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1 | INTRODUCTION

Tachyplesin | is a potent antimicrobial peptide with broad spectrum of antimicrobial
activity. It has 2 disulfide bonds and can form 3 disulfide bond isomers. In this study,
the structure and antimicrobial activity of 3 tachyplesin | isomers (tachyplesin I,
3C12C, 3C7C) were investigated using molecular dynamic simulations, circular
dichroism structural study, as well as antimicrobial activity and hemolysis assay. Our
results suggest that in comparison to the native peptide, the 2 isomers (3C12C,
3C7C) have substantial structural and activity variations. The native peptide is in
the ribbon conformation, while 3C12C and 3C7C possess remarkably different
secondary structures, which are referred as “globular” and “beads” isomers,
respectively. The substantially decreased hemolysis effects for these 2 isomers is

accompanied by significantly decreased anti-gram-positive bacterial activity.
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Of interest of this study is tachyplesin I. Native tachyplesin | has a
disulfide connectivity of Cys—Cys' and Cys"—Cys"' (Figure 1B). Pre-

Tachyplesin antimicrobial peptides belong to a family of polypeptides
present in the limulus lymphocyte granulosa cells of the horseshoe
crabs.! Tachyplesin peptides consist of tachyplesin |, tachyplesin I,
tachyplesin 1ll, as well as polyphemusin | and polyphemusin Il. The
size of the tachyplesin peptide is relatively small, containing 17 to
18 amino acids and a C-terminal amide group. All tachyplesin
antibacterial peptides are amphiphilic, consisting of 3 tetrameric
tetrapeptide repeats and 2 disulfide bonds that constrain the peptide
into a B-hairpin structure (Figure 1). Tachyplesin | was first isolated
from the oriental horseshoe blood cell acid extracts in 19882 It
has a broad spectrum of antimicrobial activity against gram-positive
bacteria, gram-negative bacteria, and fungi, with MIC of 0.2 to 0.9,
0.3 to 1, and 0.5 to 0.9 uM, respectively.®

viously performed structure elucidation by 1H NMR spectroscopy
shows the adoption of an antiparallel B-hairpin structure in water or
in dodecophosphatecholine micelles.*®> The determined NMR struc-
tures of tachypelsin | show that its secondary structure in water
(PDB ID: 1WQQO) and in dodecylphosphocholine micelles is similar to
each other (PDB ID: 1W01).6

Disulfide bonds are clearly key contributors to stabilizing the
secondary structures. Disulfide bond engineering of the tachyplesin |
(TPI 1) is an interest of previous studies. Laederach et al’” determined
NMR structures of tachypelsin | and TPA4 (all Cys residues substituted
by Ala) in aqueous solution. The results showed that TPA4 is in a
conformation of random coil, and its antimicrobial activity was consid-

erably weakened in comparison to the wild-type peptide. The MIC of
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FIGURE 1 Schematic representation of
tachyplesin I, 3C7C, and 3C12C. A, The
| secondary structure of tachyplesin | in water

| I

(cyan) and in dodecylphosphocholine micelles

TPA4 against Escherichia coli was increased to 3 umol/L and that of
antipathogenic fungi was more than 35 umol/L. This result suggests
that there might be a link between the antimicrobial activity and the
disulfide bond connecting format.

However, the disulfide bonds that play an essential role in sus-
taining the B-hairpin secondary structure are not prerequisite for
the activity of TPI I. A TPI | variant with Cys residues at 3,16 replaced
by Ala possessed substantially improved therapeutic indexes,
although its B-hairpin structure was significantly perturbed.® More-
over, the CDT analog which was produced by tachyplesin | that its
4 Cys residues were deleted showed a random coil conformation in
solution but remained a B-hairpin-like structure with the presence
of lipids and possessed comparable antimicrobial activity to the
wild-type peptide, The CDT analog showed no hemolysis activity up
to 200 pg/mL, indicating that removal of the 4 Cys residues could sig-
nificantly decrease the hemolytic effects but maintain the antimicro-
bial activity.”*® Therefore, the disulfide bond is not the prerequisite
determinant for the activity of TPI I. Replacement of the disulfide
bonds using other types of covalent bonds was also performed for
the purposes of improving the stability of the peptide. Holland-Nell
et al*? used triazoles for replacement of the disulfide bonds in TPI I,
and in another study, the biscarba diaminodiacids were used as the

disulfide bond surrogate of TPI .12

The produced analogs maintained
comparable or even had better antimicrobial activity than the native
peptide.

TPI | has 2 disulfide bonds and potentially can form 3 disulfide
isomers. Then, a question arises on the influences of the varied disul-
fide connectivity to the structure and function of this peptide. Differ-
ent disulfide bond isomers of the bioactive peptides usually have
varied structures and activities. The a-conotoxin AulB isomers have
substantial difference in their secondary structures and bioactivity,
especially in their way of inhibiting nicotinic acetylcholine receptors
(NAChRs).*® Structure and activity relationship for the disulfide
isomers of aO-conotoxin GeXIVA,** p-conotoxins KIIIA, p-conotoxin
KIIB,*> p-conotoxin PHIA,* and a-conotoxin GI*”*8 has been inves-
tigated, and the results suggested that in some cases, certain disulfide
isomers could retain the bioactivity of the native peptide despite of
their significantly varied secondary structures.

In this study, 2 disulfide bond isomers, 3C7C (Figure 1D) and
3C12C (Figure 1C) of TPI I, were synthesized, including TPI I. And their
structure and antimicrobial activity were investigated for exploring

their structure-activity relationship.

KWCFRVCYRGICYRRCR*

(magenta). B, The sequence of tachyplesin |
(ribbon), 3C12C (globular), and 3C7C (beads),
respectively. The “*” represents the amide
group of the C-termini

2 | METHOD AND MATERIAL

21 |

The initial models of 3C7C and 3C12C were created using the NMR
structure of TPI'| (PDB ID: 1WOO0) as the template in Modeller (version
9v12).1%2% MD simulations were implemented on TPI I, 3C7C, and
3C12C, respectively, using the Amber 16 package as previously
described.?* The FF14SB force field was applied for the simulation.??

The peptide was solvated into an octagon box of TIP3P water mole-

Molecular dynamic simulations

cules and neutralized using CI™ ahead of the MD simulations. Subse-
quently, the unfavorable van der Waals interactions were eliminated
via 2 steps of minimization, including 3000 steps of steepest descent
minimization and 3000 steps of conjugate gradient minimization.
During the energy minimization process, the cutoff of the nonbonded
interactions was limited to 12 A. After minimization, MD was per-
formed. In MD, the solute was restrained and the temperature of the
whole system was gradually increased from 10 to 300 Kin 100 picosec-
onds in the NVT ensemble. Afterwards, the system was equilibrated in
the NPT ensemble where the temperature and pressure were kept at
300 K and 1 atm, respectively. Eventually, in the production process,
the whole system was relaxed and a 100-nanosecond molecular
dynamic process was carried out. For all MD steps, the time step was
set to 0.002 picosecond, the particle mesh Ewald (PME)*® method
was applied to deal with long-range electrostatic interactions, and the
lengths of the bonds involving hydrogen atoms were fixed with the
SHAKE algorithm. MD trajectories were analyzed using VMD,?* and

molecular structures were shown using PyMol (Schrédinger, LLC).

22 |

All peptides (TPI I, 3C7C, and 3C12C) were synthesized by FMOC-
SPPS as described previously.?> The first disulfide bond was oxidized
in 0.1 M NH4HCO; (pH 8~8.5) at a peptide concentration of

0.3 mg/mL with stirring for 24 hours at room temperature. After the

Peptide synthesis

oxidation, the products were purified by reversed-phase HPLC (RP-
HPLC) on a Phenomenex Cyg column (250 x 10 mm, 10 um) using a
gradient of 0% to 75% solvent B (see composition below) and a flow
rate of 6 mL/minute in 75 minutes, with the UV wavelength moni-
tored at 214 nm. The oxidized peptide mass was monitored by
electrospray mass spectroscopy (Figure S1). Afterwards, the peptide

was isolated for lyophilization.
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Formation of the second disulfide bond was performed by dis-
solving 10 mg peptide in 10 mL (¢ = 0.415 mM) solvent A/B (solvent
A: H,0/0.05% trifluoroacetic acid; solvent B: 90% CH3;CN/10%
H,0/0.045% trifluoroacetic acid), dropwise adding 0.2 mL |, solution
(5 mg |, dissolved in 1 mL CH3CN) with stirring for 30 minutes, then
quenching with ascorbic acid (5 mg ascorbic acid dissolved in 1 mL
H,0). After the oxidation, the products were purified by RP-HPLC
on a Phenomenex C4g column using the same gradient setup as
described in the first disulfide oxidation. After confirming the product
peak using mass spectrometry, the solid was obtained by lyophiliza-
tion. Analytical RP-HPLC with a gradient of 0% to 80% buffer B and
a flow rate of 1 mL/minute in 40 minutes and electrospray mass
spectroscopy were used to confirm the purity and molecular mass of
the synthesized peptides (Figure S2 and Table S1).

2.3 | Circular dichroism study

Circular dichroism (CD) spectra were performed on a Jasco J-810
spectropolarimeter over the wavelength range of 250 to 190 nm using

a 1.0-mm path length cell, a bandwidth of 1.0 nm, a response time of

TABLE 1 The disulfide bonds of TPI, 3C7C, and 3C12C

Name First Disulfide Bond Second Disulfide Bond
TPl | Cys"'—Cys'"! Cys'—Cys'v
3C12C Cys'—Cys" Cys"—Cys"
3c7C Cys'—Cys" Cys'"—Cys"
(A)
— TPII

2k
il\
J: LI |

RMSF(A)

!

.

0.5

WILEY-PeptideSicne—2

2 seconds, and averaging over 3 scans. Spectra were recorded at room
temperature under nitrogen atmosphere. TPl I, 3C7C, and 3C12C
were dissolved in 2 mL methanol to get a concentration of 0.24 mM.
The spectra are expressed as molar ellipticity [6]: [6] = 1000 x mdeg /
(I x ¢). The mdeg is the raw CD data, c is the peptide molar concentra-
tion (mM), and | is cell path length (mm).

2.4 | Antimicrobial activity

Minimum inhibitory concentration (MIC) is the lowest concentration of
a chemical that inhibits visible growth of a bacterium. Minimum inhibi-
tory concentration of the peptides (TPI I, 3C7C, and 3C12C) against
gram-negative E. coli K-12 and gram-positive Staphylococcus aureus
ATCC 29213 was determined using the described method.?® Briefly,
the experiment was performed in the 96-well plates with serial twofold
dilution of peptides across the columns. Each dilution was performed in
duplicate. Each well contains 80 pL of medium, 10 pL of peptide, and
10 plL of bacterial culture (to give a final CFU/mL of ca. 5 x 10°).
Controls with bacterium and medium only were included to ensure
the viability of bacterium and the sterility of medium. The plate was

then incubated at 37°C for 18 hours before recording the results.

2.5 | Hemolysis test

Human erythrocytes and hemolysis kit were purchased from

HaemoScan (The Netherlands). Aliquots of human blood sample were

== TPI |
== 3C7C
3C12C

3 5 7 9 1 13 15

Residue number

FIGURE 2 Molecular dynamic simulations of TPI | and its 2 isomers. A, Evolution of the root mean square deviation (RMSD) for the backbone of
the TPI | (black), 3C7C (red), and 3C12C (cyan). B, Root mean square fluctuation (RMSF) of TPI | (black), 3C7C (red), and 3C12C (cyan). C, D, E, 5
Conformational frames of TPI I, 3C12C, and 3C7C extracted from the largest cluster of frames obtained from the last 50-nanosecond molecular
dynamic simulations. Over 100-nanosecond molecular dynamic simulations were performed on the 3C7C, 3C12C, and TPI | to explore their
conformation changes in MD. The RMSD was calculated using the Ca backbone between C3 and C16 of the peptide sequence
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washed twice with 5 mL washing buffer and centrifuged at 1200xg for
10 minutes at 4°C. This procedure was repeated twice with 5 mL
dilution buffer, and the last sediment was resuspended in 5 mL
dilution buffer to a final concentration of 5% erythrocyte. One
hundred microliter tested peptides were added to 100 uL diluted
erythrocyte suspension. Hemolysis of peptides was tested at 7 con-
centrations (8, 16, 32, 64, 128, 256, and 512 pg/mL). One hundred
microliter MilliQ water was added to 100 uL erythrocyte suspension
as a negative control (0% hemolysis), while 100 pL 2% Triton X-100
was added to 100 uL erythrocyte suspension as a positive control
(100% hemolysis). The assay mixtures were then incubated at 37°C
for 1 hour under slow rotation (100 rpm). After incubation, the
samples were centrifuged at 5000 rpm for 1 minute, and hemolysis
was quantified by measuring the absorbance of supernatant by

spectrometry at 415 nm, and 450 nm as a reference wavelength.

3 | RESULTS AND DISCUSSION

3.1 | Peptide synthesis

For TPI I, the protecting group of Cys'" and Cys'"" is rityl (trt); the other
protecting group of Cys' and Cys' is acetamidomethyl (Acm). The trt
protection group of Cys'" and Cys" can be deprotected in NH4HCO3,
whereas the Acm protection group can only be removed in |, solvent.
Thus, in the first round oxidation in NH4HCOg3, only the disulfide bond
Cys'—Cys'"' was formed, whereas the second disulfide bond
Cys'—Cys'" is formed in oxidation using I, solvent. In a similar way,
the 2 disulfide bonds of 3C7C and 3C12C were selectively oxidized
and formed in 2 steps of oxidation. The disulfide connectivity of TPI
1, 3C12C, and 3C7C is shown in Table 1.

3.2 | Molecular dynamic simulation

Molecular dynamic simulations were performed to investigate the
conformational evolution and structural stability of the TPI | and its 2
disulfide isomers. As shown in Figure 2, the RMSD values for TPI |
are around 2 A in most of the simulation time. By contrast, the RMSD
values for both 3C7C and 3C12C are more than 4 A suggesting that
their conformation significantly deviates the initial conformation of
the TPI I. Hence, the conformation of the peptide is determined by
the disulfide connectivity format. For better quantification of the pep-
tide flexibility of TPI I, 3C7C, and 3C12C, the root mean fluctuation of
their backbone was calculated. As shown in Figure 2B, the root mean
square fluctuation values for 3C12C are much smaller than that of the
TPI | and 3C7C indicating that the backbone of 3C12C is more rigid
than that of TPl | and 3C7C. The globular disulfide connectivity
imposes more constrains to the backbone of the peptide than the
ribbon and beads disulfide connectivity, which is responsible for the
higher rigidity of the 3C12C than 3C7C and TPI I. Interestingly, the
structure of the 3C7C is similar to 3C12C, and both peptides
contain the random coil and helix fragments despite of their different
disulfide connectivity. By contrast, the secondary structure of TPI | is
in a B-sheet conformation. In 3C7C, the sequence between the 2
disulfide constrained fragments is flexible, which might easily allow it

to refold into conformation similar to 3C12C.

3.3 | Secondary structure

Alternative disulfide connectivity could lead to substantially different
CD spectra for the 3 TPI | disulfide isomers. The CD spectra of TPI |
and its 2 disulfide isomers, 3C7C and 3C12C, are shown in Figure 3.
In previous studies, the TPI | exhibited a strong negative band near
210 nm, and a strong positive band near 198 nm; these bands are
because of a B-sheet structure.?” In line with previous studies, both
the negative and positive bands were also observed in our CD spectra
for the TPI I. By contrast, the strong positive band near 198 nm is
absent at the CD spectra of both 3C7C and 3C12C indicating a sub-
stantial conformation deviation from the native peptide. Such a result
is consistent with the above MD simulations. Indeed, the NMR
structure of the TPI | consists of an antiparallel B-strand connected
by a B-turn and stabilized by 2 disulfide bonds. However, models of
both 3C7C and 3C12C could not sustain the antiparallel B-strand
structure in 100-nanosecond MD simulations (Figure 2). For 3C12C,
its absorption peak is similar to 3C7C in which a negative band
between 193 and 210 nm is presented (Figure 3) suggesting that both

of them are formed by random coil.

3.4 | Retention time in HPLC

The CD spectra study clearly show that varied disulfide connectivity
leads to substantially different structures and hence to the presenta-
tion of different molecular surfaces as well as different retention times
in HPLC. The retention time for 3C7C (Figure 4A), 3C12C (Figure 4B),
and TPl | (Figure 4C) is 11.227, 11.013, and 33.747 minutes,

(A)
40000
— 3CT7C
1 — TPI
20000 c12c
k- ’\\
£ 0q
E ]
o
=)
S -20000 -
=
-40000
-60000
T ® T T T T T T T T T T T
190 200 210 220 230 240 250
Wavelength/nm
(B)

if (D)

FIGURE 3 Circular dichroism spectra and structural skeletons of the
TPI | and its 2 disulfide isomers 3C7C and 3C12C. A, Circular
dichroism spectra of TPI | (black), 3C7C (red), 3C12C (cyan). B,
Structural skeleton of 3C12C. C, Structural skeleton of TPI I. D,
Structural skeleton of 3C7C
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FIGURE 4 The retention time of TPl and its 2 disulfide isomers. (A), (B), (C), (D), and (E) show the analytical RP-HPLC profile of 3C7C, 3C12C, TPI
I, the mixture of 3C7C and 3C12C, and the mixture of 3C7C, 3C12C, and TPI |, respectively

respectively. The comparable retention time between 3C7C and
3C12C suggests that both peptides apparently have very similar
Connolly surfaces (Figure 4D). Indeed, the main conformation of the
3C7C is very similar to that of 3C12C, and hence, they are expected
to have similar Connolly surfaces. The a-conotoxin TxIA also has 3 iso-
mers, and likewise, the RP-HPLC results show that the retention time
of the 2 isomers (beads and globular) is essentially the same.?® There-
fore, it is not surprising to observe comparable retention time in the
analytical RP-HPLC between 3C7C (beads format) and 3C12C (globu-
lar format). By contrast, the native TPI | is in an antiparallel B-strand
conformation and has much longer retention time (Figure 4E). These
results indicate that 3C7C and 3C12C isomers might have similar
hydrophobicity, and both are less hydrophobic than native TPI I.

3.5 | Antimicrobial activity and hemolytic activity

Disulfide connectivity significantly affects the antimicrobial activity as
well as the hemolysis activity of the 3 peptide isomers. The MICs of
TPI I, 3C7C, and 3C12C against the gram-negative and gram-positive
bacteria are given in Table 2. All peptides exhibited activities against

both gram positive and negative bacteria. TPI | possesses the same

TABLE 2 The MIC of TPI I, 3C12C, and 3C7C

Name E. coli K-12 S. aureus ATCC 29213
TPII 8 pg/mL 8 pg/mL

3C12C 16 pg/mL 64 pg/mL

3C7C 16 pg/mL 32 pg/mL

antimicrobial activity against E. coli K-12 and S. aureus ATCC 29213
with a MIC of 8 pg/mL consistent with previously reported values®
The 3C7C and 3C12C share the same antimicrobial activity against
the gram-negative bacteria E. coli K-12, with a MIC of 16 pg/mL
approximately 2 times of the native peptide. On the other hand, the
antimicrobial activity of 3C7C and 3C12C against the gram-positive
bacteria is significantly decreased with the former decreased by 8
times and the latter decreased by 4 times comparing to the native
peptide. The 3C7C and 3C12C become more specific to the gram-
negative bacteria than to the gram-positive bacteria, which might
result from the different lipid composition and distribution of gram
positive and negative bacteria. The significant decreasing of the anti-
microbial activity further highlights an essential role played by the
antiparallel hairpin structure in the activity of the antimicrobial
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FIGURE 5 Hemolytic activity of TPI I, 3C7C, and 3C12C. Variation
of the hemolysis activity of TPI I, 3C7C, and 3C12C with their
increased concentrations

peptides in line with the results given by Sivanesam et al.?’ The
reduced antimicrobial activity for 3C7C and 3C12C isomers can be
attributed to their substantial conformation deviation from the native
peptide. Besides, the disruption of the hydrophobic-hydrophilic
balance of the native isomer surface can be another reason for the
decreased antimicrobial activity of the 3C7C and 3C12C isomers.
Similar to TPA° its mean hydrophobicity value is lower than TPI |
and its antimicrobial activity was declined. In analytical RP-HPLC
analysis, the retention time for the TPI | is about 3 times of 3C7C
and 3C12C isomers suggesting that the TPI | is more hydrophobic than
its 2 disulfide isomers.

Comparing to the native peptide TPI |, the hemolysis activities of
3C7C and 3C12C are significantly decreased (Figure 5). At peptide
concentration from 8 to 512 pg/mL, the hemolysis of the native iso-
mer is increased substantially, from 9.6% to 72.8%, whereas the
hemolysis of 3C12C and 3C7C is only slightly increased, from 14.3%
(8 pg/mL) to 20.5% (64 pg/mL) for 3C7C, and from 4.8% (8 ug/mL)
to 14.9% (64 ug/mL) for 3C12C. In previous study, the peptide CDT
was found to possess substantially decreased hemolysis activity,
because of the lack of hydrophobicity and amphipathicity in compari-
son to the wild-type peptide.'® The substantial conformation change
together with hydrophobicity and hydrophilic variations of the peptide
surfaces can together contribute to the significantly reduced the
hemolysis of the 3C12C and 3C7C isomers.

4 | CONCLUSION

Disulfide connectivity significantly impacts the secondary structure,
antimicrobial bioactivity, and hemolysis of the TPI | disulfide isomers.
The manner of disulfide bond connectivity determines the secondary
structure of the disulfide isomers, which could in turn affect their
Connolly surfaces and the hydrophobicity. It is likely that changing
the Connolly surfaces of the peptide can impact their interactions with
the bacteria membranes, their antimicrobial activities, and the hemoly-
sis effects. However, more effects remain to be performed for further

studying the interaction mechanism between varied TPI | disulfide

isomers and the bacteria membranes at molecular level to obtain more
explicit explanations in future studies.

Intriguingly, both 3C7C and 3C12C possess comparable
antimicrobial activity against the gram-negative bacteria, but has
significantly decreased hemolysis activity than the native isomer.
These 2 isomers could potentially be used as novel peptide scaffold
for design of novel antimicrobial peptides against the gram-negative

bacteria with low hemolysis effects in future.
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