A
aBy() 90.00, 100.83, 90.00° 90.00, 100.81, 90.00 90.00, 90.00, 120.00
Wavelength SA) 0.9537 1.5 0.9537
Resolution (A)* 41.23 to 1.4 (1.47 to 1.40) 41.32 to 1.58 (1.66 to 1.58) 64.39 to 1.64 (1.72 to 1.64)
Ry, Or R ..0." 0.089 (0.404) 0.079 (0.366) 0.081 (0.479)
I/ol* 18.1 (4.6) 16.6 (5.0) 16.4 (3.1)
Completeness” (%) 98.6 (90.5) 99.0 (93.3) 99.1 (93.7)
Redundancy” 6.9 (4.8) 6.7 (5.0) 9.4 (5.5)
Refinement
Resolution (A) 41.23to 1.4 42.94 to 1.64
No. of reflections 17,174 10,549
Ryyori/ Riyee 0.119/0.137 0.201/0.232
No. atoms
Protein 1474 1400
Ligand/ion 1 PO, 6 EDO 2 PO,
Water 369 78
B-factors
Protein 8.9 20.9
Ligand/ion 19.5 36.3
Water 21.0 32.6
Root mean square deviations
Bond lengths (A) 0.011 0.006
Bond angles (°) 1.543 1.3°

“ Values in parentheses are for the highest resolution shell.

Model Building and Refinement—5-Amino-2,4,6-triiodo-
isophthalic acid sites were found with ShelX (46) and refined
using Phenix (47). Clear and continuous electron density was
obtained for all residues of the entire molecule. Two chains of
NaD1 were built for crystal form A. NaD1 crystal form B was
solved by molecular replacement using monomeric NaD1 from
crystal form A as a search model with PHASER (48). The final
models for both crystal forms were built with Coot (49) and
refined with Phenix to a resolution of 1.4 A (form A) and 1.58 A
(form B). All data collection and refinement statistics are sum-
marized in Table 1. Refinement yielded R, ;. and Ry, values of
11.9and 13.7% for crystal form A, and 20.1 and 23.2% for crystal
form B, respectively. The coordinates have been deposited in
the Protein Data Bank (accession codes 4aaz and 4ab0, respec-
tively). Figures were prepared using PyMol (DeLano Scientific).

Expression of NaD1 and NaD1 Mutants in Pichia pastoris—
NaD1 and NaD1 mutants were recombinantly expressed in the
methylotrophic yeast P. pastoris essentially as described by
Cabral et al. (50). Briefly, DNA encoding the mature region of
NaD1 was cloned into the pPIC9 expression vector (Invitrogen)
directly in-frame with the a-mating factor secretion signal
using the restriction enzymes Xhol and Notl. An alanine was
added to the N terminus of the NaD1 sequence to ensure effi-
cient cleavage of the signal at the Kex2 cleavage site. The glu-
tamic acid at position 2 and the lysine at position 4 of the
mature NaD1 sequence were mutated to alanine using the Phu-
sion site-directed mutagenesis kit (Finnzymes) to generate
mutants rNaD1(E2A) and rNaD1(K4A), respectively. After
transformation into Escherichia coli TOP10 cells, the pPIC9-
NaD1, pPIC9-NaD1(E2A), and pPIC9-NaD1(K4A) plasmids
were isolated and linearized using Sall to allow integration at
the his4 locus of the P. pastoris genome. Linearized DNA was
transformed into electrocompetent yeast as described by
Chang et al. (51), and His™ transformants were selected for by
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plating onto MD agar (13.4 g/liter yeast nitrogen base (YNB),
400 ug/liter biotin, 10 g/liter dextrose, and 15 g/liter agar). A
single His™ colony was used to inoculate 200 ml of BMG (100
mM potassium phosphate, pH 6.0, 13.4 g/liter YNB, 400 ug/liter
biotin, 1% (v/v) glycerol) and incubated with constant shaking
at 30 °C until the A, reached ~3.0. The cell mass was col-
lected by centrifugation (1,500 X g, 10 min) and resuspended
into 1 liter of BMM (100 mM potassium phosphate, pH 6.0, 13.4
g/liter YNB, 400 ug/liter biotin, 0.5% (v/v) methanol) to induce
expression. Expression was continued for 72 h with constant
shaking at 30 °C after which time the cell mass was removed by
centrifugation (10,000 X g, 10 min) and the supernatant collected.
rNaD1, rNaD1(E2A), and rNaD1(K4A) were isolated from the
supernatant using ion-exchange chromatography using SP-Sep-
harose as described for isolation of NaD1 from plant tissue.

Fungal Growth Inhibition Assays—The ability of NaD1,
rNaD1, rNaD1(E2A), and rNaD1(K4A) to inhibit the growth of
F. oxysporum f. sp. vasinfectum was assessed as described pre-
viously (25).

Protein Cross-linking—NaD1 at 125-500 ug/ml was cross-
linked through primary amino groups by the addition of 6.25
mwm bis[sulfosuccinimidyl] suberate (BS®) (Thermo Scientific)
in a buffer containing 20 mM sodium phosphate and 150 mm
NaCl, pH 7.1, at room temperature for 30 min. The samples were
reduced with dithiothreitol, denatured, and subjected to SDS-
PAGE prior to Coomassie Brilliant Blue staining. NaD1, rNaD1,
rNaD1(E2A), and rNaD1(K4A) were also cross-linked with 6.25
mm BS? or with 10 mm bis-N-succinimidyl-(pentaethylene glycol)
ester (BS(PEG),) (Thermo Scientific) at final protein concentra-
tions of 250 or 375 ug/ml, respectively, as described above.

Small Angle X-ray Scattering—SAXS data were collected at
the SAXS/WAXS beamline at the Australian Synchrotron.
NaD1 at 0.125, 0.25, 0.5, 1, and 2 mg/ml in distilled water at pH
7.0 was measured in a Q range between 0.035 and 0.6 A~ ' at 12
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keV and with a 1.6-meter camera length. Normalization was
achieved via an integrating beam stop. Data were measured on
a Pilatus 1 M camera (Dectris) and absolute scaled using dis-
tilled water. To control for radiation damage, the samples were
measured in a 1.5-mm quartz capillary and flowed past the
beam while 10 1-s exposures were measured on samples and
blanks. The exposures were compared for agreement before
being averaged. The radius of gyration was calculated from the
high resolution models using the program Moleman2 (Uppsala
Software Factory).

Analytical Ultracentrifugation—Sedimentation velocity exper-
iments were conducted in a Beckman model XL-A analytical
ultracentrifuge at a temperature of 20 °C. Samples of rNaD1
and rNaD1(K4A) were studied at a concentration of 0.5 mg/ml
(94 um) solubilized in PBS, pH 7.4. 380 wl of sample and 400 ul
of reference solution were loaded into a conventional double
sector quartz cell, which were subsequently mounted in a Beck-
man 4-hole An-60 Ti rotor, and centrifuged at a rotor speed of
40,000 rpm overnight. Data were collected at a single wave-
length (237 nm) in continuous mode at 15-min intervals using a
step size of 0.003 cm without averaging. Solvent density (1.0053
g/ml at 20 °C), viscosity (1.0184 centipoise), and an estimate of
the partial specific volume of rNaD1 (0.727 ml/g) and
rNaD1(K4A) (0.725 ml/g) were computed using the program
SEDNTERP (52). Sedimentation velocity data at multiple time
points were fitted to a continuous sedimentation coefficient
(c(s)) distribution and a continuous mass (c(M)) distribution
model (53-55) using the program SEDFIT, which is available
on-line.

RESULTS

Crystal Structure of NaD1—The structure of NaD1 (crystal
form A) was solved by single heavy atom isomorphous replace-
ment with anomalous signal and refined to a resolution of 1.4 A.
A second crystal form (form B) was solved by molecular
replacement using monomeric NaD1 from the previous exper-
imentally determined structure of form A. As expected, NaD1
adopts the cysteine-stabilized a8 (CSaB) motif formed by a
triple-stranded antiparallel B-sheet and a single a-helix that is
tethered to the sheet via three disulfide bonds (Fig. 2A4). The
fourth disulfide bond reinforces the N- and C-terminal regions
of the molecule. Superimpositions of monomeric NaD1 from
crystal form A with chain 1 or all 20 chains within the ensemble
of lowest energy NMR structures for NaD1 (PDB code 1MR4)
are shown in Fig. 2, B and C, respectively. As evident from Fig.
2C, there are no appreciable differences between the crystal and
NMR structures for NaD1, with the crystal structure fitting well
within the NMR ensemble. Moreover, superimposition of the
monomers from crystal form A or B with the NMR structure of
NaD1 yields root mean square deviation values of 1.0-1.3 A
over all 47 Ca backbone atoms.

Two Alternative Dimeric Forms—NaD1 is present as a dimer
in the asymmetric unit of both crystal forms (Fig. 3). In crystal
form A, the a1-B2loop of one monomer faces the a-helix of the
other monomer (Fig. 34). However, there are no protein-pro-
tein contacts at the dimer interface, with all interactions being
mediated by ordered water molecules. Consequently, it is pos-
sible that this dimeric form only exists in the crystal and is not
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FIGURE 2. Crystal structure of NaD1. A, schematic representation of NaD1
from crystal form A. Disulfide bonds are shown as ball and stick. B, superim-
position of the NaD1 NMR structure (gray, PDB code 1MR4) with NaD1 from
crystal form A (green). C, superimposition of a single NaD1 monomer (green)
from crystal from A onto the NMR ensemble of PDB code 1MR4 (gray).

sufficiently stable to be observed in solution. In contrast, the
dimeric configuration of crystal form B is formed by the asso-
ciation of the B1-strands from the two participating monomers
(Fig. 3B). This creates an extended B-sheet leading to the for-
mation of a more compact and symmetrical dimer. The dimer
interface has a combined buried surface area of 678 A% and is
stabilized by three hydrogen bonds, two from Lys*~Lys* and
one from Ser**-Cys*’. Additionally, a salt bridge is found
between Cys*’—Arg® (Fig. 3C).

Electrostatic Surfaces of the NaD1 Dimers—The biological
activity of NaD1 has been linked to an activity at the fungal cell
wall (24, 25). To investigate the possibility of NaD1 surface
interactions with components of the fungal cell wall, we exam-
ined the electrostatic surface potential of the two different
dimer configurations (Fig. 3, C—F).

The NaD1 dimer in crystal form A has two distinct negatively
charged pockets at the ends of the dimer, with two small areas
of local positive charge (Fig. 3, C and E). In contrast, the charge
distribution on the surface of the NaD1 dimer from crystal form
B is markedly different. A continuous surface of positive charge
is present on one side of the dimer that begins on the first
monomer and continues to the end of the second monomer
(Fig. 3F). The two Lys* residues make key contributions to the
middle of the positively charged face of the dimer (Fig. 3G).
Flanking either side of the positive charge are two well sepa-
rated negatively charged pockets (Fig. 3F). Furthermore, the
opposite side of this dimer presents a weaker acidic and hydro-
phobic surface (Fig. 3D).
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Crystal form A
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Crystal form B

FIGURE 3. Two alternative dimeric configurations for NaD1. A and B, schematic representations of NaD1 crystal forms A and B. Residues involved in the
dimer interface for dimer form B are shown as sticks, and hydrogen bonds and salt bridges are shown in black as dotted lines. C and D, electrostatic surface
representation of NaD1 crystal forms A and B. The views are conserved from A and B. E, electrostatic surface representation of NaD1 crystal form A. The view is
rotated by 180° through the horizontal axis from C. F, electrostatic surface representation of NaD1 crystal form B. The view is rotated by 180° through the
horizontal axis from D. G, surface representation of NaD1 dimer form B. The view is asin F. The NaD1 surface is shown in gray; Lys* residues are shown in magenta

and cyan from each monomeric chain.

Protein Cross-linking Studies—To investigate the possibility
that NaD1 forms a dimer in solution, we utilized chemical
cross-linking studies to directly assess the configuration of the
dimer in solution using BS®. BS® contains an amine-reactive
N-hydroxysulfosuccinimide ester at each end of an 8-carbon
(11.4 A) spacer arm. Once the N-hydroxysulfosuccinimide
esters react with primary amines (present in the side chain of
lysine residues and the N terminus of each polypeptide) at pH
7-9, it forms stable amide bonds, along with release of the
N-hydroxysulfosuccinimide leaving group.

As illustrated in Fig. 44, NaD1 migrates as a single protein
band at ~5 kDa (monomer) on reducing SDS-PAGE in the

ACEEVON

JUNE 8, 2012+VOLUME 287 +NUMBER 24

absence of BS®. When the BS® cross-linker is added, an addi-
tional protein band appears with increased relative molecular
mass that is consistent with that of a NaD1 dimer (~10 kDa)
(Fig. 4A). The protein band corresponding to the dimer
becomes more pronounced with increasing amounts of NaD1
being used in the cross-linking reaction. At the higher concen-
trations (e.g. 500 pg/ml NaD1 + BS?), multimers of 15 and 20
kDa are also apparent, consistent with the expected sizes of a
trimer and tetramer of NaD1, respectively.

Based on our structural studies that suggested a pivotal role
for Lys* in NaD1 dimerization, we generated a K4A mutant of
NaD1 in P. pastoris to examine whether dimerization would be
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FIGURE 4. Chemical cross-linking of NaD1 in solution. A, ability of NaD1 to form dimers in solution as determined by protein-protein cross-linking with BS®.
NaD1 at 125,250, and 500 wg/ml were incubated at room temperature for 30 min in the absence or presence of BS® (6.25 mm) prior to SDS-PAGE analysis under
reducing and denaturing conditions and staining with Coomassie Brilliant Blue. B, NaD1, rNaD1, rNaD1(E2A), and rNaD1(K4A) at 250 ng/ml cross-linked with
BS®. C, rNaD1 and rNaD1(K4A) at 375 ug/ml in the absence or presence of the cross-linker BS(PEG)s. Samples in B and C were subsequently treated as per A.

affected. As controls, rNaD1 and rNaD1(E2A) (glutamic acid at
position 2 is not involved at the dimer interface) were also pro-
duced. These proteins were subjected to BS® cross-linking. As
shown in Fig. 4B, rNaD1 or rNaD1(E2A) was able to form
dimers. In contrast, dimerization was abolished in the
rNaD1(K4A) mutant.

When using BS?, three potential cross-links can be formed in
dimer form A (Lys'”’-Lys®?, Lys**~Lys**, and Lys'’~Lys*®) and
one in dimer form B (Lys*-Lys*). Because mutation of Lys*
could prevent cross-linking with BS® in dimer form B and thus
lead to an apparent loss of cross-linking that is not correlated
with loss of dimerization, we also performed chemical cross-
linking using BS(PEG);, which has a spacer arm of 21.7 A (Fig.
4C). BS(PEG), enables additional cross-links in dimer form B
between Lys**~Lys** and Lys**~Lys*>. When using BS(PEG)s,
rNaD1 again revealed cross-linked dimers on SDS-PAGE,
whereas rNaD1(K4A) showed substantially reduced amounts
of dimer. Overall, our chemical cross-linking results suggest
that rNaD1(K4A) has a significantly lower propensity to form
dimers compared with the wild-type rNaD1.

Circular dichroism analysis of NaD1, rNaD1, rNaD1(E2A),
and rNaD1(K4A) indicated that there was no major spectral
differences between the proteins suggesting that they were sim-
ilarly folded (data not shown). Therefore, the reduced
dimerization of rNaD1(K4A) is not a result of incorrect folding
and provides evidence to support the importance of Lys* in
NaD1 dimerization.

Antifungal Activity of NaD1, rNaDI, and rNaD1 Mutants—
To determine whether dimerization of NaD1 contributes to its
antifungal activity, the ability of rNaD1(K4A) to inhibit the
growth of F. oxysporum f. sp. vasinfectum was assessed and
compared with rNaD1 and rNaD1(E2A) (Fig. 5). The inhibitory
activity of rNaD1 and rNaD1(E2A) was similar to native NaD1
(IC4, value of <1.15 uMm). In contrast, there was a significant
decrease in the ability of rINaD1(K4A) to inhibit fungal growth,
with an approximate 5-fold increase in its ICy, value (5 um)
relative to rNaD1 and rNaD1(E2A).

SAXS Analysis—As the solution NMR structure of NaD1
indicated that the molecule was present as a monomer during
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the spectra acquisition (at pH 4) (10), we sought to establish if
NaD1 could be present as a dimer in solution under more phys-
iologically relevant conditions. For this purpose, we utilized
SAXS analysis. The NaD1 protein was measured at five concen-
trations, 0.125, 0.25, 0.5, 1, and 2 mg/ml. The scattering curves
show a similar shape at each concentration (Fig. 6A4). The low-
est angle regions of the scattering curves conform to a straight
line on a Guinier plot (Fig. 6B), and the calculated radius of
gyration does not vary significantly across the concentration
range, indicating an absence of significant concentration effects
(Table 2).

Two elements of the scattering data indicate that NaD1 was
largely a dimer in solution. First, the molecular mass, calculated
from 1(0) on the absolute scattering scale across the concentra-
tion range, was around 8.9 kDa. This corresponded to an olig-
omerization state around 1.7, suggesting that more of the pro-
tein is in a dimeric state than a monomeric state. In addition,
the radius of gyration was calculated from the high resolution
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TABLE 2
Small angle x-ray scattering data
Oligomerization
Guinier (monomer is 5.3
Concentration 1(0) R, range Mass kDa)
mg/ml absolute A A kDa
calibration
0.125 0.00071 12.6 0.015-0.11 9.02 1.70
0.25 0.0014 129 0.015-0.11 8.81 1.66
0.5 0.0029 14.1 0.015-0.11 9.23 1.74
1 0.0056 134 0.015-0.11 8.87 1.67
2 0.011 129 0.015-0.11 8.56 1.61

structures of monomer and dimer. The R, of the monomeric
structure was calculated to be 10 A, although the dimer was 15
A. The measured R, from the data was 13.2 A or somewhere
between monomer and dimer.

Sedimentation Velocity Analysis of rNaDI1 and rNaD1(K4A)—
Sedimentation velocity studies of rNaD1 and rNaD1(K4A) were
employed in the analytical ultracentrifuge to further validate
the observations from our chemical cross-linking experiments
and SAXS analysis. The absorbance versus radial position pro-
files at different time points were initially fitted to a continuous
c(s) distribution model (Fig. 7). The c(s) distribution analyses
yielded excellent fits to the data as demonstrated by the low
root mean square deviation values of 0.00464 for rNaD1 and
0.00410 for rNaD1(K4A), as well as the low Runs test Z values of
1.50 for rNaD1 and 0.86 for rNaD1(K4A). The resulting c(s)
distributions show that both rNaD1 and rNaD1(K4A) exist as a
mixture of monomers (s ~0.57—0.77 S) and dimers (s ~1.05—
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1.26 S); however, rNaD1(K4A) shows significantly less propen-
sity to dimerize relative to rNaD1, which predominantly exists
as a dimer.

DISCUSSION

The formation of dimers and/or higher order oligomers in
antimicrobial peptides has been proposed as a contributing fac-
tor to their ability to disrupt biological membranes (56 — 61). In
this study, we employed a number of biophysical approaches to
examine the three-dimensional and quaternary structures of
NaD1, both in solid state (i.e. crystals) and in solution. In all
examined environments, NaD1 formed dimers and smaller
amounts of higher order oligomers. This is consistent with pre-
vious observations made for various other plant defensins. For
example, Terras et al. (22) demonstrated using SDS-PAGE
analysis that unreduced radish defensins Rs-AFP1 and
Rs-AFP2 had apparent molecular masses of 15 (trimer) and/or
20 kDa (tetramer). This was in contrast to the reduced and
S-pyridylethylated derivatives of both proteins that migrated as
single bands with a relative molecular mass of ~5 kDa. This was
similarly demonstrated for other plant defensins, namely Dm-
AMP1, Dm-AMP2, Hs-AFP1, Ah-AMP1, and Ct-AMP1 (21).
Melo et al. (35) also demonstrated that the cowpea defensin,
Cp-thionin, could exist as dimers along with smaller quantities
of other multimers by MALDI-TOF mass spectrometry.

More recently, Song and colleagues (20, 62, 63) provided
experimental evidence, including a crystal structure to support
a dimeric configuration for the plant defensin SPE10. Similar to
our study, the authors observed a dimer of SPE10 in the asym-
metric unit (20). However, unlike the B-sheet to B-sheet con-
figuration of NaD1 crystal form B (Fig. 84), the two SPE10
monomers are arranged in a side by side manner with the a-he-
lix of one monomer contacting the 3-sheet of the second mono-
mer (Fig. 8B), resulting in an extended and slightly twisted
molecular surface. Dimerization buries 606 A” of solvent acces-
sible surface area and results in the formation of intermolecular
hydrogen bonds involving Arg>°~Asp*', Arg*°—Asp*?, Glu*-
Lys®°, Asn®~Asn?®, Asn'’—Asp®’, and Gly'®-Asp>” (20).

To date, the relevance of dimer formation in plant defensins
has not been examined. However, it has been suggested that for
some cationic antimicrobial proteins, such as the mammalian
defensins, dimeric configurations represent the functional bio-
logical units (56 —61). Furthermore, the dimeric protein unit
may undergo orchestrated oligomerization to form larger
assemblies that are pertinent to the ability of the given cationic
antimicrobial protein to kill. This hypothesis is certainly central
to models in which cationic antimicrobial proteins operate via
the creation of oligomeric pores.

Considering that oligomerization of defensins may play a key
role for their biological function and that their initial site of
activity is either a cell wall or plasma membrane, our observa-
tion of a dimer coupled with an extended positively charged
surface area on one side of the NaD1 dimer is significant. Fungal
cell walls are decorated with negatively charged glycoproteins
(64, 65), and dimeric NaD1 may be important for initial binding
to these cell wall components as a precursor step for
oligomerization.
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An important functional link between NaD1 dimerization
and antifungal activity was strongly suggested by site-directed
mutagenesis of Lys*. As described, the solved structure of NaD1
crystal form B indicated that Lys* plays a crucial role in the
monomer-monomer interaction to form the dimeric confor-
mation. Indeed, the substitution of Lys4 with alanine resulted in
amarkedly reduced ability of NaD1 to form dimers, as shown by
chemical cross-linking and sedimentation velocity analyses.
The importance of the NaD1 dimeric configuration for its anti-
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fungal activity was demonstrated as the K4A mutant displayed
a greatly reduced capacity to kill the filamentous fungus F. oxy-
sporum with an approximate 5-fold increase in its IC, value
compared with native and recombinant NaD1. Examination of
the amino acid sequences of all class II defensins described to date
(7) indicates that Lys* is totally conserved. As such, it is tempting to
speculate that all class II defensins may have the ability to dimerize
and that dimerization may be important for their respective func-
tions (e.g by enhancing their antifungal activity).

“BSEVEN
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It is interesting to compare the findings described herein for
NaD1 dimerization with defensins from other species such as
those from mammals. The mammalian defensins are defined
under three distinct structural subfamilies, «, B, or 6, based on
their differences in size, the placement and connectivity of their
(six) cysteines, the nature of their precursors, and their sites of
expression (66 —71). It is worth noting here that plant defensins
do not share primary or three-dimensional structures with
these mammalian namesakes except that they all have an impli-
cated role in innate host immunity. Indeed, it was in the context
of their defense role that the name “defensin” was originally
coined (72, 73).

Human a-defensins or human neutrophil peptides exhibit
broad antimicrobial activity against Gram-negative and Gram-
positive bacteria, fungi, and enveloped viruses (74) and have
also been linked with adaptive immunity as immunostimulat-
ing agents (67, 68). The three-dimensional structures of several
a- and B-defensins have been solved (57-59, 61, 75— 82). Inter-
estingly, the structures of several human defensins, including
HNP-1, HNP-3, and HBD-2, indicated the presence of dimers
and/or multimers in the asymmetric units. For HNP-1, Wei et
al. (61) recently suggested a functional link between multim-
erization and antibacterial activity as mutants with reduced
capacity to self-associate exhibited poor bactericidal activity.

HNP-3 (PDB code 1DFN) consists of a triple-stranded
antiparallel B-sheet that forms a six-stranded sheet as part of a
symmetrical dimer (57). The dimer is stabilized by four direct
hydrogen bonds between the (2-strands of the monomers,
three hydrogen bonds mediated through water molecules, and
several hydrophobic interactions (Fig. 8C). This is somewhat
reminiscent of the B-sheet packing observed for NaD1 crystal
form B. Moreover, HNP-3 was also able to form dimers and
higher oligomers by equilibrium centrifugation in solution con-
ditions that matched that used for the crystallization (except
that PEG8000 was omitted) (57).

HBD-2 consists of a triple-stranded antiparallel 3-sheet and
an a-helix but in an a3BB arrangement (BaBB for NaD1) (59),
which was observed in two crystal forms (PDB codes 1FD3 and
1FD4). The orthorhombic form contained four monomers in
the asymmetric unit, formed by two topologically identical
dimers (Fig. 8D). Its dimer interface is also mediated by two
hydrogen bonds and several hydrophobic (van der Waals)
interactions from the B1-strands of the monomers, resulting in
a six-stranded B-sheet for the dimer as in NaD1 and HNP-3.
The monoclinic form contained two octameric assemblies
within the asymmetric unit, which were proposed to be the
stable, native quaternary structure of HBD-2 for activity (59),
although no additional evidence for the presence of such an
oligomer in solution was presented. Intriguingly, subsequent
dynamic light scattering experiments revealed that concen-
trated solutions of HBD-2 mainly formed dimers with other
aggregated forms (59). This led Hoover et al. (59) to suggest that
additional stabilizing interactions such as those provided by the
negatively charged target (bacterial) membrane could be
needed to drive octamer formation. As NaD1 is known to inter-
act with components (as yet undetermined) on the fungal cell
wall and membrane, together with the observation that cations
(e.g Ca®") can abrogate antifungal activity (25), it would be
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plausible to suggest that electrostatic attraction mediated by
anionic surface components (such as phospholipids, sphingo-
lipids, or glycoproteins), may be important.

It is known that for the seed defensins from radish (Rs-AFP2)
and dahlia (Dm-AMP1), interactions with specific sphingolip-
ids (glucosylceramide and mannose-(inositol phosphate),-cer-
amide, respectively) on fungal plasma membranes is required
for their antifungal activity (83, 84). They are able to permeabi-
lize the fungal membrane and induce Ca®" influxand K™ efflux.
Given that fungi grow from the tip and require the maintenance
of an intracellular Ca>* concentration gradient to drive polar-
ized growth (85, 86), Thevissen et al. (87) suggested that the
growth inhibition may be due to dissipation of this gradient.
Interestingly, other plant defensins from alfalfa and corn have
been reported to block ion channels, although interaction with
fungal Ca®" channels has not yet been demonstrated (37, 38). It
is noteworthy that scorpion toxins, which are bone fide ion
channel blockers, also display the CSa8 motif that is conserved
in the plant defensins (88 —90).

Numerous models have been proposed in the literature to
account for the potential molecular mechanisms of action for
various cationic antimicrobial peptides on target membranes
(91). Based on the crystal structure of HNP-3, Hill et al. (57)
proposed three possible models for HNP-3-membrane interac-
tion as follows: (i) a wedge model, (ii) a dimer pore model, and
(iii) a general pore model. In all proposed models, the dimer is
the protomeric unit, building from a single dimer, to two
stacked dimers onto a large annular pore involving multiple
dimers. Intriguingly, these models (or variations thereof) are
conceivable for HNP-3 and other dimer-forming cationic anti-
microbial proteins such as NaD1 and may indeed represent
transition states. As such, factors including protein concentra-
tion, the local environment of the target membrane (e.g lipid
composition), the volume of the molecule, its structure, and its
oligomeric state in solution and in membranes would make
important contributions to determining which model operated.

In summary, NaD1 adopts a dimeric configuration in solu-
tion under physiological conditions that enhances its antifungal
activity. The dimerization of NaD1 results in the formation of a
large continuous positively charged surface. This region of the
NaD1 dimer may be important for mediating interactions with
target cell surfaces such as the fungal cell wall and plasma mem-
brane, thereby promoting cell permeabilization and entry of
NaD1 into the cell to reach intracellular targets.
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