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ABSTRACT

In this work, the role of the disulfide bridges in
the maintenance of the secondary structure of
the antimicrobial peptides androctonin, poly-
phemusin-l, and thanatin is analyzed on the ba-
sis of their structural characteristics and of
three of their respective mutants, andry4, poly4,
and thany2, in which all the cysteine residues
have been replaced with tyrosine residues. The
absence of the disulfide bridges in andry4,
poly4, and thany2 seems to be compensated by
an overall enforcement of the original hydrogen
bonds and by extra attractive interactions be-
tween the aromatic rings of the tyrosine resi-
dues. In spite of the mutations, the original
B-hairpin structures are maintained in the three
mutants, but the best conformational similari-
ties are found for the androctonin/andry4 pair.

Keywords: Androctonin; Polyphemusin-I; Thanatin;
Antimicrobial Peptides; Cysteine Rich Peptides;
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1. INTRODUCTION

Microbial resistance to antimicrobial tools is a serious
problem nowadays since the number of antibiotic-resis-
tant microorganisms has been increasing over the last
years [1,2]. The impact caused by such challenging
question has motivated various research groups to de-
velop new drugs capable of dealing with the adaptation
strategy (namely, the selection of organisms adapted to
some specific medium) that these microorganisms de-
velop along the years [3-6]. The reasons for the appear-
ance of resistant bacterial strains lie on the excessive,
and frequently inadequate, use of antibiotics [7]. How-
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ever, nature itself has endowed some organisms with
antimicrobial peptides, which are distinctive tools for
survival [8]. In this context, the production of antimicro-
bial peptides is a powerful evolutionary ancient defen-
sive weapon [9] that allows living organisms like plants,
vertebrate and invertebrate animals, as well as fungi and
bacteria to survive. Many organisms make use of antim-
icrobial peptides to defend themselves against harmful
invader microorganisms. These peptides are part of the
innate defense systems of the organisms [6]. An impor-
tant characteristic of such peptides is their broad spec-
trum of action since they can be active against several
kinds of bacteria, as well as against some fungi. The
hemolytic effect and the potential toxicity exhibited by
these peptides make their use against infectious diseases
difficult. Heavy investments in research that could im-
prove their selectivity and decrease their toxicity are
necessary, so that these peptides can be made active
against pathogenic microorganisms only.

The androctonin peptide is an antimicrobial agent
constitutive of the cell-free hemolymph of the scorpion
Androctonus australis. Its primary structure contains 25
aminoacid residues, Table 1, including eight positive
charges spread all over the peptide chain and four cys-
teine residues that produce two disulfide bridges linking
Cys4 to Cys20 and Cysl0 to Cysl6 [10]. Its molecular
mass is 3076.7 Da. It is active against Gram-positive and
Gram-negative bacteria as well as against a broad range
of filamentous fungi. Androctonin concentrations up to
150 pM do not exhibit hemolytic activity in porcine and
bovine erythrocytes when assayed under conventional
conditions [10]. Its S-hairpin structure was determined
by conventional two-dimensional nuclear magnetic
resonance spectroscopy (2D-NMR) and by molecular
modeling [11]. The 3D structure is deposited in the Pro-
tein Data Bank, PDB, (www.rcsb.org/pdb) under the
code 1CZe6.
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Table 1. Primary structures of the wild peptides and their re-
spective mutants. The residues where the mutation was made
are in bold letter.

Peptides Primary structures
Androctonin RSVCRQIKICRRRGGCYYKCTNRPY
Andry4 RSVYRQIKIYRRRGGYYYKYTNRPY

Polyphemusin-I RRWCFRVCYRGFCYRKCR-NH,
Poly4 RRWYFRVYYRGFYYRKYR-NH,
Thanatin GSKKPVPIITYCNRRTGKCQRM

Thany2 GSKKPVPITYYNRRTGKYQRM

Polyphemusin-I is an antimicrobial peptide encoun-
tered in the American horseshoe crab Limulus polyphe-
mus. It has 18 aminoacid residues in length, Table 1,
including seven positively charged residues and two
disulfide bonds linking Cys4 to Cysl7 and Cys8 to
Cys13, as well as an amidated C-terminal arginine. It is
active against Gram-positive and Gram-negative bacteria,
and some fungi. Its solution structure determined using
'H-NMR spectroscopy is deposited in the PDB under the
code 1RKK [12].

The thanatin peptide is an insect defense protein
which has, at physiological concentrations, a broad
spectrum of activity against Gram-positive and Gram-
negative bacteria, and filamentous fungi. It presents a
minimal inhibition concentration of approximately 1 uM
for both Gram-positive and Gram-negative bacteria as
well as fungi [13]. It appears in the haemolymph of the
hemipteran insect Podisus maculiventris. Its primary
structure contains 21 aminoacid residues, Table 1, in-
cluding six positively charged residues, presenting a
molecular mass of 2434.4 Da. Two cysteine residues,
Cysll1 to Cys18, forms one disulfide bridge. Its hemo-
lytic activity has been tested in a conventional assay on
porcine erythrocytes and it was concluded that it does
not present hemolytic activity even at 40 uM [14]. Its
three-dimensional (3D) structure in water was deter-
mined using two-dimensional (2D) 'H-NMR and mo-
lecular modeling methods which were deposited in the
PDB under the code 8TFV [13].

In the present work, we will compare the structures of
the abovementioned wild peptides with the structures of
three mutants, namely andry4 (androctonin mutant),
poly4 (polyphemusin-I mutant), and thany2 (thanatin
mutant), whose primary structures are shown in Table 1.
Our proposition is based on studies carried out with
tachyplesin-I mutants, in which the four cysteine resi-
dues of the wild peptide were replaced with tyrosine
residues [5,15]. In their studies with tachyplesin-I, these
authors found a great similarity between the native and
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the mutant structures. They also reported that the dele-
tion of all cysteines abolished the hemolytic effect while
the antimicrobial activity remained unchanged. There is
a great interest in the development of new antibiotic
compounds, mainly ones free of cysteine residues, be-
cause these peptides are easier and cheaper to produce
[5,15]. The detailed data provided in this work shall give
support to a better understanding of the role of the disul-
fide bridges in the secondary structures of these pep-
tides.

2. MODELS AND METHODS

The initial configurations of the three mutants (andry4,
poly4, and thany2) were obtained using the PDB struc-
tures of the wild peptides and the mutations carried out
with the DeepView/Swiss-PdbViewer 3.7 software [16].
The construction of the systems and the molecular dy-
namics simulations were carried out using the GRO-
MACS 3.3.3 package [17] with the GROMOS96 force
field [18], employed to model the peptides. The six sys-
tems were constructed by placing the center of mass
(CM) of the peptides in the center of a cubic simulation
box with edges equal to the peptide’s largest interatomic
distance plus 4 nm. The box was fulfilled with water
molecules using the SPC model [19]. Chloride and so-
dium ions were inserted, when necessary, into electro-
statically favorable positions, in order to counterbalance
the peptide charges, thus keeping the local electroneu-
trality of the systems. The covalent bonds of the peptides
were constrained by the LINCS algorithm [20], while
the SETTLE algorithm [21] was used to maintain the
water SPC molecules structurally stable. The tempera-
ture (300 K) and the pressure (1 atm) of the systems
(NpT ensemble) were regulated by the Berendsen’s al-
gorithms [22], using correlation times of 0.1 ps and 0.5
ps for temperature and pressure coupling, respectively.
A cut-off of 1.0 nm on the van der Waals interactions
was used. The long range electrostatic interactions were
calculated using the particle mesh Ewald summation
method (PME) [23]. In order to eliminate bad contacts,
the energy of the system was first energy minimized by
the steepest descent algorithm. The simulation of each
system was then carried out for 0.5 ns, under peptide
atomic coordinate restrictions, with an integration time
step of 0.5 fs. The next step of the simulations was car-
ried out during an extra 0.5 ns period, still under peptide
atomic coordinate restrictions, but an integration time
step of 1.0 fs was employed. These two cycles of 0.5 ns
each were performed in order to equilibrate the system.
After that, the MD simulations were carried out without
restrictions for 80 ns in the cases of androctonin and
andry4; 85 ns for polyphemusin-I and poly4; 50 ns for
thanatin and, finally, 70 ns for thany2, always using in-
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tegration time steps of 2 fs. The Ramachandran angles in
the wild peptides and their respective mutants were cal-
culated, in order to compare their structures. The in-
tramolecular hydrogen bonds (HB) were identified con-
sidering a donor-acceptor distance was smaller than 0.35
nm, and the angle between the hydrogen-donor and do-
nor-acceptor vectors smaller than 30 degrees. Only HB
occurrences greater than 20% of the total simulation
time were considered. The radius of gyration (Rg) and
the root mean square deviations (RMSD) were system-
atically used to analyze the structural and the evolutional
behaviors of the peptides; the RMSD was obtained by
least-square fitting of the peptide structures to the refer-
ence that was the initial structure of each peptide. The
Rg provides global information about the packing of the
molecules, while the RMSD is a measure of the similar-
ity of a structure with its reference and also the temporal
evolution of the structure. In these studies, the GRO-
MACS analyzing tools package [24] was employed.

3. RESULTS

3.1. The Structures

The structural characteristics of androctonin/andry4,
polyphemusin-I/poly4, and thanatin/thany2 were first
analyzed by comparison of their C, RMSD evolution,
Figures 1, 3, and 5, respectively; and RMSD per residue,
Figures 2, 4, and 6, respectively.

The RMSDs for each pair of peptides (wild peptide
and its mutant) can present, or not, very distinct behave-
iors, indicating that the stability of the mutant is similar,
or not, to that of the wild peptide. The RMSD time-av-
erages and Rg for androctonin, polyphemusin-I, thanatin,
and their respective mutants are listed in Table 2. The
pair of peptides androctonin/andry4 presents very close
mean RMSD values (0.33 and 0.30 nm, respect-tively,
Table 2). These results are in good agreement with the
mean RMSD values per residue (Figure 2), since the
profiles of the two curves are very similar. The RMSD
of the androctonin Argl residue is larger than that of the
same andry4 residue, while the Val3 residue presents a
smaller RMSD in androctonin compared with andry4.
All the other residues of androctonin and andry4 present
very close RMSDs, as shown in Figure 2. The Rg mean
values, shown in Table 2, are very close to the experi-
mental Rg values calculated from the PDB structures.
The RMSD and Rg data, together with the RMSD per
residue data, are a strong indication of the structural
similarities between androctonin and its mutant andry4.

The distinct behaviors of the polyphemusin-I and
poly4 RMSDs, presented in Figure 3, show that the mu-
tant seems to assume configurations closer to that of
reference structure than the ones assumed by the wild
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Figure 1. RMSD plots for (a) androctonin and (b) an-
dry4.
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Figure 2. Androctonin and andry4 mean RMSD val-
ues per residue.
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Figure 3. RMSD plots for (a) polyphemusin-I and (b)
poly4.
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peptide. It is possible that the reference structure, which
is an experimentally determined structure, is not a typi-
cal structure pertaining to a high density region of the
phase space. The mean RMSD values (0.36 and 0.25 for
polyphemusin-I and poly4, respectively) and their pro-
files show that the structure of the mutant is somehow
different from that of the wild peptide. Figure 4 presents
the RMSD per residue and shows that the motion of the
residues in polyphemusin-I is greater compared with
poly4, where they seem to be more locked. The close
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Figure 4. Polyphemusin-I and poly4 mean RMSD val-
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Figure 5. RMSD plots for (a) thanatin and (b) thany?2.
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Figure 6. Thanatin and thany2 mean RMSD values
per residue.

values of Rg (Table 2) together with the RMSDs for
polyphemusin-I and poly4 suggest that the mutant poly4
presents structural similarities with the wild peptide
polyphemusin-I, keeping the f-hairpin structure. Never-
theless, the very different profiles of the curves in Fig-
ure 4 (RMSD per residue) suggest there are no confor-
mational similarities between them. The results of the
thanatin/thany?2 pair also suggest that some differences
in the mutant/wild peptide structures have occurred.
Moreover, some instability in the thany2 structure are
easily detected in the RMSDs (Figure 5) in the 20 - 35
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Table 2. Average RMSD and Rg for the wild peptides and their
mutants.

Peptides R(l;l/IIISI;) (sﬁil(lzgn) (Ex};egri(rrrllr:r)nal)
Androctonin ~ 0.33+0.03  1.12+£0.04  1.11+0.02
Andry4 030£0.03  1.09+0.04 -
Polyphemusin-I ~ 036+0.02  0.87+0.03  0.94%0.05
Poly4 025+0.05  0.91+0.03 -
Thanatin 043£006 1.09+006  1.090.04
Thany2 043£0.06  1.06+0.08 -

ns region. The Rg values (Table 2) are very close to the
experimental Rg value calculated from the structures
contained in the PDB file. The RMSD and the Rg data
suggest a structural similarity between thanatin and
thany2, as well as the maintenance of the p-hairpin
structure by the mutant. The RMSD per residue in Fig-
ure 6 shows that the profiles for thanatin and thany?2 are
slightly different, suggesting that they have different
conformations.

3.2. The Hydrogen Bonds

The simulation results concerning the three peptide-
mutant pairs confirm that a peculiar pattern of cross-
strand HBs contributes with their respective mutants.
The HB between the residues Val3 and Arg23 that is
present in androctonin, is absent in andry4 (Table 3).
The lack of this HB allows increased motion of the Val3
residue in the mutant, as can be seen from the RMSD per
residue (Figure 2). The same flexibility does not happen
with the Arg23 significantly to the stabilization of the
p-hairpin-like structure adopted by androctonin, poly-
phemusin-I, and thanatin in aqueous solution. This same
peculiarity was observed in our previous work [25] with
the simulations of gomesin and protegrin-1 in aqueous
media. Tables 3, 4, and 5 summarize the results for the
cross-strand HBs, together residue because, in andry4,
this residue forms an HB with the Ser2 residue, as
shown in Table 3. In general, HB occurrence is larger in
andry4 due to the absence of disulfide bridges. These
results draw attention to the significant role of the
cross-strand HBs in the maintenance of the structural
stability of the mutants despite the absence of the disul-
fide bridges. Indeed, it has been experimentally observed
that the location of the disulfide bridges within the
f-hairpin structure determines the S-hairpin stability
only when the disulfide bonds link originally non-hy-
drogen-bonded residues facing each other [26]. An ex-
ception is the HB between the Arg5 and Thr21 residues,
since its occurrence decreases as a consequence of the
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Table 3. Androctonin and andry4 hydrogen bonds determined
by molecular dynamics simulations.

Table 5. Hydrogen bonds found in the thanatin and thany?2
simulations.

Occurrence (%)

Occurrences (%)

Hydrogen bonds Hydrogen bonds
Androctonin Andry4 Thanatin Thany?2
Val3(NH)-Arg23(CO) 57.1 Tle8(NH)-Met21(CO1) 36.9 454
Tyr4(NH)-Thr21(CO) - 80.0 Tle8(NH)-Met21(CO2) 51.2 41.6
Tyr4(OH)-Tyr25(CO2) - 38.1 Tyrl0(NH)-GIn19(CO) 84.3 91.1
Arg5(NH)-Thr21(CO) 79.7 29.9 Asn12(NH)-Lys17(CO) 66.6 82.9
1le7(NH)-Lys19(CO) 82.3 858 Thr15(NH)-Asn12(0D1) 58.7 477
1le9(NH)-Tyr17(CO) 73.4 87.1 Thr15(0G1)-GIn19(OE1) 29.8 31.6
Argl1(NH)-Gly15(CO) 760 8738 Gly16(NH)-Asn12(CO) 60.6 314
Tyr17(NH)-11e9(CO) 86.9 92.4 Gly 16(NH)-Arg] 3(CO) ] 514
Lys19(NH)-Tle7(CO 87.3 90.0
ys19(NE)-1le7(CO) Lys17(NH)-Asn12(CO) ; 36.2
Thr21(OG1)-Tyr4(CO) - 32.1
GIn19(NH)-Tyr10(CO) 88.9 88.7
Thr21(NH)-Arg5(CO) 735 73.1
Met21(NH)-Tle8(CO) 76 .8 84.1
Arg23(NH)-Ser2(CO) - 46.3
Arg23(NH)-Val3(CO) 74.6 (Table 4), albeit with increased occurrences. In addition,
Ty125(NH)-Arg] (CO) 44.4 425 two extra HBs are also found in poly4, between the

Table 4. Hydrogen bonds found in the polyphemusin-I and
poly4 simulations.

Occurrence (%)

Hydrogen bonds

Polyphemusin-I Poly4
Trp3(NH)-Argl18(CO) 53.1 70.7
Phe5(NH)-Lys16(CO) 71.8 83.7
Val7(NH)-Tyr14(CO) 86.6 85.8
Tyr9(NH)-Phe12(CO) 76.5 93.3
Tyr14(NH)-Val7(CO) 76.7 83.5
Lys16(NH)-Phe5(CO) 83.0 86.8
Argl8(NH)-Trp3(CO) 80.6 83.9
Gly11(NH)-Tyr8(OH) - 64.2
Phel2(NH)-Tyr9(CO) - 57.3

HB formed between the Tyr4 and Thr21 residues in an-
dry4. Three extra HBs between the Tyr4/Thr21, Tyr4/
Tyr25, and Arg23/Ser2 residues, which are not present
in androctonin, also contribute to the maintenance of the
f-hairpin structure in andry4. The Tyr4 residue uses the
NH and the OH (from the aromatic ring) to form HB
simultaneously with Thr21 and Tyr25 residues. All the
HBs found in polyphemusin-I are also present in poly4
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Gly11/Tyr8 and Phel2/Tyr9 residues, promoting a rele-
vant decrease in motion in the region of the turn (Tyr8,
Tyr9, Argl0, Glyl1, and Phel2), as corroborated by the
RMSD per residue in Figure 4. In the absence of the
disulfide bridges, the occurrence of the HB between
Tyr9(NH)-Phel2(CO) increases from 76.5% in poly-
phemusin-I to 93.3% in poly4 (Table 4). In addition,
formation of another HB between Phel2(NH)-Tyr9(CO),
which is not present in polyphemusin-I, is observed, and
it contributes even more to the reduction in motion, as
detected by the RMSD per residue. These two new HBs
play an important role in the stabilization of the folding
region and are probably responsible for the differences
in the observed RMSD behaviors.

Finally, in the pair thanatin/thany2, the same thanatin
HBs were found in the thany2 peptide, Table 5. How-
ever, the occurrence of some HBs decreases, as in the
case of the HB between the Ile8/Met21 residues, which
is formed sometimes between the Ile8§ NH group or al-
ternatively with one of the CO groups of Met21. These
interactions are not simultaneous, so the sums of their
occurrences for thanatin (36.9 + 51.2, Table 5) and for
thany2 (45.4 + 41.6, Table 5) result in a total of 88.1%
and 87.0%, respectively. These values are very close.
The case of the HB between Thrl5 and Asnl2 is differ-
ent since the reduction of its occurrence occurs because
the Asnl2 residue forms an HB with the Lys17 residue
in thany2, which does not take place in the thanatin pep-
tide. The turn connecting the two strands of the f-sheet
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is composed by six residues (Asnl2, Argl3, Argl4,
Thrl5, Glyl6, and Lys17). Mandard ef al. [13] reported
that this six-membered hairpin conformation is stabilized
by an HB between the residues Asnl2-Lys17 and by two
distorted C = O(i) — NH(i + 3) HBs between the Asnl2-
Thr15 and the Argl3-Gly16 residues. In the present MD
simulations, the same HBs were found, except the one
between the residues Argl3-Glyl6. However, this HB
was found in the simulation of thany2. Therefore, the
lack of the disulfide bridge in thany2 was compensated
by the increase in the occurrence of the pre-existing HBs
and by the new HBs such as the ones between the resi-
dues Glyl6-Asnl3 and Lysl17-Asnl2. Accordingly, in
the present case, the removal of the disulfide bridges and
the introduction of tyrosine residues not only essentially
preserve almost all the original HBs, but also promote a
generalized increase in the HB occurrences, thereby
contributing to the stabilization of the f-hairpin structure
as a compensation for the lack of the disulfide bridges.

3.3. The Ramachandran Angles

The Ramachandran angles for the three peptides and
their mutants were also calculated. Tables 6, 7, and 8
show the maxima in the Ramachandran angle histograms
for the pair androctonin/andry4, polyphemusin-I/poly4,
and thanatin/thany?2, respectively. Experimental data for
gomesin [27] assert that both dihedral angles ® and ¥
for Lys8 are positive, while both ® and ¥ of the
neighbor GIn9 are negative. The same motif was en-
countered in our previous simulations of gomesin [25],
(@, P) Lys8 = (+50°, +75°), and protegrin-1, (®, ¥)
Argl0 = (+55°, +75°) peptides. These values correspond
to the maxima in the histograms of the Ramachandran
angles and not to their averages. Interestingly, both
residues occupy the position where the chain starts to
fold to form the typical hairpin f-strand. Moreover, in
these peptides, some ® and ¥ angles present two pref-
erential values [25]. These remarks support the premise
that such peptides exhibit more than one meta-stable
conformation in aqueous solution, which may be corre-
lated with the broad-spectrum of their antibiotic active-
ties. Actually, the alternative conformations must reflect
some flexibility of the structure, which may be response-
ble for increasing the interaction efficiency between the
peptides and different kinds of cellular membrane [25].
The same motif was also observed in the simulations of
androctonin, polyphemusin-I, and thanatin. However,
the @ and ¥ angles of the androctonin and thanatin pep-
tides are both negative, while in polyphemusin-I they are
both positive. Some residues present a multimodal dis-
tribution of the Ramachandran angles, displaying two or
more peaks (see Figure 7 for instance), suggesting that,
despite the presence of the disulfide bridges, these pep-
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Table 6. The maxima of the Ramachandran angles distribu-
tions for the androctonin and andry4 peptides.

Androctonin Andry4
Residues
O (degree) ¥ (degree) @ (degree) W (degree)
Ser2 —H0; =100 469 115 —40
-80
Val3 -120 +135 -70 +100
Cys4/Tyrd* -80 +95; +140 ~125  -80;+150
Arg5 -115 +130 ~120;+60  +105; +135
Gln6 -70 +100 -80 +100
Ile7 -120 +150 -120 +145
Lys$ -80 +100 -75 +100
1le9 ~115;-75  +110;+130  —115 +145
Cys10/Tyrl0%  -80 +100 -70 +140
Argll ~120 +150 -125 +135
Argl2 60 40 55 43;1*21515;
Argl3 ~110; -80 +100 ~115; +60 +95
Glyl4 +115 85,35 ;1127313;0 116‘;5;’;3850;’
; +60; +85
Glyl5 +65+;1;})10; 150 1]67()5;:1122(());7 145;-100
+175
Cysl6/Tyrl6* —105;-95 +95 “115;-85  +135;+110
Tyrl7 -120 +145 -125 +145
Tyrl8 -70 +105 -75 +100
Lys19 ~125 +140 -120 +140
Cys20/Tyr20% 75 +95; +140 70 +105;+140
Thr21 -115 +135 ~105;-70  +140
Asn22 -75 +95; +130 -80 +40; +90
Arg23 -120 +145 -125 +95
Pro24 -65 +140 -65 +95; +140

*In the mutants, the Cys residues are replaced with Tyr residues.

tides possess some flexibility, which may be correlated
with their broad spectra of action. The maxima of the
histograms of the Ramachandran angles for the androc-
tonin Argl2 residue are (@, ¥) Argl2 = (-60°, —40°),
while in andry4 this motif is observed in the Ser2 residue
at (@, P) Ser2 = (-115°, —40°), Table 6. The polyphe-
musin-I Argl0 residue presents (@, V) Argl0 = (+55°,
+80°), Table 7. The thanatin Argl3, Argl4, and Thr 15
residues present (®, W) Argl3 = (-60°, -35°), (@, P)
Argld = (-60°, —40%), and (®,¥) Thrl5 = (-95°, -35°),
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Table 7. The maxima of the Ramachandran angles distribu-
tions for the polyphemusin-I and poly4 peptides.
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Table 8. The maxima of the Ramachandran angles distribu-
tions for the thanatin and thany?2 peptides.

Polyphemusin-I Poly4 Thanatin Thany2
Residues Residues
@ (degree) ¥ (degree) @ (degree) V¥ (degree) @ (degree) ¥ (degree) @ (degree) V¥ (degree)
Arg2 -115;-85  +95;+140  -115;-75 +100; +140 Ser2 -120;-65  +110;+145  —120; 65 -140
Trp3 -115 +140 -125 —-175; +150 . +100;+110; . —40; +105;
Lys3 -120; =70 +140 —120; —65 1140
Cys4/Tyrd* -80 +100 -75 +95
+100; +115; )
Phes  -120;-80  +150 120 +145 Lys¢  AN5-65 s 12065 #1120
Arg6 70 +95 75 +100 Pros 60 145 60 45:1;15 10;
Val7 -115;-65 +125 -115 +140
Val6 —115;-75 +110 —120; —65 +105
% B +105; +115; B
Cys8/Tyr8 75 +130 70 130 Pro7 60 +140 65 +140
Tyr9 —-125;-70 +100 -130 +100 Ile8 -120 +145 -120 +145
Argl0 +55 +80; +45 —45;+10; +50 +90 Ile9 =75 +95 =70 +100
Glyll +80; +110 —85; 45 +85; +110 —45; +20 Tyrl0 -125 +145 -125 +150
Phel2 -70; 110 +145 -120; =70  —-175;+150 Cys11/Tyrl1* =75 +95 =75 +100
Cys13/Tyr13* -85 +95; +120 -105 +100; +130 Asnl2 -60 +130 -110;-70  —45;+110
Tyrl4 ~115;-85 +140 ~115;-80 +140 Argl3 60 35 7122;6660; _40; 490
Argl5 =75 +95 =75 +95
Argl4 -60 —40 —60; +60 -40
Lyst6 - —HI5:=70 133 115 145 Thrl5  -105;-95:75  -35 C110;-75 -30; 425
Cys17/Tyr17* 75 +95 75 +90; +140 +75; +85;
Glyl6 +120: +160 -80; —40; +25 —-65;+70 +35; +80
*In the mutants, the Cys residues are replaced with Tyr residues. ’
Lys17 —120; 60 +145 -130; +60  +95; +150
- 5000 Cys10 Argll Cys18/Tyr18* -70 +105 -75 +100
» 4000
§ 3000 GIn19 -120 +150 -120 +145
» 2000
S 1000 Arg20 -80 +95 -100; =75 +100
'% 5 008 *In the mutants, the Cys residues are replaced with Tyr residues.
3 4000 Argl2 Argl3
5 3000 tive.
2 2000
Q . .
S 1000 3.4. Interatomic Distances
0
-160-120 -80 -40 0 -160-120 -80 -40 0 The distances between the C, atoms of the cysteine or
Angle ® (degree)

Figure 7. Histograms of the Ramachandran ® angles for the
residues Cys10, Argll, Argl2, and Argl3 in androctonin.

respectively, while thany2 Ser2 residue has (@, ¥) Ser2
of (—65°/-120°, —40°), Table 8. As reported for the
simulations of the gomesin and protegrin-1 peptides [25],
the residues number 12 occupy the position where the
chain starts to fold. In the case of thanatin, besides the
Argl3 residue, where the chain starts to fold, the ® and
Y angles of the residues Argl4 and Thrl5 are also nega-
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tyrosine residues were measured for the three peptides
and their respective mutants. The average distances be-
tween the C, atoms of the cysteine residues are due to
the covalent disulfide bridges linking antiparallel
p-strands [28]. The mean distances between the C, at-
oms of the cysteine residues in the simulations of the
wild peptides are in very good agreement with the ex-
perimental ones (mean value in the PDB files), as seen
in Table 9. The relatively larger value of the C,(Cys4)-
(Cys20) mean distance in the androctonin peptide, as
reported by Mandard et al. [11], allows the formation of
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Table 9. Mean distance between the C, of the Cys residues in
the wild peptides and between the C, of the Tyr residues in the
mutants.

Distance(nm) Distance(nm)

Peptide Residues (Simulation) (Experimental)
Androctonin  C,(Cys4)-C,(Cys20)  0.50+£0.02  0.58 +0.03
C4(Cys10)-C,(Cys16) 0.37+0.02 0.39+0.01
Andry4 Cu(Tyrd)-C,(Tyr20)  0.59 +0.06 -
Cu(Tyr10)-C(Tyr16)  0.44 +£0.03 -
Polyphemusin-1 C,(Cys4)-C,(Cys17) 0.38+0.04  0.43+0.06
C.(Cys8)-Co(Cys13)  0.36+0.02  0.37+0.01
Poly4 Cy(Tyrd)-C(Tyrl7)  0.43 +£0.03 -
C(Tyr8)-C,(Tyrl3)  0.43+0.03 -
Thanatin ~ C,(Cys11)-C,(Cys18) 0.35+0.02 0.37+0.01
Thany2 Cy(Tyr11)-C,(Tyr18)  0.43+0.03 -

the Arg5(CO)-Thr21(NH) HB across the S-S bridge. The
Cy(Tyrd)-C,(Tyr20) average distance (0.59 nm) in an-
dry4 is very similar to the experimental data (0.58 nm)
for androctonin. However, the magnitude of the standard
deviation (0.06 nm) indicates a considerable fluctuation
around the mean value as a result of some flexibility of
this region. The C,(Tyrl10)-C,(Tyrl6) average distance
(0.44 nm) in andry4 is larger than the corresponding
C«(Cys10)-C,(Cysl6) average distance in androctonin
(0.39 nm in experimental data and 0.37 nm in simulation
data), showing that this part of the molecule is more
separated in andry4 than in androctonin. The distances
between C, found in the simulation of polyphemusin-I
are also in good agreement with the experimental ones,
considering the magnitude of the standard deviations.
The C,(Tyr4)-C,(Tyrl7) mean distance in poly4 is ex-
actly the same as the experimental value for the
Cy(Cys4)-C,(Cysl7) mean distance in the polyphe-
musin-I peptide, but the standard deviation (0.03 nm) is
smaller than the experimental one (0.06 nm), indicating
that polyphemusin-I has more flexibility in this region
compared with poly4. The C,(Tyr8)-C,(Tyrl3) mean
distance is slightly larger than the corresponding
C(Cys8)-C,(Cys13) mean distance in polyphemusin-I,
showing that the two sheets in poly4 are more separated
than those in the same region in polyphemusin-I. The
thanatin C,(Cys11)-C,(Cys18) mean distance (simula-
tion data) is very close to the experimental data. The
withdrawal of the disulfide bridge in the thany2 peptide
causes a small increase in this distance (0.43 nm). All
these results suggest that the mutants present good
structural similarities with the respective wild peptides.
However, the differences in the C, distances suggest the
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wild peptides and the mutants do not have exactly the
same conformations.

In order to obtain more information about the differ-
ences in the secondary structures of the mutants and of
the respective wild peptide, some C, distances between
neighbor residues were measured. Large values could
mean a loss of the original S-hairpin structure. Figure 8
shows the distributions of the C, distances for neighbor-
ing residues in the androctonin and andry4 peptides (plot
A and plot B, respectively). Two kinds of profiles can be
observed: one kind with a set of curves between 0.30
and 0.40 nm and a second group with a set of curves
appearing between 0.50 and 0.55 nm (Figure 8(a)). This
pattern of two kinds of distributions results from the
androctonin f-hairpin structure, which is anti-parallel.
The same pattern can be observed for andry4 in Figure
8(b), indicating that the mutant does not lose the
anti-parallel structure. However, it can be seen that the
extremities of the molecule are more separated in andry4
compared with androctonin, as can be seen in Figure 8(b)
by the shift to larger values of the distribution curves of
the C,(Ty4)-C,(Asn22) and C,(Arg5)-C,(Thr21) dis-
tances (black and red lines, respectively). The distance
between the C,(Tyr10)-C,(Tyr16) residues in andry4 is
larger than that between the corresponding C,(Cys10)-
C,(Cysl16) residues in androctonin (violet line in Figure
8), due to the replacement of the Cys residues with Tyr
residues. Once these residues in andry4 do not form an
HB, the removal of the disulfide bridge allowed for a
slightly increase in the C, distance. The C,(Ile7)-
C,(Lys19) distance in andry4 (Figure 8(b) yellow line)
is slightly smaller than in androctonin because of the
deletion of the disulfide bridges in andry4, which pro-
motes an increase in the HB occurrences shown in Table
3 (82.3% and 85.8% for androctonin, and 87.3% and
90.0% for andry4), thereby resulting in the approxima-
tion of these residues. Figure 9 presents the distributions
of the C, distances of neighbor residues in the poly-
phemusin-I and poly4 peptides (plots A and B, respect-
tively). Here we also observe two kinds of profiles
where one set of curves is found between 0.30 and 0.40
nm and a second set of curves appears between 0.50 and
0.60 nm (Figure 9(a)). The distances between C,(Tyr4)-
Cu(Tyr17) and C,(Tyr8)-C,(Tyrl13) in poly4 (Figure
9(b), black line, and cyan line respectively) are a little
bit larger compared with the corresponding distances
Cy(Cys4)-C,(Cys17) and C,(Cys8)-(Cys13) in the poly-
phemusin-I peptide (Figure 8(a), black line and cyan
line respectively). The removal of the disulfide bridges
and the absence of HB between these residues in poly4
allow these residues to be a little more distant from each
other, resulting in small conformational changes. The
distance between C,(Tyr9)-C,(Phel2) decreases. In this
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Figure 8. The distributions of the C, distances of
neighbor residues: (a) androctonin. r = residue; 14 =
Cysé4; 15 = Arg5S; 16 = GIn6; r7 = Ile7; 18 = Lys8; 19 =
I 1e9; r10 = Cys10; r11 = Argll; r15 = Gly15; r16 =
Cysl6; 117 = Tyrl7; r18 = Tyrl8; r19 = Lys19; 120 =
Cys20; 121 = Thr21; 122 = Asn22; (b) andry4. r =
residue; r4 = Tyr4; r5 = ArgS; r6 = GIn6; 17 = Ile7; r8
= Lys8; 19 = Ile9; r10 = Tyrl0; r11 = Argll; rl5 =
Gly15; r16 = Tyrl6; 117 = Tyrl7; r18 = Tyrl8; r19 =
Lys19; 120 = Tyr20; r21 = Thr21; 122 = Asn22.

. —_—4-r17
1.0 (a) 15116
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Figure 9. The distributions of the C, distances of
neighbor residues in: (a) polyphemusin-I. r = residue;
r4 = Cys4; 15 = PheS5; r6 = Arg6; r7 = Val7; 18 = Cys8;
19 = Tyr9; r12 = Phel2; r13 = Cys13; r14 = Tyrl4;
r15 = Argl5; r16 = Lys16; r17 = Cys17; (b) poly4. r =
residue; r4 = Tyr4; 15 = PheS5; r6 = Arg6; r7 = Val7; 8
= Tyr8; 19 = Tyr9; r12 = Phel2; r13 = Tyrl3; r14 =
Tyrl4; r15 = Argl5; r16 = Lys16; r17 = Tyr17.

case, the absence of the disulfide bridges promoted an
increase in the HB occurrence (see Table 4), from
76.5% in polyphemusin-I to 93.3 in andry4, allowing
them to get closer. Besides, residues Tyr9 and Phel2 in
poly4 form two hydrogen bonds, between Tyr9(NH)-
Phel2(CO) and Phel2(NH)-Tyr9(CO). Nevertheless,
poly4 continues exhibiting the two sets of curves, char-
acterizing that the mutant does not lose its anti-parallel
structure.

Figure 10 shows the distributions of some C, distances
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Figure 10. The distributions of the C, distances of
neighbor residues: (a) thanatin. r = residue; 18 = Ile§;
r9 =1le9; r10 = Tyr10; r11 = Cysl11, r12 = Asnl2; rl13
= Argl3; r16 = Gly16; r17 = Lys17; r18 = Cys18; r19
= GIn19; 120 = Arg20; r21 = Met; (b) thany2. r =
residue; r8 = I1e8; r9 = 11e9; r10 = Tyr10; r11 = Cysl11,
r12 = Asnl2; r13 = Argl3; r16 = Gly16; r17 = Lys17;
r18 = Cysl18; r19 = GIn19; 120 = Arg20; r21 = Met.

of neighbor residues in the thanatin and thany2 peptides
(plots A and B, respectively). Two kinds of profiles can
be observed: one with a set of curves between 0.30 and
0.40 nm and a second with a set of curves between 0.50
and 0.55 nm (Figure 10(a)). The widening of the
C.(Argl3)-C,(Glyl6) distance distribution curve in
thanatin (orange line in Figure 10(a)) is a consequence
of the flexibility of the region. The C,(Tyr11)-C,(Tyr18)
distance distribution in thany2 (cyan line in Figure
10(b)) shifts to larger values compared with the corre-
sponding C,(Cys11)-C,(Cys18) distance distribution in
thanatin (cyan line in Figure 10(a)), because of the ab-
sence of the disulfide bridge in the mutant. In addition, a
displacement of the distance distribution curves of the
C.(Asnl12)-C,(Lys17) and C,(Argl3)-C,(Glyl6) resi-
dues (violet and orange lines, respectively, in Figure
10(b)) to smaller values is observed, compared with the
same residues of thanatin (Figure 10(a)). This is related
to the increase in HB occurrence (from 66.6% in
thanatin to 82.9% in thany2, Table 5) and by the new
HB between Lysl17(NH)-Asnl12(CO), which was not
present in thanatin. The approximation of the C,(Argl3)-
C4(Gly16) residues is explained by the formation of the
Gly6(NH)-Argl13(CO) HB, which is not present in
thanatin (Table 5).

These interatomic distance data have shown that the
deletion of the disulfide bridges promotes small confor-
mational changes in the mutant molecules without loss
of the initial S-hairpin structure.

3.5. Side Chain Interactions

In order to better understand the contribution of the
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side chain to the maintenance of the f-hairpin structure
of the mutants, the interaction energies between the side
chains of the residues were investigated by calculating
the interaction energy between the side chain of one
residue with the side chain of the others. Only the attrac-
tive energies greater than 10 kJ-mol ' were considered.
Attractive interactions between the side chains of the
residues GIn6-Tyr18 and Lys8-Tyrl8 were found in an-
droctonin apart from hydrogen bonds and the disulfide
bridges. Once attractive energies between these residues
were detected, the next step was to calculate the average
distance between their side chain. The distance between
the side chain of the residues GIn6-Tyr18 was calculated
considering the center of mass of the group O=C-NH2
(OE1 CD NE2 HE21 HE22 in GROMOS96 notation[18])
in the GIn6 residue and the center of mass of the aro-
matic ring in the Tyrl8 residue. In the case of the Lys8
and Tyrl8 residues, the center of mass of the group
-NH2 (HZ2 NZ HZ1 in GROMOS96 notation) of the
Lys8 residue and the center of mass of the aromatic ring
in the Tyr18 residue were considered. The average dis-
tances and energies are listed in Table 10. In the mutant
andry4, the side chain of the residues GIn6-Tyrl8 and
Lys8-Tyr18 interact attractively with almost the same
average energy as in androctonin (Table 10). This is in
good agreement with the interatomic distance data,
which reveal no relevant change in the average distance
between the residues Lys8-Tyrl8 in androctonin and
andry4 (olive line in Figures 8(a) and (b)). In addition,
another attractive interaction, which did not exist in an-
droctonin, arises between the side chains of the residues
Tyr10-Tyrl6 exactly where the replacement of Cysl0
and Cys16 with Tyrl0 and Tyrl6 respectively occurred.
This is also in good agreement with the interatomic dis-
tance data, once the side chain of the Tyr residues are
longer than the side chain of the Cys residues, promoting
an increase in the average C, distance between these
residues. Here the results suggest a n-n-like interaction.
These side chain interactions acting together to the hy-
drogen bonds are contributing to the maintenance of the
andry4 S-hairpin structure.

For polyphemusin-I, only the side chain of the resi-
dues Tyr9-Tyr14 interact attractively in a n-n-like inter-
action. The average distances and energies are listed in
Table 11. Therefore, we have found that the attractive
interaction between these residues, together with the
disulfide bridges and the hydrogen bonds, are response-
ble for the stabilization of the polyphesumin-I in aque-
ous media. In poly4, the side chain of the residues
Tyr9-Tyrl4 do not interact, but attractive interactions
arise between the side chains of the residues Tyr4-Argl5,
Tyrd-Tyrl7, Arg6-Tyrl3, and Tyr8-Tyrl3. Table 11
shows the average distances and energies for the side

Copyright © 2011 SciRes.

Table 10. Average energy and distance between the interacting
side groups in androctonin and andry4.

Androctonin Andry4
Residues Average Average Average Average
Energy distance Energy distance
(kJ-mol ") (nm) (kJ-mol™) (nm)
GlIn6-Tyr18 -18+6  059+£0.09 -17+6  0.57+0.09
Lys8-Tyrl8 -18+5 0.60+0.08 -17+6  0.61=0.09
Tyr10-Tyrl6 - - -18+4  0.53+0.06

Table 11. Average energy and distance between the interacting
side groups in polyphemusin-I and poly4.

Polyphemusin-I Poly4
Residues Average Average Average Average
Energy distance Energy distance
(kJ-mol™) (nm) (kJ-mol™) (nm)
Tyrd-Argl5 - - —24+£9  0.60+0.20
Tyrd-Tyrl7 - - -21+£5  0.49+0.08
Arg6-Tyrl3 - - -23+7  0.60+0.20
Tyr8-Tyrl3 - - -19+£3  0.51+0.05
Tyr9-Tyrl4 -15+6  0.60+0.10 - -

chain of these residues. The center of mass of the group
—C(NH2)2 (HH11 HH12 NH1 CZ NH2 HH21 HH22 in
GROMOS96 notation) in the side chain of the Argl5
and Arg6 residues and the center of mass of the aromatic
ring in the Tyr4, Tyr8, Tyrl3, and Tyrl7 residues were
considered in the calculation of the average distances
between them. Residues Tyr4-Argl5 and Arg6-Tyrl3
interact through a cation-n-like interaction, while resi-
dues Tyr4-Tyrl7 and Tyr8-Tyr13 interact by a n-n-like
interaction. These new interactions, together with the
hydrogen bonds, contribute to the maintenance of the
f-hairpin structure in poly4, also collaborating with the
decreased motion of these residues, as observed in the
RMSD per residue in Figure 4. However, while the
[-hairpin structure is kept, it can be seen that conforma-
tional changes take place (Figure 9). No relevant attrac-
tive interactions between the side chains were found in
thanatin and thany?2.

3.6. The Average Structures

The experimental structures found in the PDB files for
androctonin, polyphemusin-I, and thanatin can be used
to determine a kind of average structure for each corre-
sponding peptide. Figures 11, 12, and 13 depict the su-
perposition of the average structures of the wild peptides
and their respective mutants. Figure 11 presents the su-
perposition of the main chain of androctonin (green) and
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Figure 11. Androctonin (green) and andry4
(blue), fit of main chain.

j

Figure 12. Polyphemusin-I (green) and poly4
(blue). Fit of the main chain.

Figure 13. Thanatin (green) and thany? (blue).
Fit of the main chain.

andry4 (blue), revealing their striking structural similar-
ity, which is confirmed by the low RMSD values listed
in Table 12. The “tail” of the molecules consisting of
the N- and C-terminal extensions presents high RMSD
values, confirming that these regions are disordered in
aqueous media, as reported by Mardard et al. [11]. The
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strong structural similarities between androctonin and
andry4 are due to a set of facts acting simultaneously in
the molecules such as HB formation and side chain in-
teractions, thereby resulting in similar structures.

Figure 12 shows the superposition of the main chain
for polyphemusin-I (green) and poly4 (blue), where the
P-hairpin structure of polyphemusin-I has been kept in
poly4. Nevertheless, the superposition of the main
chains of polyphemusin-I and poly4 are not as good as in
the case of androctonin/andry4, since slightly different
conformations are observed, as confirmed by the RMSD
values listed in Table 13. The molecules have confor-
mational similarities only in the region between residues
Cys4 (Tyr4 in poly4) and Cys8 (Tyr8 in poly4), where
the RMSD is low (0.159 nm), Table 13. These differ-
ences may be due to the HB and to the side chain inter-
actions that exist in poly4 and are absent in polyphe-
musin-1. Figure 13 depicts the superposition of the main
chain of thanatin (green) and thany2 (blue). This pair of
peptides also have great structural similarities, once the
[-hairpin secondary structure is kept in thany2. However,
they present low conformational similarities, as seen in
Figure 13 and confirmed by the RMSD values of the
three regions of the molecules, listed in Table 14. The
HBs are not able to maintain the conformational simi-
larities without the cooperation of the side chain attract-
tive interactions, which were not found in the present
case.

Table 12. RMSD of the fit of the main chain of androctonin
and andry4.

Region RMSD (nm)
Residues 1 - 4 0.422
Residues 4 - 10 0.142
Residues 10 - 16 0.127
Residues 16 - 20 0.092
Residues 20 - 25 0.366

Table 13. RMSD of the fit of the main chain of polyphemusin-I
and poly4.

Region RMSD (nm)
Residues 1 - 4 0.344
Residues 4 - 8 0.159
Residues 8 - 13 0.239
Residues 13 - 17 0.205
Residues 17 - 18 0.522
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Table 14. RMSD of the fit of the main chain of thanatin and
thany?2.

Region RMSD (nm)
Residues 1 - 11 0.307
Residues 11 - 18 0.244
Residues 18 - 21 0.247

4. DISCUSSION

The simulations of the mutants andry4, poly4, and
thany2 demonstrate the importance of the cross-strand
hydrogen bonds and the side chain interactions (cation-n
like and n-r like) for the maintenance of the structural
stability in aqueous solution, since most of the HBs were
preserved and strengthened (higher occurrence). In addi-
tion to the hydrophobic effect, these attractive interact-
tions are responsible for the structural stability of the
mutants. Moreover, the present simulation studies show
that the f-hairpin structure in androctonin and polyphe-
musin-I are stabilized not only by the disulfide bridges
and the hydrogen bonds, but also by attractive interact-

tions between the side chains (cation-n-like and n-n-like).

The residues Cys and Tyr are sterically very distinct, but
both are hydrophobic, exhibiting amphipathy values of
3.8 and 21.3 respectively, as reported by Mazzé et al.
[29]. Besides the hydrophobic effect, both residues in-
teract attractively with the solvent through short range
interactions, but they are stronger for Tyr than for Cys
because in the former case such interactions are roughly
proportional to the number of atoms in the residue [29],
and the hydroxyl polar group in Tyr increases such at-
tractive interactions. In addition, the aromatic rings of
the Tyr residues interact attractively not only with other
Tyr residues, but also with the side chain of the arginine,
lysine, and glutamine residues. The net result is an ef-
fecttive stability of the structure around the Tyr residues.
All these results explain the resulting structural stability
of the mutants and, because of the extra hydrophobic
packing factor introduced by Tyr residues, they also
suggest that the mutants andry4, poly4, and thany2 may
accomplish a completely successful folding process,
since the covalent disulfide bonds are not necessarily
required for correct folding in many cases [30]. The
three peptides androctonin, polyphemusin-I, and thanatin
present some residues with Ramachandran (®,¥) angles
with more than one preferential angle pair (multimodal
distribution), endowing them with structural flexibility
despite the disulfide bridges and cross-strand HBs and
allowing for systematic and specific conformational ex-
changes, which may help explain their broad-spectrum
of action. They still present the unusual combination of
positive or negative ® and W angles which are located in
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the turn region (the head) of their respective S-hairpin
motifs. Therefore, the Argl2 residue of the androctonin
peptide presents both @ and ¥ angles with negative val-
ues. The ® and ¥ angles of the polyphemusin-I Argl0
residue are both positive, while the @ and ¥ angles of
the three residues Argl3, Argl4, and Thrl5 in thanatin
are negative: these residues are located in the turn region.
The ® and ¥ of the same residues in the respective mu-
tants undergo a qualitative change, assuming a combina-
tion of positive and negative values, respectively. This
unusual motif is present in all the three peptides studied
in this work and also in the peptides gomesin and pro-
tegrin-1 [25]. The interpretation of the consequences of
such subtle behavior is that it may promote an increase,
or decrease, in the peptide activity, thereby affecting
their antimicrobial properties and/or their hemolytic ef-
fect. Such an observation deserves a specific experi-
mental investigation.

5. CONCLUSIONS

The influence of disulfide bridges on the structures of
the androctonin, polyphemusin-I, and thanatin antim-
icrobial peptides was investigated by substituting all the
cysteine with tyrosine residues. Our results show that no
major changes in the f-hairpin structures of the mutants
are observed, although conformational changes have
been noted. About the conformation, there are signify-
cant differences between the conformation of the mu-
tants (mainly poly4 and thany2) and the wild peptides
because of several factors that act simultaneously, such
as hydrogen bonds, side chain interactions (cation-n-like
and m-m-like), and hydrophobic effect, which all play
important roles and must be considered. Our MD simu-
lations show that, in these cases, the disulfide bridges are
not crucial to the maintenance of the S-hairpin structure
of the mutants. However, the consequences of these mu-
tations on the antimicrobial activity and on the hemolytic
effect of these peptides must be experimentally investi-
gated.
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