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ABSTRACT: Cupiennin 1a is an antimicrobial peptide found in the
venom of the spider Cupiennius salei. A highly cationic peptide, its cell
lysis activity has been found to vary between neutral and charged
membranes. In this study, Hamiltonian replica-exchange molecular
dynamics (HREMD) was used to determine the conformational
ensemble of the peptide in both charged (pH 3) and neutral (pH 11)
states. The obtained free energy landscapes demonstrated the
conformational diversity of the neutral peptide. At high pH, the
peptide was found to adopt helix−hinge−helix and disordered
structures. At pH 3, the peptide is structured with a high propensity
toward α-helices. The presence of these α-helices seems to assist the
peptide in recognizing membrane surfaces. These results highlight the
importance of the charged residues in the stabilization of the peptide
structure and the subsequent effects of pH on the peptide’s conformational diversity and membrane activity. These findings may
provide insights into the antimicrobial activity of Cupiennin 1a and other amphipathic linear peptides toward different cell
membranes.

■ INTRODUCTION

Spider venom contains a cocktail of cytotoxic and neurotoxic
compounds capable of paralyzing prey and facilitating external
digestion. Venom components may be classified as (a) low-
molecular-weight compounds that include salts, amines, and
acylpolyamines; (b) linear and disulfide-linked peptides; and
(c) enzymes and large proteins.1−4 Neurotoxic components
include acylpolyamines, cysteine-rich peptides, and large
proteins that modulate the ion channels causing the nervous
system to shut down.5,6 The cytotoxic components of the
venom, such as the amphipathic linear peptides, damage cells
and tissues during envenomation to allow further penetration
of toxins.7 Enzymes in the venom such as lipases and proteases
aid during external digestion of the prey prior to feeding.7

These toxicological properties have attracted various studies on
medical and agricultural applications of the venom compo-
nents.8

An interesting function of the amphipathic linear peptides
aside from neurotoxicity is their antimicrobial activity.9−14

Antimicrobial peptides (AMPs), or host defense peptides
(HDPs), in the venom play a role in preventing infection
against microbial agents that accompany decomposition during
external digestion.11,15

Several AMPs that showed promising activities have already
been isolated and identified. Latarcins are short amphipathic
antimicrobial peptides found in the venom of Lachesana
tarabaevi.16 Oxypinins from the Oxyopidae family are the

largest linear cationic amphipathic peptides to be identified
from spider venom. Peptides isolated from the crude venom of
Oxyopes kitabensis exhibit antimicrobial, hemolytic, and
insecticidal activities.11 Several peptides, like gomesins, have
been isolated and identified from the crude venom of Lasiodora
sp. of the Theraposidae family that also showed antibacterial
and antifungal activities.1,17 Cupiennin 1a is a basic
antimicrobial peptide from the Cupiennius salei of the
Trechaleidae family. With an estimated pI of 11.3, the peptide
is highly cationic at neutral and low pH conditions due to its
eight charged lysine residues.18 The peptide has also been
shown to adopt α-helical structures from coil conformations
upon interactions with the lipid membranes.18,19 Its mecha-
nism of cell lysis has been found to vary between neutral and
charged membranes.20

Circular dichroism studies have shown that Cupiennin 1a is
unstructured in aqueous solutions.18,20,21 Its mechanism of
action, however, is linked with its tendency to form helical
structures (Figure 1). In a membrane mimicking solvent of
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(1:1 v/v) trifluoroethanol and water (TFE/H2O), the
amphiphilic peptide forms a helix−hinge−helix structure that
allows efficient entry of the peptide into the membranes.20 The
positively charged C-terminal seems to interact with the
negatively charged surface of the membrane, while the

amphipathic helix in the N-terminal inserts itself in the acyl

region of the phospholipid bilayer.18 These scenarios are

facilitated by a disordered region, the hinge, by allowing the

two regions to move independently of each other.20

Figure 1. Helix−hinge−helix conformation of Cupiennin 1a obtained from the Hamiltonian replica-exchange molecular dynamics (HREMD)
simulations. The eight lysine residues are represented by the purple stick model. Nonlysine hydrogen atoms were omitted for clarity purposes. The
structure was visualized using UCSF Chimera software. The initial structure for the HREMD simulations was obtained from the protein data bank
(ID 2K38). Sequence: GFGAL FKFLA KKVAK TVAKQ AAKQG AKYVV NKQME.

Figure 2. Free energy landscape of the two protein systems ((a) pH 3; (b) pH 11) as sampled by the HREMD simulation. The contours represent
the estimated energy for each possible SASA (solvent-accessible surface area) and Rg (radius of gyration) pair. The difference in landscape sizes
demonstrates the flexibility of the peptide at pH 11.
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Similar helix−hinge−helix conformations have also been
observed in other antimicrobial peptides.22−27 Melittin, for
example, is a membrane-active amphiphilic peptide found in
the venom of honey bees.28,29 This pore-forming peptide
displays potent antimicrobial properties on various Gram-
positive and Gram-negative bacteria and also fast-developing
mycobacteria.30,31 In a lipid environment, melittin adopts a
helix−hinge−helix structure.32 The helical structure at the C-
terminus aids in the recognition of lipopolysaccharides in the
outer membrane of Gram-negative bacteria, while the hinge
region seems to dictate the peptide’s hemolytic activity.33,34

Highly active synthetic analogues of melittin and other
naturally occurring AMPs have been designed for drug
development purposes.35,36 Among these are the MSI-78 and
MSI-594 peptides.37,38 MSI-78 is an analogue of magainin 2, a
naturally occurring AMP found in the skin of Xenopus laevis
frogs,39,40 while MSI-594 is an analogue designed as a hybrid of
MSI-78 and melittin.41,42 Similar to their natural counterparts,
the two analogues also seem to adopt helical conformations in
a membrane mimicking environment.42−44 Furthermore, MSI-
78 forms stable dimers in DPC micelles, while MSI-594 prefers
a monomeric conformation.42

In this study, an enhanced sampling method, Hamiltonian
replica-exchange molecular dynamics (HREMD), was em-
ployed to probe the conformational space of Cupiennin
1a.45−47 HREMD was implemented as recent studies placed
emphasis on the use of enhanced sampling methods to
generate structures of flexible peptides. Unbiased HREMD
simulations were shown to produce an ensemble of structures
that match the results of neutron and X-ray scattering and
NMR experiments.48,49

The MD simulations were carried out at pH 3 and pH 11.
These two pH conditions correspond to the peptide’s charged
and neutral states, respectively. Afterward, select structures
have undergone structure−activity relationship studies through
membrane-peptide MD simulations. Our study highlights the
pH-dependent formation of α-helical structures in Cupiennin
1a and the peptide’s conformational diversity in the neutral

state. Furthermore, our membrane-peptide simulations showed
the importance of the charged lysine residues in the peptide’s
ability to recognize charged membrane surfaces.

■ RESULTS AND DISCUSSION

Different Conformational Landscapes. Flexible pep-
tides are characterized by various structures in their conforma-
tional ensembles. This translates to a wide conformational
space with numerous minima, each signifying a possible
conformation for the peptide. Here, an enhanced sampling
method was used to perform a thorough exploration of
Cupiennin 1a’s conformational space.
The free energy landscapes presented in Figure 2 represent

the conformational space of the peptide at pH 3 and pH 11.
The contours correspond to the probability of each solvent-
accessible surface area (SASA) and radius of gyration (Rg) pair
as dictated by the HREMD simulations. These two biophysical
values provide insight into the general structure of the peptide.
SASA quantifies sites that are buried or exposed from the
solvent, while Rg describes the protein’s size.
The difference in landscape sizes suggests that the neutral

peptide is more unstructured compared to the charged peptide.
It seemed to sample energetically less favored states with high
SASA and Rg values, a characteristic indicative of a disordered
structure (Figure 2b). The charged peptide, on the other hand,
is restricted to highly funneled minima populated by low
SASA−Rg pairs (Figure 2a). These two observations suggest
that the charged peptide is highly structured.

Ordered and Disordered Peptides. The free energy
landscapes provided a general view of the structures sampled
by the HREMD simulations. To determine specific features of
these structures, biophysical analyses were performed on the
calculated conformations (Figure 3). The end-to-end distance
values were computed to obtain insights into the peptide’s
topology. For the pH 3 system, the probability distribution
graph is characterized by peaks at high end-to-end distances.
The pH 11 system, on the other hand, has a flattened curve
that spans from low to high distance values. Given that the

Figure 3. End-to-end distance values reported as probability distributions. The distances were calculated as the degree of separation between the α-
carbons of the terminal residues 1 and 35. The calculation was done for all sampled conformations. The dashed brown lines correspond to distance
values of 10, 33, and 48 Å. For each line, corresponding representative structures for both pH values were embedded. The dashed black boxes are
for the pH 3 system, while the dashed red boxes are for pH 11.
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Figure 4. Secondary structures of each residue as obtained using the DSSP method. Calculations were done for all sampled conformations.

Figure 5. Network of conformations in the (a) pH 3 and (b) pH 11 systems and the corresponding representative structures of each major node.
Node 183 was included to represent the disordered structure of the neutral peptide. The structure for each node of the conformational cluster
transition network (CCTN) was determined using cpptraj and visualized through Python’s graph-tool.
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simulations started from an ordered helix−hinge−helix
structure, the flat curve suggests that these helices were
broken or became more coil-like for the neutral peptide.
To verify the results for the biophysical analyses, the

peptide’s propensity for secondary structures was quantified
(Figure 4). The glaring difference between the α-helix values of
the two systems indicates that the charged peptide prefers a
more ordered helical structure than its neutral counterpart.
The neutral peptide seems to sample-broken helix conforma-
tions as suggested by its higher turn and bend values. These
observations are supported by the end-to-end distance values.
Formation of broken helices allows interactions between the
peptide’s terminals. Integrating these results with the
calculated free energy landscapes demonstrates the unstruc-
tured nature of the pH 11 system. Instead of a homogeneous
ensemble consisting of compact and ordered structures, the
ensemble sampled by the HREMD simulation for the neutral
peptide is rather composed of conformations with variable size,
shape, and structure.
To see how these structures might have correlated to each

other, network analysis on the conformations was performed
(Figure 5). Here, a cluster analysis was carried out on the
sampled conformations. The clusters are portrayed by nodes,
while the edges signify possible transitions between structures.
The variable size of the node depends on the number of
conformations represented by the cluster. For the pH 3 system,
highly connected subnetworks were obtained (Figure 5a).
Each major node in the network is connected to other multiple
major nodes. The most visited cluster (Node 1), for instance,
is connected to Nodes 2, 3, and 4 through multiple pathways.
Visualization of these clusters shows that the most visited
conformations are composed of full helical and helix−hinge−
helix structures. These observations are supported by the
obtained conformational landscapes and end-to-end results.
The network of conformations for pH 11, on the other hand,

shows clear pathways between connected major nodes. In
these connected regions, the nodes correspond to helix−
hinge−helix structures with different C-terminal positions, as
dictated by the hinge region. The edges represent the
correlation between structures with seemingly independent
helix regions. Another feature of the network is the
independent nodes scattered throughout Figure 5b. We
surmise that these nodes represent the disordered structures
proposed by the biophysical results. The absence of edges

suggests that these are highly variable structures that are not
related to other ordered or disordered structures. Visualization
of these nodes showed a coil-like structure for the peptide.
These mixes of structures, along with the biophysical results,
reveal the disordered nature of the neutral peptide.

Structure−Activity Relationship. The cytolytic activity
of Cupiennin 1a toward charged membranes has been linked
with its amphipathic N-terminal and polar C-terminal.18,50 The
latter aids in the identification of cell membrane surfaces
through electrostatic interactions, while the former perme-
abilizes membranes through toroidal pores.19 In this scenario,
Cupiennin 1a likely adopts a helix−hinge−helix structure, as
found in previous NMR studies.20 Likewise, experimental
circular dichroism (CD) results showed that the peptide favors
coil-like conformations in vesicle-less systems.19

In this study, however, the charged peptide in the vesicle-less
solution primarily adopts the full helical or helix−hinge−helix
structure. To explain the discrepancy between experimental
and computational results, the Coloumbic surfaces of both
structures were visualized (Figure 6). The propensity of
charged Cupiennin 1a toward α-helices is induced by the
negatively charged polar heads of lipids. Here, we surmise that
the chloride ions in our system have the same function as these
lipids. The excess chloride ions added to neutralize the system
seem to interact with the protonated lysine residues of the
peptide. This was observed in both full helical and helix−
hinge−helix structures. For the neutral peptide, however, such
a phenomenon was absent or minimal. For this system, there
are equal numbers of potassium and chloride ions due to the
neutral charge of the peptide. Furthermore, the amphipathic
nature of the helices has been lost because of the
deprotonation of lysine residues. This may have allowed
destabilization of the helices and, consequently, facilitated the
dynamic behavior of the neutral peptide.
We suspect the peptide structure at pH 11 to be similar to

its inactive form, and the helical state at pH 3 to be the active
form. To initiate its cytolytic activity, Cupiennin 1a has to
recognize the negatively charged membranes. This then
triggers a membrane-facilitated cascade of conformational
changes for the peptide to adopt a helical form. In the absence
of membranes, the peptide is likely in an equilibrium between
ordered and disordered structures, similar to the results of the
HREMD simulations for the pH 11 system. To verify this
statement, molecular dynamics simulations of four protein-

Figure 6. Coulombic surfaces of (a) full helical and (b) helix−hinge−helix structures. The color of the surfaces indicates the magnitude of the
electrostatic potentialsred is negative (set at -10 kcal/mol), white is neutral, and blue is positive (10 kcal/mol). Chloride ions are represented by
green circles. The interaction between the charged lysine residues and the negatively charged ions seems to stabilize the helices in both
conformations. The structures were visualized using UCSF Chimera.
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membrane systems were performed (Figure 7a). The peptides
in the four systems (two for each pH value) were obtained
from the network analysis. The peptides were placed outside a
3:1 membrane mixture of DMPC and DMPG lipids with the
lysine residues orientated toward the phospholipid heads,
similar to a previous study on AMP PGLa.51,52 The simulations
were run for 30 ns and analyzed for possible interactions
between the membrane surface and the peptides. To quantify
this interaction, the minimum distance values between the
lysine residues and the membrane were calculated.
Peptides under the pH 3 condition were found to have

minimum distance peaks at around 2 Å (Figure 7b). This
signifies that, for most of the simulations, the pH systems favor
interactions between the charged lysine residues and the
membrane surface (Figure 7c). The pH 11 systems, on the
other hand, indicate that the neutral peptides have minimal
interactions with the charged phosphate heads of the
membrane. This observation coincides with the established
activity of Cupiennin 1a toward charged membrane surfaces20

and further highlights the importance of the lysine residues in
the peptide’s antimicrobial activity.

■ CONCLUSIONS

Amphiphilic linear peptides isolated from spider venom have
been shown to have antimicrobial activity against different cell
membranes. Cupiennin 1a, for instance, was found to have
different cell lysis activity toward neutral and charged
membranes. Here, HREMD simulations were performed to
explore the conformational space of Cupiennin 1a at pH 3 and

pH 11. Construction of free energy landscapes showed a
heterogeneous ensemble of structures for the neutral peptide
and highly helical structures for the charged system. Analyses
of these structures revealed the disordered nature of the
peptide at high pH levels.
The subsequent effects of the different structures on the

peptide’s membrane activity were also observed. The charged
conformations were seen to have favorable interactions with
membrane surfaces compared to a neutral Cupiennin 1a
peptide. This finding agrees with the experimental solution
structure of Cupiennin 1A under membrane mimicking
conditions.20 Both results highlight the importance of charged
lysine residues in recognizing membrane surfaces. In terms of
its cytolytic activity, however, the study was not able to observe
pore formation. A future study that involves multiple
Cupiennin 1a peptides on a membrane surface is recom-
mended. Our findings here may provide insights into the
structural properties of Cupiennin 1a and its antimicrobial
activity toward different cell membranes.

■ METHODOLOGY

Structure Preparation. To probe the conformational
space of Cupiennin 1a at pH 3 and pH 11, 100 ns all-atom
HREMD simulations were performed. The starting structure
for the MD simulations was obtained from the protein data
bank under ID 2K38.20 This structure corresponds to the
peptide’s solution structure under membrane mimicking
conditions.

Figure 7. (a) Initial structure of the protein-membrane system for the full helical peptide at pH 3. Ions and water molecules were removed for
clarity purposes. (b) Minimum distance values between lysine residues and membrane. The distance values were calculated between the nearest
lysine residue and the membrane atom. (c) Last conformation from the MD simulation. Hydrogen bonds (dashed red line) were seen between the
phosphate heads of the lipids and lysine residues 7 and 32.
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Cupiennin 1a is a highly cationic peptide with an estimated
pI of 11.3 and a charge of +8 at neutral pH.18 We surmise that
this electrostatic property of Cupiennin 1a affects its solution
structure. Hence, two solution systems were prepared for the
MD simulations. One system corresponds to the positively
charged peptide (pH 3) and another system is the neutral
peptide (pH 11). The latter system was prepared by
deprotonating the peptide’s eight lysine residues. To prepare
the two peptide systems for all-atom simulations, TIP3P water
molecules were added until the distance between the edge of
the box and the peptide is at least 10 Å.53 The charge of the
two systems was then neutralized by adding appropriate
numbers of K+ and Cl− ions. The physiological concentration
of 0.15 M KCl was followed when adding the net-neutralizing
ions. For both peptide systems, C-terminal amidation present
in the original solution structure was preserved. The two
systems were modeled using the CHARMM36m force field.54

Equilibration Step. The molecular dynamics simulations
were performed using GROMACS 2019.4.55−59 Energy
minimization was performed for 5000 steps using the steepest
descent method. This was followed by a 1 ns NVT
equilibration set at 300 K. A time step of 2 fs was used. For
both steps, the Verlet cutoff scheme was used with a cutoff
distance of 1.2 nm. Long-range electrostatic interactions were
calculated using the particle mesh Ewald (PME) method with
a Fourier grid spacing of 0.12 nm.60 For the NVT simulations,
the solute and the solvent were coupled to a separate
temperature bath using a Nose−Hoover thermostat, with a
coupling time constant of 1 ps.61 The LINCS algorithm was
employed to constrain hydrogen-containing bonds.62

HREMD Simulations. The HREMD simulations were
carried out using the REST2 method46,47 available in
GROMACS patched with plumed 2.5.6.63 Here, the topology
of the peptide was scaled by λ, a factor defined as the ratio
between the lowest temperature replica, T0, and the temper-
ature at the ith replica, Ti. The values for λ were limited to the
minimum and maximum values of λmin = 0.75 and λmax = 1,
respectively. In this study, 12 replicas were simulated for 100
ns between the effective temperature range of 300 and 400 K.
Calculation of the effective temperature of each replica was
done using the following equation48,49
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The effective temperatures of the replicas were 300, 307.949,
316.109, 324.486, 333.084, 341.91, 350.97, 360.27, 369.816,
379.615, 389.674, and 400 K. Collections of frames in each
replica were done every 10 ps. Exchange of replicas was
attempted every 100 MD steps. The simulations were carried
out in an NPT ensemble. Pressure coupling was done using the
Parrinello−Rahman algorithm64,65 with a reference pressure of
1 bar, relaxation time of 5 ps, and thermal compressibility of
4.5 x 10−5 bar−1.
Structure−Activity Relationship. The peptide−mem-

brane system was prepared using Membrane Builder66 of the
CHARMM-GUI webserver.67 The peptide structures were
obtained from the network analysis performed here. In total,
four systems, two from each pH value, were prepared: (1) full
helical and protonated peptide, (2) helix−hinge−helix and
protonated peptide, (3) helix−hinge−helix and deprotonated
peptide, and (4) coil-like and deprotonated peptide. The
amidated C-terminal was preserved for all systems.

In four systems, the peptide was placed outside the
membrane. The orientation of the peptides has their lysine
residues pointing toward the phosphate heads of the lipids. A
3:1 mixture of DMPC and DMPG lipids was used to construct
the membrane. About 45 DMPC and 15 DMPG lipids were
placed in the upper and lower leaflets of the membrane. The
Lipid17 force field was used to model the lipids. All systems
have an approximate water thickness of 22.5 Å. The succeeding
molecular dynamics simulations used the same parameters as
the HREMD simulations.

Data Analysis. To determine conformational changes in
the peptide’s structure, an energy-based DSSP method was
used.68 Here, different types of secondary structures were
assigned to each residue based on the interactions of internal
hydrogen bonds. A hydrogen bond is defined if the energy of
interaction between carbonyl oxygen atoms and amine groups
is less than −0.5 kcal/mol.68 The secondary structure of the
residue is then determined by the number of residues between
the internal hydrogen bond: four residues per turn for α-
helices and three for 310-helices. Biophysical analyses like
solvent-accessible surface area (SASA) and radius of gyration
(Rg), on the other hand, were performed to visualize the
possible structural changes.69 These analyses were performed
using GROMACS 2019.4.59 Construction of the conforma-
tional space was carried out using kernel density estimation to
estimate the probability density of each SASA−Rg pair
obtained from all simulations.
Closely related structures were also determined through

clustering analysis. In this study, the K-means clustering
algorithm of cpptraj was used with an RMSD criterion of 2.5
Å.70 A conformational cluster transition network (CCTN) was
then constructed to determine possible transitions in
structures.71−73 These networks were visualized using graph-
tool of the Python library.74 Images of the structures were
produced using UCSF Chimera.75

For the structure−activity relation studies, the minimum
distance was defined as the distance between any pair of atoms
between the eight lysine residues and the membrane.76 The
distance calculation was done for all the sampled conforma-
tions. The values were then binned to obtain a probability
distribution of the sampled distances.
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