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Abstract

Thionins have a considerable potential as antimicrobial compounds although their application may be restricted by metal ion-based inhibition
of membrane permeabilizing activity. We previously reported the properties associated with the proposed mechanism of metal ion-based inhibition
of β-purothionin. In this study, we investigated the effects of metal ions on α-hordothionin which differs from β-purothionin by eight out of 45
residues. Three of the differing residues are thought to be involved in the mechanism of metal ion-based inhibition in β-purothionin. The structure
and dynamics of α-hordothionin were explored using unconstrained molecular dynamics (MD) simulations in explicit water as a function of metal
ions. Although the global fold is almost identical to that of β-purothionin, α-hordothionin displays reduced fluctuating motions. Moreover, α-
hordothionin is more resistant to the presence of metal ions than β-purothionin. Mg+2 ions do not affect α-hordothionin, whereas K+ ions induce
perturbations in the α2 helix, modify dynamics and electrostatic properties. Nevertheless, these changes are considerably smaller than those in β-
purothionin. The proposed mechanism of metal ion-based inhibition involves the hydrogen bonding network of Arg5–Arg30–Gly27, which
regulates dynamic unfolding of the α2 C-end which is similar to β-purothionin response. The key residues responsible for the increased resistance
for α-hordothionin are Gly27 and Gly42 which replace Asn27 and Asp42 involved into the mechanism of metal ion-based inhibition in β-
purothionin. Comparison of MD simulations of α-hordothionin with β-purothionin reveals dynamic properties which we believe are intrinsic
properties of thionins with four disulphide bonds.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Thionins, a family of highly basic plant antimicrobial
peptides, have demonstrated a broad spectrum of antibacterial
and antifungal activity [1,2]. One of most studied thionins is β-
purothionin (βPTH) from the wheat endosperm. The antibac-
terial and antifungal activity of this peptide is significantly
higher than that caused by melittin or cecropin B [2,3]. Because
thionins act by permeabilizing microbial membranes, there is
less likelihood that target microbes will develop resistance to
these peptides [1,4,5]. The thionins, therefore, hold consider-
able promise as class of new antimicrobial pharmaceuticals.
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Thionins consist of 45–47 residues bound by three to four
disulfide bonds defining high similarity of tertiary structure.
Structures of several member of the thionin family including α1-
purothionin, βPTH, and β-hordothionin (βHTH) reveal a
global Γ fold consisting of an arm and stem with a substantial
groove in-between [6–8]. The stem is formed by two
antiparallel α-helices and the arm by a coil in extended
conformation, b-turns T1 and T2, and an antiparallel β-sheet
consisting of two β-strands (Figs. 1A, 2A). The presence of the
phosphate-and the glycerol-binding sites suggest phospholipid
membrane permeabilizing activity of thionins although their
mechanism of membrane disruptive activity has yet to be
determined [1,6,7]. The main contributors of the phosphate-
binding site include Lys1 and Arg10 with possible participation
of Lys45 and Pro44. The OH groups of Ser2 and Tyr13 form the
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Fig. 1. MD simulation of αHTH in explicit water at 300 K. (A) Amino acid
sequence of αHTH with secondary structure elements determined by X-ray
crystallography for βHTH are shown above the sequence and underlined. The
loops and b-turns are labeled L and T, respectively, and the disulfide bonds are
shown by brackets. The amino acid residues which differ from those in βPTH
are shown in bold. (B) Time evolution of RMS Deviations (in Å) between the
MD trajectory and the initial crystal structure during the five-ns simulation.
RMSD for all heavy (continuous line), the side chain (dashed line), and the
backbone (heavy continuous line) atoms of the solute. (C) RMSD and RMS
Fluctuations (in Å) as functions of residue indices. The ahRMSD (continuous
line), the bbRMSD (heavy continuous line), and RMSF (dashed line) computed
over the last 3 ns. Schematic representation of the secondary structure for the
crystal structure is shown above the plot in correspondence with residue indices.
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glycerol-binding site, while evidence of glycerol binding by
Arg17 and Gln22 is inconsistent. Lys1, Arg10, Ser2, Tyr13, and
Arg17 are highly conserved in the thionin family [1,9]. Ans11
Fig. 2. Structure of αHTH. (A) Superposition of the average αHTH MD structure (bl
(black) with the disulfide bonds shown as connected spheres. (B) Snapshots of the
Superposition of the average αHTH MD structures without metal ions (blue) and i
and Asn14 also are conserved and stabilize formation of a
homodimer through intermolecular hydrogen bonds.

Mono- and divalent metal ions inhibit membrane permea-
bilizing activity of thionins. Two to five mM Ca2+ completely
blocks activity of βPTH, although 50 mM concentrations of
monovalent ions like Na+ and K+ are necessary for inactivation
[3,10]. Recently, a series of MD simulations were performed to
determine effects of temperature and the metal ions on structure
and dynamics of βPTH [11]. The MD simulations predicted that
addition of K+ and Mg+2 ions in the concentrations inhibiting
antimicrobial activity induces large conformational changes in
the α2 helix, altering the hydrophobic region between the α-
helices. Mg+2 ions cause larger structural and dynamic changes
than K+ ions and greatly reduce the pKa of Arg30. Unfolding of
the α2 is triggered by altering interactions between Lys5 and
Arg30 which form a hydrogen bonding network Aps42–Lys5–
Arg30–Asn27 in the absence of metal ions. This hydrogen
bonding network is not found in the βPTH crystal structure [7],
but the MD simulations suggest that it is important for
maintaining the intact α2 helix in aqueous environment. None
of the network residues are highly conserved nevertheless the
study on the thionin from P. pubera (PpTH) suggests an
important role of Arg30. The D32R mutant of PpTH, whose
Arg32 corresponds to Arg30 in βPTH, was shown to
significantly increase antimicrobial activity as compared to
the wild peptide [12]. Metal ions also reduce plasticity of the Γ
fold in βPTH that modifies a steric environment of Tyr13 and
could contribute to inhibiting effects of metal ions [11].

One of thionins found in wheat seed has 100% homology
with α-hordothionin from barley seed (αHTH) [13] and displays
high antifungal activity [14]. The peptide (αHTH from here on),
differs from βPTH by eight out of 45 residues. None of the
varying residues belong to the conserved primary regions;
however, three of them, at positions 5, 27, and 42 are involved in
the mechanism of metal ion inhibition in βPTH [11]. This fact
predicts considerable differences in the response of αHTH to the
presence of metal ions in comparison with βPTH.

In this work, we investigated the key properties of αHTH
using unconstrained MD simulations in explicit water as a
function of the presence of metal ions. Results of MD simulations
ue) with the βHTH crystal structure (gray) and the average βPTH MD structure
αHTH MD structures taken with 100-ps intervals between 3 ns and 5 ns. (C)
n the presence of K+ (purple) or Mg+2 ions (yellow).
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suggest that αHTH is more resistant to the presence of metal ions
than βPTH. Comparison of MD trajectories of αHTH and βPTH
at different conditions provides new insights in the mechanism of
metal ion-based inhibition and future directions for developing
metal ion-resistant thionins.

2. Computational methods

2.1. Molecular model and computational methodology

Because the crystal structure of α-hordothionin from barley
seed (αHTH) [13] has not been determined, the initial αHTH
structure was obtained from the X-ray structure of barley β-
hordothionin (βHTH) with a PDB entry code 1WUW which
was determined at 1.9 Å and pH 5.6 [8]. All water and ligand
molecules determined by crystallography were removed. The
residues different from those in αHTH were changed using
AMBER-8 software package. Six residues were mutated to
produce the αHTH primary sequence: N27G, A27V, G36S,
L37S, S41T, and S42G. MD simulations were performed using
the Peach 5.8 software package [15] and the flexible, single
point charge (fSPC) water potential [16]. To adequately
represent our experimental model and produce reliable results,
simulation parameters were optimized as previously described
[11], insuring accurate computations of electrostatic and
interaction energies with metal ions.

The simulation box was neutralized by adding 10 Cl− ions.
Minimization of the system was performed in four steps. First,
only mutated solute atoms were minimized. Then water
molecules were completely minimized followed by minimization
of water together with ions. Finally, all atoms were minimized for
100 steps. Equilibration started with heating and equilibrating
water and ions only as described before [11] at 325 K for 500 ps.
The entire system was equilibrated at 325 K for 1 ns. To study
evolution of the molecular structure and stability, αHTH was
simulated for 5 ns at 300 K in explicit water.

Interactions of the peptide with metal ions were simulated
at 300 K in the presence of 100 mM K+ ions or 20 mM Mg+2

ions [3,12]. Concentrations of metal ions were chosen based
on the experimental data to fully inhibit antimicrobial activity
of βPTH [3,10]. Because the initial structure of αHTH was
obtained through mutating the crystal structure of βHTH, the
average αHTH MD structure was selected as the initial
structure for MD simulations in the presence of metal ions.
The average αHTH structure was obtained from the MD
trajectory in the absence of metal ions by averaging over
500 ps after the equilibration of the αHTH structure was
completed. Validitation of the 500-ps average structure as the
starting structure was confirmed by superposing the former
with the average structures and two snapshots for each of five
consecutive 100 ps-periods. The simulation boxes were
prepared as described above. To reach corresponding
concentrations, the 9 K+ or 2 Mg+2 ions were added to the
simulation box with αHTH, and the chloride ions were added
proportionally to neutralize the system. After minimization
and equilibration as above, the systems were simulated at
300 K for 2 ns.
2.2. Analysis

Analysis of the MD trajectories was performed using Peach
5.8 [15] and Amber-8 [17]. Convergence of MD trajectories was
assessed by averaging the all heavy solute atom RMSD values
for all heavy solute atoms from the initial structure over 100-ps
intervals. To calculate average structures, root mean square
difference (RMSD) for all heavy atoms, backbone N, CA, and C
atoms, and side chain atoms and root mean square fluctuation
(RMSF), average solvent-accessible area (SAA), and hydrogen
bonds, the last two or 3 ns of MD trajectories with or without
metal ions, respectively, were used. Secondary structures were
defined with the DSSP program [18]. The pKa shifts were
calculated as described [11] with the electrostatic potential
obtained using the Adaptive Poisson–Boltzmann Solver software
package (http://mccammon.ucsd.edu/apbs). For visualization of
structures and trajectories, the VMD1.8.3 was used [19].

3. Results

3.1. Structure and dynamics of αHTH

The MD trajectory of αHTH at 300 K in the absence of metal
ions (αHTH-300K) was structurally stable for the entire 5-ns
period (Fig. 1). The peptide reached equilibrium after 1500 ps of
the MD simulation according to the convergence test. The
extended equilibration time may be related to mutating six
residues in the initial structure to obtain the primary sequence of
αHTH from the βHTH crystal structure. After reaching
equilibrium, the RMSD from the crystal structure fluctuated
around 0.9 Å for the backbone (bbRMSD) and 1.8 Å for all
heavy atoms (ahRMSD) (Fig. 1B). No significant structural
changes were found during the entire simulation (Fig. 2B).

The αHTH MD structure has general features of the Γ fold
characteristic for thionins [4,7]. The superposition of the
average αHTH MD structure with the crystal βHTH and
βPTH MD structures displays a good fit for the secondary
structures (Fig. 2A). Differences are observed in the loop
regions, β-sheet and the C-end of the α1 helix. The β-sheet in
the αHTH MD structure is weakly defined unlike in the βHTH
and βPTH structures. The α1 C-end in the average αHTH MD
structure as in βHTH is shorter than that in βPTH. The DSSP
analysis confirms substantial similarity between secondary
structures of the αHTH MD and the crystal βHTH structures
(Table 1).

The bbRMSD values indicate small conformational differ-
ences between the αHTH and the initial structural backbones,
including the loop regions (Fig. 1C). The ahRMSD values show
that conformational variance is restricted primarily to the side
chains of charged residues. Interestingly, Arg17 and Arg19 in
the L1 loop substantially deviate from the initial structure with
ahRMSD around 5. The same residues had the largest ahRMSD
values in the βPTH MD structure [11]. The RMSF values
indicate that the α1 helix is the most rigid region in the peptide
while the α2 helix is dynamic, especially the α2 N-end. Similar
discrepancy in mobility between the α1 and the α2 helice were
found in βPTH [11]. Interestingly, Arg5 and Arg30 belong to
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Table 2
Fraction of hydrogen bonds in MD simulations of αHTH at different conditions

Hydrogen bonds %a

Donor Acceptor 300 K 300 K, K+ 300 K, Mg+2

Cys4-N Lys45-O 84 83 87
Lys45-N Cys4-O 44 38 47
Arg10-NE Lys45-OT 84 90 95
Arg10-NH2 Lys45-O 93 90 88
Arg10-NH2 Lys45-OT 12 15 16
Arg10-NH1 Ser2-OG 69 57 59
Arg10-NH2 Ser2-O 61 73 74
Arg5-NE Arg30-O 35 0 32
Arg5-NH1 Gly42-O 0 45 10
Arg30-NH1 Gly27-O 18 9 24
Arg17-NH2 Asn14-OD1 41 57 9

a A hydrogen bond is considered if the donor–acceptor distance is smaller that
3 Å and the donor–hydrogen–acceptor angle is larger than 135°.

Table 1
Comparison of the secondary structure of αHTH with βPTH and βHTH at
different conditions

Peptide Conditions α-Helix β-Sheet Other

β-HTH CrS a 289 K 0.38 (7–16, 22–28) b 0.13 0.49
α-HTH MD 300 K 0.38 (7–16, 22–28) 0.09 0.53

MD 300 K, K+ 0.33 (7–16, 22–26) 0.13 0.54
MD 300 K, Mg+2 0.38 (7–16, 22–28) 0.09 0.53

β-PTH CrS c RT, Mg+2 0.38 (7–16, 22–28) 0.13 0.49
MDd 300 K 0.40 (7–15, 22–29) 0.13 0.42
MD 300 K, K+ 0.38 (7–19, 26–29) 0.13 0.42
MD 300 K, Mg+2 0.40 (7–17) 0.13 0.56

a Crystal structure [8].
b Residue indices forming a secondary structure are given in brackets.
c Crystal structure [7].
d βPTH MD structures [11].
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the most dynamic residues in αHTH with RMSF values above
1. However, the corresponding residues in the βPTH MD
structure, Lys5 and Arg30, display only moderate mobility with
RMSF values around 0.5 [11]. The L2 loop and b-turns display
elevated fluctuations which are, however, considerably smaller
than those in the βPTH MD structure [11]. In the L1 loop, the
Arg19 side chain generates large fluctuating motions reaching
RMSF value of 1.8.

The strong hydrogen bonds between Cys4, Lys45, Arg10,
and Ser2 connect the arm and stem into the Γ fold (Table 2).
This hydrogen bonding network at the inner corner of the Γ is
very similar to that of the βPTH crystals [7] and the βPTH MD
structure [11]. In contrast, a hydrogen bonding network at the
outer corner of the Γ, Arg5–Arg30–Gly27, is considerably
weaker and shorter as compared to the strong Lys5–Gln27–
Arg30–Asp42 network found in βPTH [11]. A weak hydrogen
bond is found between Arg30-NH1 and Gly27-O. Arg5
interacts with Arg30 instead of Gly42 through a weak hydrogen
bond Arg5-NE:Arg30-O. The weak hydrogen-bonding network
may explain the increased RMSF values for Arg5 and Arg30
observed in the αHTH-300 K trajectory.

In the αHTH-300 K trajectory, αHTH undergoes consider-
able vibrational motions. The three-residue antiparallel β-sheet
(1–3, 32–34) is highly dynamic. When completely expanded
and therefore tightly bound, it has four hydrogen bonds. The N-
end of the β-sheet in the αHTH-300K trajectory continuously
undergoes rapid reversible unzipping to the two residue state.
The tightly bound state lasts only for 1–2 ps alternating with the
two residue state which lasts from 3 to 20 ps. Changes in the
distance between Thr34-O and Lys1-N demonstrate dynamics
of unzipping of the β-sheet N-end while the distance between
Cys3-O and Lys32-N illustrates the relative stability at the C-
end of the β-sheet (Fig. 3A,B).

The α2-helix is another flexible region in the peptide. The α2
C-end is particularly dynamic with periodical and reversible
unfolding for 1–2 ps on average once every 30–80 ps. In
addition, the α2 helix goes through several complete disruptions
and reformations during the course of the MD simulation,
although these motions are rare as compared to partial
unfolding. These perturbations last from 5 to 15 ps each.
Changes in distance between Leu24-O and Val28-N illustrate
unfolding/folding motions in the α2 C-end region with ∼3 Å
corresponding to the folded state, and the distance increases
between Gln22-O and Ala26-N that correspond to unfolding of
the entire helix (Fig. 3C,D).

3.2. Effect of mono- and divalent metal ions

Presence of both K+ and Mg+2 ions triggers conformational
and dynamic changes in αHTH. Mg+2 ions induce mild changes
while K+ ions significantly perturb the peptide conformation in
the α2 helical region. The final ahRMSD from the initial
structure for the MD trajectories with K+ (αHTH-K) and Mg+2

(αHTH-Mg) ions are 1.8 Å and 1.6 Å, respectively. The average
bbRMSD values do not differ significantly among all three
trajectories although the bbRMSD values fluctuate more in the
αHTH-Mg and especially the αHTH-K MD trajectory than in
the αHTH-300K trajectory reflecting conformational perturba-
tions (Fig. 4A).

The superposition of the average MD structures without and
in the presence of metal ions displays differences in effects of
K+ and Mg+2 ions on αHTH (Fig. 2C). The αHTH-Mg
structure is nearly identical to the αHTH-300K structure. In
contrast, the αHTH-K structure has the unfolded C-end of the
α2 helix and longer β-sheet than the αHTH-300 K, although the
α1 helix, b-turn, and loop regions remain unperturbed.
Summary of effects of K+ and Mg+2 ions on secondary
structures is presented in Table 1. Thus, secondary structures of
αHTH show higher resistance to the presence of metal ions than
that of βPTH whose secondary structures are largely affected by
both K+ and Mg+2 ions [11].

RMSD and RMSF values for each residue in the MD
trajectories without and with metal ions are compared in Fig. 4.
Mg+2 ions induce smaller conformational changes in the
backbone and side chains of αHTH than K+, considerably
elevating only the Arg19 bbRMSD. K+ ions induce an increase
of the bbRMSD values in the entire α2 helix and of Arg30. Both
metal ions significantly increase the ahRMSD values for Arg30
and Lys38, and K+ ions, in addition, increase the ahRMSD for
Lys5 and Lys23. Both cations have very little effect on the α1
helix and b-turn residues. Effects of metal ions on RMSF values



Fig. 4. Effects of K+ and Mg+2 ions on structure and dynamics of αHTH (in Å).
(A) Time evolution of bbRMSD between the MD trajectories without metal ions
(heavy continuous line), with 100 mM of K+ (dashed line), and with 20 mM
Mg+2 (continuous line) and the initial crystal structure during the last 2 ns of MD
simulations. (B–D) RMSD and RMSF as functions of residue indices. (B)
ahRMSD and (C) bbRMSD between the MD and the initial crystal structures,
and (D) RMSF for the MD trajectories without metal ions, with K+, and with
Mg+2 ions . The average values were calculated over the last 2 ns of simulations.
Schematic representation of the secondary structure as in Fig. 1C.

Fig. 3. Metal-ion-dependent changes in distance between the β1 and β2 strands
in the antiparallel β sheet and within the α2 helix. Time evolution of distances
(in Å) between (A) Thr34-O and Lys1-N, (B) Cys3-O and Lys32-N, (C) Leu24-
O and Val28-N, and (D) Gln22-O and Ala26-N atoms for the MD trajectories
with no metal ions present (black line), with 100 mM K+ (gray line), and with
20 mM Mg+2 ions (dashed line). Last 2 ns of the MD trajectory with no metal
ions present are shown.
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are consistent with conformational changes. Mg+2 ions cause
smaller changes in the peptide dynamics than K+ ions. Mg+2

ions induce a large increase in fluctuating motions of only
Arg17 while K+ ions increase RMSF values for the entire α2
helix and the L2 loop. Interestingly, both metal ions elevate
fluctuating motions of Arg30. Comparison of effects of metal
ions on αHTH RMSD and RMSF values with those obtained
for βPTH [11] unambiguously point to higher resistance of
αHTH to metal ions.

Both metal ions have no significant effects on the hydrogen
bonds that form the Γ (Table 2). In the αHTH-Mg trajectory, the
hydrogen bonds on the outer corner of the Γ are maintained
similarly to that in the αHTH-300 K trajectory. However, in
αHTH-K, Arg5 forms a weak hydrogen bond with Gly42-O
instead of the hydrogen bond with Arg30-O observed in the
αHTH-300 K structure. The total SAA of backbone atoms and
of side chain atoms are not affected by the presence of both
metal ions (data not shown). However, several residues
significantly change SAA values upon addition of metal ions
(See Supplementary material, Fig. 1). In particular, both the
backbone and the side chain SAA of the conserved residue-
Tyr13 are significantly higher in the αHTH-Mg than in the
αHTH-300 K trajectory while no changes are found in the
αHTH-K trajectory.
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Mg+2 has only a small effect on the peptide dynamics while
K+ ions greatly modify vibrational motions in the β-sheet and
α2 helix. In the αHTH-Mg trajectory, the main difference
consists of the 140-ps-long perturbation in the α2 where the
helix undergoes several unfolding/folding cycles which occur
between 600 and 740 ps of the MD simulation. In the αHTH-K
trajectory, the β-sheet becomes more stable and the dynamics
observed in the αHTH-300 K trajectory is dominated by
extended periods of the tightly bound state and the two residue
state lasting from 20 to 80 ps each. Comparison of the distances
betweenThr34-O and Lys1-N as well as between Cys3-O and
Lys32-N illustrates changes in the β-sheet dynamics in the
presence of metal ions (Fig. 3A,B). The α2 C-end becomes
Fig. 5. Time evolution of conformational changes induced by the presence of K+ i
backbone dihedral angles, and χ1 (red dots) with χ2 (blue dots) represent side-chain d
the MD trajectories (left graphs) without metal ions and (right graphs) with 100 mM
Arg5-NH1 and Gly42-O atoms in the MD trajectories without metal ions (heavy co
predominantly unfolded in the presence of K+ions. Moreover,
the entire α2 helix frequently unfolds for 1 to 4 ps. Frequencies
of the structural alterations in the α2 C-end and the entire α2
helix are reflected in the increases of distances between Leu24-
O and Val28-N and between Gln22-O and Ala26-N, respec-
tively (Fig. 3C,D).

3.3. Dihedral angles

To understand conformational perturbations in the α2 helix,
the time evolution of the dihedral angles and side-chain
conformations in the absence and presence of metal ions was
analyzed. The major differences between the αHTH-300K,
ons during the last two ns. (A–F) φ (black dots) with ψ (gray dots) represent
ihedral angle values of residues (A, B) Arg30, (C, D) Val28, and (E, F) Lys38 in
K+ions. Distance (in Å) (G) between Arg5-NE and Arg30-O and (H) between
ntinuous line), K+ (dashed line), and Mg+2 (continuous line).



Fig. 7. Interaction energy (in Kcal/mol) between the residues Arg5 and Arg30.
(A) Time evolution of interaction energy in the MD trajectories with no metal
ions (heavy continuous line), K+ ions (dashed line), and Mg2+ ions (continuous
line). (B) Average values of interaction energy with standard deviations in the
MD trajectories with no metal ions (no), K+ ions (K), and Mg2+ ions (Mg)
computed over the last 2 ns.
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αHTH-K, and αHTH-Mg trajectories are found for the φ and ψ
backbone dihedral angles of Gly27, Val28, Arg30, Ser36, and
Lys38. The φ and ψ of Arg30, Ser36, and Lys38 exist in αHTH-
300K in the predominant and the transient conformations that
indicate increased flexibility of their backbones. Arg30 has a
flexible backbone with the predominant and transient (φ,ψ)
values of (55°,30°) and (55°,50°), respectively (Fig. 5). Lys38 and
Ser36 exist primarily in the (−140°, 130°) and (−60°,150°)
conformations, respectively. Both metal ions, especially K+ ions
increase frequency of the transient conformations for all three
residues. However, the predominant and transient (φ,ψ) values
remain unaffected. The exception is Arg30 whose transitional
conformation becomes predominant in the presence of K+ ions.
Notably, perturbations of the Arg30 ψ angle are consistent with
changes in the interactions between Arg30 and Arg5. In the
αHTH-300K trajectory, Arg30 forms aweak hydrogen bondwith
Arg5, and increases in the distance between Arg30-O and Arg5-
NE correspond to shifts in the Arg30 ψ angle (Fig. 5G,H). In the
αHTH-K trajectory, Arg30 interacts mainly with Gly42, and no
correspondencewith perturbations in the Arg30 dihedral angles is
observed despite large perturbations of the Arg30 ψ angle.

In the αHTH-300K trajectory, Gly27 and Val28 assume two
distinct conformations corresponding to the folded and
unfolded α2 C-end. Gly27 takes the values of (−75°,−55°)
and (−130°,10°), and Val28 values of (−70°,−15°) and
(−135°,5°), for the folded and unfolded states, respectively.
Mg+2 ions do not considerably modify φ and ψ dihedral angles
of Gly27 and Val28 while K+ ions increase frequency of angles
corresponding to the unfolded state. Interestingly, the Cys29 ψ
dihedral angle undergoes small arch-like shifts associated with
unfolding of the α2 C-end in all trajectories. In the αHTH-K
trajectory, the Cys29 backbone is affected even more because
its ψ dihedral angle undergoes several shifts as well.

The side-chain conformations of Val28, Arg30, and Lys38
are most affected by the presence of metal ions (Fig. 5). The
Arg30χ1 rotamer found in the αHTH-300 K trajectory explores
two conformations with the (φ,ψ,χ1) values at (55°,30°,−60°)
and (55°,30°,−170°) which have high probabilities according to
the backbone–dependent (BBD) rotamer library [20]. In the
Fig. 6. pKa shifts in the presence of K
+ and Mg2+ ions for the selected ionizable

residues. The Δ pKa were calculated as differences between the pKa calculated
for the residues in the averaged MD structures with cations and with no cations
added. Δ pKa for K

+ ions (gray) and for Mg2+ ions (black). aThe intrinsic pKa

values in the averagedMD structure in the absence of metal ions are given above
each residue.
αHTH-K trajectory, the Arg30 χ1 rotamers change to (55°,60°,
−60°) and (55°,10°,−60°). The later conformation has 0
probability according to the BBD library. Its (χ1, χ2) pair has
the (−60°, 60°) value which is rare as well in the backbone-
independent library. Similarly, the Val28 χ1 rotamer in the
αHTH-300 K trajectory has highly probable conformations, but
changes to the rare conformation (−135°,−5°,90°) in the
αHTH-K after 1500 ps. Mg+2 ions have no effect on the
Arg30 and Val28 χ1 rotamers. Both the χ1 and χ2 Lys38
rotamers undergo frequent changes in the αHTH-Mg and
especially the αHTH-K trajectory. The χ1 rotamers and the (χ1,

χ2) pairs for all other residues in both the trajectories without
and with metal ions explore highly probable conformations and
have similarity to each other.

Thus, Arg30 is maintained in the usual conformation in
αHTH, and the Arg30 side chain assumes the rare conformation
only in the presence of K+ ions unlike in βPTH. Effects of both
mono-and divalent ions on dihedral angles and side-chain
conformations in αHTH are considerably smaller than those
observed in βPTH [11].

3.4. Electrostatic effects

Our calculations performed on the αHTH-300K structure
indicate that αHTH bears large positive charge because the
peptide not only has ten basic residues, but also seven out of ten
basic residues have elevated pKa values, especially Lys32 and
Lys38 (Fig. 6). These lysines and arginines have high
probability of being protonated at neutral pH contributing to a
large total positive charge on αHTH. Two residues, Arg30 and
Tyr13, have lower than expected pKa values of about 10.5 and
7.3, respectively. Both residues are located in the center of the Γ
fold, Arg30 at the outer corner and Tyr13 at the inner corner. In
the case of Try13, such a low pKa may occur due to embedding
of Tyr13 in the peptide core.

The intrinsic pKa shifts induced by metal ions are presented
in Fig. 6. The intrinsic pKa values were calculated with all
explicit ions removed from the MD trajectories, and therefore
reflect conformational changes induced by metal ions. The pKa
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calculations indicate that both metal ions reduce the total
positive charge on the peptide, especially K+. Mg+2 ions reduce
pKa values by more than two only for Lys32 and Lys38,
whereas K+ ions significantly reduce pKa of Lys1, Arg10,
Lys23, and Lys45 and markedly increase the pKa of Tyr13. In
general, these changes are not sufficient to change ionization
states of the above residues. However, pKa of Tyr13 increases
by about 4.6 in the presence of K+ions. Such a large positive
pKa shift indicates that Tyr13 becomes mainly protonated at
neutral pH. This increase can not be explained by changes in
exposure to the solvent because the SAA values for Tyr13 are
identical in the ÇαHTH-300 K and αHTH-K trajectories (see
Supplementary material, Fig. 1). Interestingly, Arg30 undergoes
only small positive pKa shifts in the presence of both metal ions.
In βPTH, Mg+2 ions induce a large decrease in pKa of Arg30
and affect other ionizable residues more than K+ions [11]. But
in αHTH, Mg+2 ions have a small effect on pKa of ionizable
residues while K+ ions shift pKa values, although shifts are
considerably smaller than in βPTH.

3.5. Ion distribution

To study interactions of metal ions with αHTH, we analyzed
anion and cation distributions in all trajectories. Cl− ions move
freely in all MD trajectories and do not become associated with
any particular residue, although periodically coming within 3 Å
from the peptide. K+ ions are primarily associated with Cl− ions
in the αHTH-K trajectory and rarely come within 5 Å of the
peptide. In contrast, divalent cations do not approach αHTH.
Each Mg+2 ion becomes tightly associated with a Cl− ion and
pentahydrated in the αHTH-Mg trajectory. These results are
consistent with the experimental data because no a particular
binding site was found for Mg+2 ions in the βPTH crystal
structure despite a high concentration of Mg+2 ions during
crystallization [7]. Moreover, similar behavior of Mg+2 ions was
found in the MD trajectory of βPTH [11].

According to the ion density maps (see Supplementary
material, Fig. 2), Cl− ions are found in the peptide vicinity in the
αHTH-300K trajectory mainly in three areas: at the N-termini
of the α2 helix with a large ion density at Lys23, at the L2 loop
with the largest density at Lys38, and along the groove of the Γ
fold at the C-terminus. The presence of K+ ions results in the
large increase of the Cl− density at Arg30 in addition to the
areas found in the absence of metal ions. Mg+2 ions change Cl−

distribution around αHTH by stretching ion densities at the α2
N-termini between Gln22 and Leu24 and increasing ion
densities at the loop L1, in particular, at Arg17 and Arg19.
Mono- and divalent ions show no similarity in ion density
distribution around αHTH. K+ ions closely follow Cl−ions with
the largest K+ ion densities at Lys23, Lys38, and Lys45. The
largest Mg+2 ion density is found at Thr7 which side chain is
proximal to the C-terminus and on the opposite side of the
peptide at Lys32 although the density values are small in
comparison with those for Cl− and K+ ions. Thus, the main
difference lies in strong interaction of Cl− ions with Arg30 in
the αHTH–K trajectory unlike in the αHTH-300K or the
αHTH-Mg trajectory.
3.6. Interaction energies

Our results indicated an increase in resistance of αHTH to
the presence of metal ions as compared to βPTH. Because
inhibition of βPTH by metal ions was associated with the Arg30
hydrogen bonding network, in particular with interaction
between Arg30 and Lys5 which are linked together by the
disulfide bonds at the α2 C-end [11], we investigated interaction
energies within theArg30 hydrogen bonding network in αHTH.
The interaction energies between Arg30 and Arg5 presented in
Fig. 7 are consistent with the proposed mechanism of metal ion-
based inhibition [11]. In the αHTH-300 K trajectory, the
interaction energy between Arg30 and Arg5 is high indicating
strong repulsive interactions (Fig. 7A). The interaction energy
fluctuates around the average value during the course of the
simulation. The presence of metal ions causes larger shifts in the
interaction energy; however, there is no significant difference
between interaction energies in the trajectories without metal
ions present and in the presence of neither metal ions (Fig. 7B).
Thus, the Arg30 network is less sensitive to the presence of
metal ions than the corresponding network in βPTH. As a
consequence, αHTH is more resistant to the presence of metal
ions than VPTH. This result confirms an important role of the
Arg30 network in the mechanism of metal ion-based inhibition
of purothionins.

4. Discussion

Our explicit MD simulations predict reduced fluctuating
motions and increased resistance of αHTH to the presence of
metal ions as compared to βPTH [11]. Mg+2 ions induce only
mild changes while K+ ions significantly perturb αHTH,
although the effects are smaller than in the case of βPTH.
Effects of K+ ions on αHTH are similar to effects of K+ and
Mg+2 ions on βPTH, namely, large conformational changes in
the α2 helix, the predominantly unfolded α2 C-end, modified
fluctuating motions, and a substantial reduction in total positive
charge. This study confirms our hypothesis about the pivotal
role of the hydrogen bonding network at the outer corner of the
global Γ fold in unfolding of the α2 C-end that was postulated
for βPTH. Thus, the collective simulation data for αHTH and
βPTH show that the mechanism of metal ion-based inhibition of
thionins involves more than electrostatic screening suggested
previously [1,10]. The increased resistance of αHTH to the
presence of metal ions is due to differences in the primary
structure varying from βPTH by eight amino acid residues (Fig.
1A). All varying residues belong to the variable regions in the
thionin family [1]. A closer look at the data obtained from the
MD simulations provides insights into properties and the
mechanism of metal ions-based inhibition of thionins.

Our MD simulations show that instability of the C-end of the
α2 helix is an intrinsic property of αHTH as well as βPTH [11].
In the absence of metal ions, the α2 C-end is highly dynamic in
both peptides and periodically unfolds with the folded state
being predominant. The folded state is stabilized by the weak
hydrogen bonds Arg5-NE:Arg30-O and Arg30-NH1: Gly27-O.
Thus, αHTH also has a regulating hydrogen bonding network at
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the outer corner of the Γ, Arg5–Arg30–Gly27. However, the
αHTH regulating network is weaker and shorter than the
corresponding network in βPTH, Asp42–Lys5–Arg30–Asn27
[11]. In both peptides the Arg30 regulating network involves
strong repulsive interactions between two basic residues that
play a central role in the network. In the case of αHTH, Arg30 is
tightly bound to Arg5 by two disulfide bonds. Our computations
show that this structure introduces instability through strong
repulsive interactions of two arginines and constraints imposed
on the Arg30 backbone atoms by the flanking Cys29 and Cys31
residues. Perturbations in the Arg5–Arg30–Gly27 hydrogen
bonding network result in unfolding of the α2 C-end in αHTH
as in βPTH. When the network is perturbed, the repulsive
interactions between Arg30 and Arg5 side chains create
structural perturbations in the Arg30 backbone atoms. Strong
conformational perturbations in the Arg30 backbone radiate
into the α2 C-end triggering unfolding.

Thus, the principle of the α2 C-end unfolding is the same as
in βPTH despite the shorter hydrogen bonding network
regulating this process and replacement of three out of four
residues of the network. The crystallographic data show no
evidence of the hydrogen bonding network in βPTH, βHTH, or
α1-purothionin [6–8]. Nonetheless, the majority of thionins
with four disulphide bonds have amino acid residues in the
corresponding positions, which should form similar regulating
networks. The majority have a long regulating network similar
to that in βPTH, for example, in the oat avenothionin α
(Asp42–Lys5–Arg30–Thr27) [21], Tulipa gesneriana thionin
Class1 (Asp43–Arg5–Asp31–Ala28) [22], and P. pubera
thionin (Asp44–Arg5–Lys29–Asp32) [23]. A few thionins
including wheat α1-purothionin have a shortened regulating
network (Arg5–Arg30–Gly27) [24] as in αHTH. Furthermore,
absence of the hydrogen bonding network in the crystal
strictures of βPTH, βHTH, or α1-purothionin may be explained
by ligand interference. In all three crystal structures, a
negatively charged ligand is found only 4–5 Å from Arg30
[6–8]. A ligand is positioned between the Arg(Lys)5 and Arg30
side chains that occur in the middle of the Arg30 network,
observed in our MD trajectories.

Changes in the primary sequence from βPTH to αHTH
make the peptide resistant to the presence of Mg+2 ions and
partially increase resistance to K+ions. First, replacements at
positions 27, 38, 41, and 42 lead to a decrease of fluctuations in
the α2 C-end, L2 loop, and b-turn resulting in overall reduced
fluctuation motions in αHTH as compared to βPTH that
contributes to the increased resistance to metal ions. Second,
replacements at positions 5, 27, and 42, which belong to the
Asp42–Lys5–Arg30–Asn27 hydrogen bonding network in-
volved in the mechanism of metal ion-based inhibition in βPTH
[11], result in the shorter and weaker regulating hydrogen
bonding network, Arg5–Arg30–Gly27, that contributes to the
increased resistance as well. In particular, replacement of
asparagine at position 27 to glycine largely contributes to
stabilization of the α2 C-end by weakening a hydrogen bond
between the Arg30 side chain and Gly27-O located in the α2 C-
end. Reduction in interactions between Arg30 and the α2
backbone atoms makes the α2 C-end less sensitive to the
presence of metal ions as compared to βPTH which Arg30 side
chain forms a strong hydrogen bond with Asn27-O. Replace-
ment of negatively charged aspartic acid with glycine at position
42 results in the interaction of the Arg5 side chain with Arg30-O
instead of Gly42. Consequently, the network regulating
dynamics of the α2 C-end, Arg5–Arg30–Gly27, is shorter
and weaker in αHTH than in βPTH. The weakened network
weakly affects the α2 C-end; therefore the α2 helix fluctuates
less in αHTH than in βPTH. Furthermore, this makes the α2 C-
end less sensitive to the presence of metal ions. Our
computational results are in excellent agreement with the
crystallographic data which showed that the α2 helix in α1
purothionin, which hydrogen bonding network is identical to
that in αHTH, is considerably less mobile than that of βPTH
[7]. Replacement of hydrophobic leucine in the exposed to
water L2 loop with lysine contributes to reduction of fluctuating
motions at the C-terminus further stabilizing αHTH.

Thus, our results indicate that Arg30 plays an important role
in regulating peptide dynamics, in particular the α2 helix in both
αHTH and βPTH through the regulating hydrogen bonding
network. In addition, Arg30 is among the most affected residues
by both K+ and Mg+2 ions in αHTH. Addition of K+ ions
induces a switch to rare backbone dihedral angles and side chain
rotamers in Arg30 [20]. The majority of thionins with four
disulphide bonds contain arginine at this position. PpTH is one
of few exceptions which has aspartic acid instead [23]. Vila-
Perello and coworkers showed that the D32R mutation, which
corresponds to Arg30 in αHTH and βPTH, in PpTH and its
shortened variant PpTH-(3–41) increases antimicrobial activity
[12,25].

The crystallographic data show no evidence of Arg30
interactions with other residues; nevertheless, its side chain is
among the most dynamic [6–8]. The latter is consistent with our
results. Besides, our computations for the Arg30 side chain
rotamers are in excellent agreement with the experimental data.
In the MD trajectories in the absence of metal ions, the αHTH
Arg30 side chain assumes populated rotamers while the βPTH
Arg30 is maintained in the rare conformations including the
structures in the presence of metal ions [11]. Similarly, the
Arg30 side chain conformations were found outside allowed
regions of Ponder & Richards libraries [7,26] in βPTH [7,8],
but not in α1 purothionin crystal structure [6]. The latter should
form the identical hydrogen bonding network, Arg5–Arg30–
Gly27, with αHTH that explains the populated conformations
of Arg30 in the α1 purothionin crystal structure. Moreover, the
fact, that the α1 purothionin Arg30 is maintained in the
populated conformations supports the presence of the network
regulating the Arg30 conformation that was demonstrated in our
MD simulations.

Addition of K+ ions triggers the large increase of pKa of Tyr13
from 7.3 to 11.9, the largest pKa shift in αHTH. This increase
cannot be explained by changes in the solvent exposure which
remains the same inαHTH-300K andαHTH-K structures. Tyr13
is buried in the peptide core in all MD trajectories produced for
αHTH and βPTH that is consistent with the crystallographic data
[6–8], and its conformation is not significantly affected by metal
ions. Changes in interactions with neighboring residues, in
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particular, with the carboxamide group of Gln22, may be a reason
for the discrepancy in pKa values. In the αHTH-300 K trajectory,
the side-chain carbonyl oxygen of Gln22 often accepts the Tyr13
hydroxyl hydrogen via the hydrogen bond. Meanwhile, in the
αHTH-K trajectory, the Gln22 carbonyl oxygen and the amino
group of the Gln22 side chain alternatively interact with the Tyr13
hydroxyl group. Try13 is the conserved residue and the
experimental data indicate its important role in membrane
permeabilizing activity [27]. The crystallographyc data suggest
that Tyr13 is part of the glycerol-binding site [6,7]. On another
hand, presence of the Tyr13 hydrophilic side chain in a peptide
core may also play an important role in positioning the peptide in
the lipid bilayers and water penetration and therefore membrane
permeabilization [28].

Interestingly, our MD simulations show that Mg+2, but not
K+ ions modify a steric environment of Tyr13 in αHTH. These
results are consistent with previously reported effects of metal
ions on a steric environment of Tyr13 in βPTH observed
experimentally [27,29] and in the MD simulations [11]. This
fact confirms the adequate representation of αHTH in our
model system and reliability of computationally predicted
properties.

Lastly, it should be kept in mind that the simulations were
based on a computational model derived from βHTH because
of unavailability of a αHTH crystal structure. On another hand,
the probability of obtaining an incorrect initial structure in this
case is negligible due to high sequence homology aided by
strong disulfide bonding. The peptides vary at six positions
where the largest changes in amino acid properties are N27G
and L38G. Moreover, four disulfide bonds at the same positions
within the 45 amino acid-long peptides greatly limit variability
of the global structure.

5. Conclusions

Using unconstrained MD simulations we demonstrated the
increased resistance of αHTH to the presence of metal ions as
compared to βPTH. Changes in the primarily sequence make
αHTH resistant to the presence of Mg+2 ions and partially
increase resistance to K+ ions. The key changes consist of
replacing the ionizable residues at positions 27 and 42, which
are involved in the regulating hydrogen bonding network at the
C-end of the α2 helix, with glycines. As result, αHTH has the
hydrogen bonding network Arg5–Arg30–Gly27, which is
weaker and shorter than the corresponding network Asp42–
Lys5–Arg30–Asn27 found in βPTH. Consequently, the
regulating hydrogen bonding network is less sensitive to the
presence of metal ions in αHTH than in βPTH. Replacement of
leucine to lysine in the loop L2 reduces fluctuating motions
contributing to overall stabilization of αHTH as well.

The α2 C-end is intrinsically dynamic and periodically
unfolds in αHTH as in βPTH. Dynamic unfolding of the α2 C-
end is guarded by the highly conserved disulphide bonds and
regulated by the hydrogen bonding network involving Arg30.
The mechanism of metal ion-based inhibition is similar in
αHTH and βPTH and includes the unfolding of the α2 C-end
and changes of dynamic and electrostatic properties.
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