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Effect of Disulfide Bonds in Antifungal Peptide from Petunia Hybrida: A
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Abstract: The solution structure of a novel plant defensin (PhD1) contains a fifth disulfide bond, unlike other plant
defensins, which have four disulfide bonds. The present study aims to better understand the stability, thermal dependence
and the role of disulfide bonds in the tertiary structure of PhD1 using Molecular Dynamics (MD) simulations. The
secondary structures are intact in the native structure simulated at 300 K. However, in the mutant structures a small
variation is observed. A significant shift in the peptide conformation is observed when the additional fifth disulfide bond
(Cys7-Cys23) is mutated. No large change in the tertiary structure conformation is observed till 400 K, which
demonstrates the high thermal stability of the protein. Here, we also show that the mutation of disulfide bonds did not
result in a drastic conformational change. The antifungal property along with high structural stability of the plant defensin
protein makes it a promising candidate for the development of novel fungicides.
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1. INTRODUCTION

Antifungal proteins are synthesized by plants to prevent
invasion of fungi. It is well known that plants have no
immune system and thus antifungal proteins are produced in
either constitutive or induced manner [1]. Further, defense-
related proteins are distributed widely throughout the plant
kingdom. They are highly divergent in their sequences and
the mode of action of these peptides is still not clearly
understood [2]. Among the vast array of antifungal peptides,
the cysteine-rich peptides form a large group in which
certain disulfide motif stabilizes the molecular scaffold. In
addition, the cysteine rich peptides are small, highly basic
and these are usually classified by the number and pairing
pattern of the disulfide bonds [3, 4]. As stated in the
literature, a series of three-dimensional structures belonging
to this group of antifungal peptides including thionins [5],
plant defensins [6, 7], hevein-like [8] and knottin-like [9]
have been investigated and reported. Plant defensins are
typically 45-54 amino acid residues long, containing eight
cysteine residues that form four disulfide bonds and are
characterized from various plant tissues including leaves,
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pods, tubers, fruits and flowers. Much of the work, however,
has been performed on seeds where these proteins are
prevalent [10]. All plant defensins share a characteristic
three-dimensional folding pattern (af-motif), stabilized by
four disulfide bonds [11, 12].

A novel plant defensin (PhD1) with five disulfide bonds
isolated from the flowers of Petunia hybrida [13] is
composed of an a-helix, three B-strands and two loop regions
(L1 and L2). The loop L1 is found to connect a-helix and B;-
strand and loop L2 connects B,-strand with B;-strand. The
protein PhD1 has an extra cysteine pair (Cys7-Cys23) that
forms the fifth disulfide bond. The characteristic feature of
the protein PhD1 is its cystine knot formed by three disulfide
bonds (Cys7-Cys23, Cysl4-Cys34 and Cys20-Cys41) with
one disulfide penetrating through a macrocycle formed by
the two other disulfides and interconnecting peptide
backbones [14, 15]. It is not known whether plant defensins
have a common mode of action [16]. However, Rs-AFP2,
one of the best characterized antifungal plant defensins, has
been suggested to interact with a membrane-bound receptor
rather than by direct defensin-lipid interaction. Structurally,
the residues essential for antifungal activity are located at the
two adjacent patches on the surface of Rs-AFP2 [17]. The
equivalent residues in the structure of PhD1 also form two
patches with differences in electrostatic characteristics
suggesting that the receptor for PhD1 may be different from
the receptor of Rs-AFP2 [8]. The protein PhD1 inhibits the
growth of phytopathogenic fungi, namely, Botrytis cinerea
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and Fusarium oxysporum f. sp. dianthi and may thus be of
interest for the development of novel fungicides [18].

Molecular dynamics (MD) simulation studies have been
used over the last 15 years to better understand the structure
and the conformational change in proteins. Recent advances
in the computing resources and improvements in accuracy of
force fields used to describe biological macromolecules,
have allowed the reproduction of experimental results in MD
simulations [19]. These advances have created the possibility
of direct comparison of MD calculations with experimental
data. The available experimental data of floral defensin,
PhD1 provide a good starting point for MD investigations.
Study on the important properties of PhD1 is an area of
interest to better understand its mechanism of action and to
develop strategies for applications in developing effective
antimicrobial compounds. The present work aims to study
the effect of different temperatures on the structure of the
plant defensin protein PhD1 and a possible role of the
cysteine residues involved in the disulfide bonds on the
tertiary structure. The results of the molecular dynamics
simulations are described in the subsequent sections.

2. MATERIALS AND METHODOLOGY

2.1 Molecular Model

The three-dimensional atomic coordinates of PhDI1, a
cysteine-rich antifungal protein (Fig. 1) composed of 47
amino acid residues isolated from the flowers of the plant
Petunia hybrida [PDB-1d: IN4N] were downloaded from the
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locally maintained (Bioinformatics Centre, Indian Institute
of Science, Bangalore, India) PDB-FTP server. The in silico
mutants were generated using the program Swiss PDB
viewer [20]. The cysteine residues at positions 3, 7, 14, 20
and 24 in the native structure [PDB-Id: 1N4N] were mutated
to alanine residues and the five single mutants were named
as C3A, C7A, Cl4A, C20A and C24A, respectively.
Subsequently, all the four cysteine residues, which are
common in most of the plant defensins, at positions 3, 14, 20
and 24 were mutated to alanine and the quadruple mutant
was named as mutfour. The idea of doing this quadruple
mutant is to study the role of the additional fifth disulfide
bond (which is a characteristic feature) in PhD1. In addition,
the residues forming the five disulfide bonds were mutated
to alanine in the native structure and named as mutfive.

2.2 Molecular Dynamics Simulation

Energy minimization and simulations were performed
using GROMACS v.3.3 [21] with the OPLS-AA/L all-atom
force field [22, 23]. Energy minimization was performed
using the conjugate-gradient method for 200 ps with the
maximum force field cutoff being 1KJ mol-'. The protein
models were solvated with the SPC (simple point charge)
water model using the genbox program available in the
GROMACS suite. The box type used was cubic with the size
of 4.8 x 4.8 x 4.8 nm. Chloride ions were used to neutralize
the overall charge of the system. Parrinello-Rahman protocol
was used for pressure and Nose-Hoover coupling protocol
was used for temperature. Long range electrostatics was

Fig. (1). Schematic diagram of the crystal structure of PhD1, used as the initial structure in all MD simulations. The a-helix is shown in
green color and the three B-strands are shown in dark blue, yellow and red respectively. The loop regions (L1 and L2) are colored in cyan
and orange, respectively. All the five disulfide bonds are shown in ball and stick representation. The program PYMOL [27] is used to

generate the figure.



86 The Open Structural Biology Journal, 2009, Volume 3

computed using the Particle Mesh Ewald (PME) method [24]
and Lennard-Jones energies were cut off at 1.0 nm. Bond
lengths were constrained with the LINCS algorithm [25].
Simulations were performed on the native structure at diffe-
rent temperatures (0 K, 100 K, 200 K, 300 K, 400 K and 490
K) and, however, only one temperature (300 K) was used for
all seven mutant structures. Analyses were performed with
tools available in the GROMACS suite. The conformational
dynamics of the generated trajectories were analyzed by
computing root mean square deviation (RMSD). The root
mean square fluctuation (RMSF) was also computed for
each amino acid residue to analyze the fluctuation pattern
within the peptide. The program GRACE was used for
the visualization of the trajectories [26] and the three-
dimensional structures were visualized using PyMOL [27]
and 3dss [28].

Jayanthi et al.

3. RESULTS
3.1 Structure Stability of PhD1

The structural stability of PhD1 is analyzed using the
ensembles generated from 5 ns MD simulations performed at
300 K. The time evolution of RMSD of the MD trajectory is
computed. The RMSD increased rapidly for both the main
chain and side chain atoms and the increase is almost two-
fold in the side chain atoms compared to the main chain
deviation (Fig. 2a). The RMSD values obtained upon
superposition of the initial and the final MD structures are
found to be less than 1.2 A (Table 1). Analysis of RMSF
graph reveals the maximum fluctuation in the residues
Aspll, Asnl6, Ser35, Ile37 and Leu38 (Fig. 2b). The
increased fluctuation of Aspll can be surmised by the fact
that the residue is acidic in nature and its side chain
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Fig. (2). A graph showing the MD simulations of PhD1 at 300 K. (a) Time evolution of (a) RMSD and (b) RMSF between the MD

simulated structures and the native crystal structure [PDB-id: 1N4N].
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carboxylyate group has an intrinsic pK, value of 3.9 and, as a
result, this residue is ionized and very polar under physio-
logical conditions. The residue Asnl6 displays fluctuations
as it is located in the region between the loop L1 and the a-
helix and thus subjected to directed motion. In the case of
Ile37 and Leu38, they are aliphatic in nature and tend to
interact with each other more favorably than with water
oxygen atoms. All ten cysteine residues in the averaged
native structure are found to be very stable showing the least
fluctuations (Fig. 2b) and the disulfide bonds formed by
these residues are intact.

Table 1. Deviations Obtained on Superposition of the Initial
Native PhD1 Structure with the Averaged Structure
Obtained after 5 ns Simulations of the Native
Structure at Different Temperatures

Temperature (K) RMSD (A)
0 0.855
100 0.487
200 0.569
300 1.080
400 1.253
490 1.354

The residues Aspll and Asnl6 located in the loop L1,
which in turn is located between the p;-strand and an a-helix,
account for maximum fluctuation among the residues
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constituting the loop LI1. Further, the residues Leu38
followed by Ile37 and Ser35 display maximum fluctuation
among the residues found in loop L2. These results show
that the residues making up the loops display the maximum
fluctuation compared to the rest of the residues found in the
structure. The residues forming an o-helix and B-strands
show only small fluctuations and this indicates the structural
stability of these secondary structures during the course of
simulation.

3.2 Temperature Dependence of Peptide Structure

The temperature dependence of PhD1 is analyzed using 5
ns MD simulations performed at various temperatures by
studying the time evolution of RMSD of the MD trajectories.
The RMSD values of the native structure simulated at 490 K
is the largest followed by trajectories evolved at 400 K and
300 K (Fig. 3). The RMSD values for 0, 100 and 200 K is
found to be the lowest and did not fluctuate significantly
over the simulation time. It is clear from Figs. (3) and (4),
the fluctuations for 100 K is less compared to that of
observed at 0 K. The reasons for this behavior are not
known. However, a clear trend is observed for other
temperatures studied. The RMSF value for each residue at
different temperatures studied relates to the contribution of
each residue to the peptide flexibility. A maximum
fluctuation is observed at the trajectory corresponding to 490
K, which indicates increased mobility of the three-
dimensional structure. The residues encompassing the [-
strands and an o-helix show small RMSF values at all
temperatures except at 490 K (Fig. 4). The comparison of the
secondary structures of the MD trajectories at various
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Fig. (3). A graph showing the time evolution of RMSD between the MD simulated structures and the native crystal structure [PDB-id:

IN4N] at different temperatures.
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Fig. (4). Effect of temperatures on RMS fluctuations plotted as a function of residue numbers.

temperatures indicates that the stability of the structure
slowly decreases with increase in temperature. Among the
secondary structures, o-helix is preserved across all
temperatures while the stability of the B-strands varies with a
change in temperature (Fig. 5).

During the course of simulation, all the cysteine residues
aiding in the formation of the disulfide bonds are not
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affected by change in temperature and are relatively rigid.
Significant fluctuations in both the loops (L1 and L2) are
observed at 400 K and 490 K indicating possible loss of anti-
fungal activity of the peptide, since the residues essential for
antifungal activity have been located in the a-helix, ;-
strand, loop L1 (connecting the o-helix and B;-strand) and
loop L2 (connecting the strands B, and ;) [13]. The L1 loop
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Fig. (5). Schematic diagrams showing the variation in the three-dimensional structure of PhD1 at different temperatures. Figs. (a), (b), (¢),
(d), (e) and (f) show cartoon representation of PhD1 at 0 K, 100 K, 200 K, 300 K, 400 K and 490 K, respectively.
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is stabilized by a conserved aromatic residue Trpl0 which
does not significantly fluctuate, indicating unusual confor-
mational stability. To conclude, the high RMSD and
increased flexibility beyond 400 K suggests significant
change in the conformation of the native structure.
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3.3 Structure and Dynamics of the Mutants: A
Comparison with the Native Structure

A 5 ns MD simulation is performed at 300 K on the
native and the mutant structures. A variation is observed in
the RMSDs of the mutant structures (Fig. 6). In most of the
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Fig. (6). A graph showing the RMS deviations of the backbone atoms of all the mutant structures as a function of simulation time. Figs. (a),
(b), (¢), (d), (e), (f) and (g) represent deviations obtained in all the seven mutants (C3A, C7A, C14A, C20A, C24A, mutfour and mutfive),
respectively. The averaged structures are calculated at the end of 5 ns simulations.
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mutant structures, the variation increased within 500 ps and
then begins to fluctuate during the course of simulation. The
drift in the deviation observed in the mutant structures may
be due to the fact that they are as a result of structural
changes upon mutation. The results obtained from the
superposition of the native and the mutant structures
confirmed that the maximum deviation is found to be
associated with the mutfive structure (Table 2) in which
residues forming the five disulfide bonds are mutated. It is
noteworthy that, of all the single mutants analyzed, the
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maximum RMS deviation is found to be associated with
C7A structure, which elucidates the role played by the fifth
disulfide bond in rendering increased conformational
stability. The fifth bond also plays an important role in
stabilizing the loop region between the o-helix and f-strand
and reinforces the hydrogen bond between Thr9 and Lys26
[13]. In other plant defensins, the positions corresponding to
Cys7 and Cys23 are occupied by a serine and a
hydrophobic/aromatic  residue, respectively. In PhDI1
structure, the presence of the cysteine residues at positions 7
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Fig. (7). R, values of the native and mutant structures plotted as a function of simulation time. Figs. (a), (b), (¢), (d), (e), (f), (g) and (h) show
fluctuations associated with the native, five single mutants, the quadruple mutant (mutfour) and mutfive structures, respectively.
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Table2. Deviations Obtained on Superposition of the Native
Structure of PhD1 with the Averaged Structure of
the Mutants Obtained after 5 ns Simulations

Mutant Structures RMSD (A)
C3A 1.196
C7A 1.321
Cl14A 0.908
C20A 1.298
C24A 0.987
mutfour 1.416
mutfive 1.536

and 23 result in formation of a disulfide bond. Hence, the
replacement of hydrophobic interactions with a disulfide
bond results in conferring increased stability. Further, radius
of gyration (R,), a parameter indicating structural volume, is
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also computed and analyzed. The R, values of the native and
the mutant structures are plotted as a function of simulation
time (Fig. 7). No large variation in R, values is observed
between the native and the mutant structures, indicating high
structural similarity. Fig. (8) shows the cartoon represen-
tation of the native and the five single mutant structures (a:
native, b: C3A, c: C7A; d: Cl14A, e: C20A, f: C24A). It is
clear that, the number of residues involved in the secondary
structures is less in the single mutant structures, compared to
the native structure (Fig. 8). For example, a decrease in o-
helix content is seen in the C14A and C24A structures,
whereas, in the C7A, Cl14A and C20A structures, the -
sheet conformation is slightly altered. Thus, it is apparent
that the disulfide bonds play a role in preserving the
secondary structural elements.

4. DISCUSSION

The dynamics of the native structure performed for 5 ns
at 300 K shows that it is stable throughout the simulation
with all the secondary structure elements preserved in their

Fig. (8). Figs. (a), (b), (¢), (d) (e) and (f) show cartoon representation of the native and single mutant C3A, C7A, C14A, C20A and C24A
structures, respectively. These diagrams show the changes in the secondary structures (o-helix and B-strands) of PhD1.
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respective orientations and no large deviations are observed.
Analysis of RMSF shows that the maximum fluctuation is
found to be associated with the residues forming the loop
regions (L1 and L2). The result is in good agreement with
the experimental observation showing that loops are more
flexible than helix and strands [29]. The results of simu-
lations performed at different temperatures indicate that the
native structure PhD1 is stable (except at 490 K) and all the
secondary structures are intact at all temperatures used in the
calculation. A similar trend is also observed in the
thermostable antifungal peptide of Aspergilus clavatus [30].
This result also corroborates with the experimental data
showing that high temperatures are more detrimental to a
protein structure than ambient and lower temperatures [31,
32]. The B-strands are found to be stable and significant
fluctuations are observed only at the maximum temperature
(490 K), which supports experimental results that B-sheets
posses high intrinsic stability [33]. However, the o-helix is
unusually stable at all temperatures used in the molecular
dynamics simulations. A similar high thermal stability of an
a-helix is also observed in the bacterial Trwc protein [34].

The MD simulations of the mutant structures highlight
the importance of additional fifth disulfide bond formed
between the cysteine residues Cys7 and Cys23. However, the
study of mutfour structure does not yield any conclusive
result that one may attribute to the additional fifth disulfide
bond. It is reported that the extra disulfide bond restricts the
variability of the loop L1 and thus further enhancing
structural stablility of PhD1 [13]. The above results show
that the fifth additional disulfide bond plays an important
role in conferring increased stability to the PhDI structure.
Thus, results obtained from the study of C7A structure
throws light on the effect of fifth disulfide bond on the
tertiary structure. Further, in the single mutant structures, a
small conformational change is observed in o-helix and [-
strands (Fig. 8). The RMSD values obtained when all five
disulfide bonds are mutated (mutfive) is found to be less than
1.6 A indicating that the loss of the disulfide bonds did not
result in a large conformational change. The R, plot of the
native and the seven mutant structures is found to be
congruent and indicates the structural similarity between the
native and the mutant structures. These results are in good
agreement with the earlier conclusions in the case of
antimicrobial peptides gomesin and protegrin [35].

CONCLUSION

The floral defensin PhD1 is found to be stable up to 400
K and shows that the structure is temperature resistant. The
present molecular dynamics simulations study on the native
and the mutant structures reveals the significance of the
additional fifth disulfide bond. It is found to render higher
conformational stability, compared to other disulfide bonds,
which are generally found in plant defensins. Small confor-
mational variations are observed in the secondary structural
elements of the single mutant structures. The consequences
of these conformational changes on the antifungal activity
should further be experimentally investigated. This study
also reveals that even when the residues involved in all five
disulfide bonds are mutated, the conformation of the tertiary
structure is not significantly altered. The antifungal activity
of PhD1 coupled with high structural stability, which is
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elucidated by our research, makes it an attractive choice for
the development of novel fungicides. However, further
studies are needed to throw light on the other salient features
of the additional disulfide bond.
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