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A B S T R A C T

Background: Antimicrobial peptides (AMPs) are crucial in the fight against infections and play significant
roles in various health contexts, including cancer, autoimmune diseases, and aging. A key aspect of AMP
functionality is their selective interaction with pathogen membranes, which often exhibit altered lipid
compositions. These interactions are thought to induce a conformational shift in AMPs from random coil
to alpha-helical structures, essential for their lytic activity. Traditional computational approaches have faced
challenges in accurately modeling these structural changes, especially in membrane environments, thereby
opening and opportunity for more advanced approaches.
Method: This study extends an existing quantum computing algorithm, initially designed for peptide folding
simulations in homogeneous environments, to address the complexities of AMP interactions at interfaces. Our
approach enables the prediction of the optimal conformation of peptides located in the transition region
between hydrophilic and hydrophobic phases, resembling lipid membranes. The new method was tested on
three 10-amino-acid-long peptides, each characterized by distinct hydrophobic, hydrophilic, or amphipathic
properties, across different media and at interfaces between solvents of different polarity.
Results: The developed method successfully modeled the structure of the peptides without increasing the num-
ber of qubits required compared to simulations in homogeneous media, making it more feasible with current
quantum computing resources. Despite the current limitations in computational power and qubit availability,
the findings demonstrate the significant potential of quantum computing in accurately characterizing complex
biomolecular processes, particularly AMP folding at membrane models.
Conclusions: This research highlights the promising applications of quantum computing in biomolecular
simulations, paving the way for future advancements in the development of novel therapeutic agents. We
aim to offer a new perspective on enhancing the accuracy and applicability of biomolecular simulations in the
context of AMP interactions with membrane models.
1. Introduction

Antimicrobial peptides (AMPs) are critical components of the innate
immune system present in all living organisms [1]. These peptides
have been primarily associated with a defensive role against exoge-
nous infections caused by bacteria, viruses, and fungi, and they are
considered powerful and versatile endogenous antibiotics, capable of
resisting bacterial adaptation for millions of years. However, recent re-
search advances have pointed to the link between AMPs and a broader
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spectrum of diseases, such as cancer and various human inflammatory
and autoimmune diseases, including aging [2,3]. Although more than
3000 AMPs have been identified so far in distinct cells and tissues
of animals, insects, plants, and bacteria, only a few have reached the
pharmaceutical market [4]. Challenges for the clinical application of
AMPs include cytotoxic effects, production costs, and problems related
to sustained, targeted, and effective delivery [5–7]. The quest to dis-
cover and refine new antimicrobial peptides (AMPs), including both
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Fig. 1. Two scenarios of antimicrobial peptide (AMP) interactions with cell membranes. Panel A shows different AMP units in the presence of healthy mammalian cell membranes
(the lipid head groups represented by blue spheres), where the peptides maintain a random coil conformation. Panel B depicts the interaction of AMPs with a pathogenic or
pathological membrane model typical of bacterial membranes, some viruses, cancer cells, or senescent cells. Here, the AMPs adopt a helical conformation upon interacting with
the membrane. The orange spheres represent the head groups of several anionic lipids commonly found in these altered membranes, highlighting the structural adaptations of
AMPs in different cellular environments.
natural and engineered variants, represents a dynamic and promising
field of research. The goal is to overcome these challenges, optimizing
these peptides for medical use and leveraging their full potential as
therapeutic agents. Unraveling this matter is crucial when antibiotic
resistance is a growing global threat but also in the fight against cancer
and aging, areas where AMPs can still provide significant solutions.

Despite varying length, sequence, and conformation, most AMPs
share crucial structural and physicochemical properties: they are typi-
cally short, cationic, and amphipathic peptides. This unique combina-
tion of characteristics enables them to selectively target and interact
with pathogenic or pathological membranes, such as those found in
cancer, bacteria, and senescent cells. This selective targeting stems
from a common feature in these membranes: a high proportion of
negatively charged lipids, in contrast to what happens in healthy
mammalian cells whose electrostatic charge density is normally negli-
gible. AMPs are known to undergo conformational shifts, transitioning
from random structures in solution to helical structures upon encoun-
tering a membrane, a change driven by their inherent amphiphilic
nature (Fig. 1). This transformation enhances the alignment of their
hydrophobic dipole moments across the membrane, facilitating optimal
interaction with the lipid bilayer. The spatial arrangement of the amino
acid residues in AMPs is indispensable for their biological function.
Following membrane binding, AMPs exert their effect through vari-
ous mechanisms, including the barrel stave, carpet, and toroidal pore
models, among other conformations [8,9]. A deeper understanding of
these action mechanisms is essential to improve AMP design, mov-
ing from current trial-and-error methods towards more precise and
effective strategies. For example, tuning the modeling is especially
relevant when there is an alteration in the lipid composition. While
there are models describing AMP interactions with cell membranes,
comprehensive atomic-level details are scarce, indicating a need for
more in-depth research in this area.
2 
The transformation of a polypeptide chain into its functional three-
dimensional structure represents a central challenge in molecular biol-
ogy, especially at interfaces such as the surface of a cell membrane or
upon the influence of some heterogeneous environment. Despite their
fundamental role in numerous biological mechanisms, the speed and
dynamics of these folding processes remain puzzling. The Levinthal
paradox illustrates this complexity by highlighting the seeming im-
possibility of amino acid chains in finding their native, functional
conformation in a biologically relevant timescale if they were to explore
all possible conformations [10]. To address this challenge, a variety
of computational and experimental approaches have been employed.
AlphaFold initiative [11] is a significant advance capable of predicting
the three-dimensional structure of proteins with unprecedented accu-
racy. Nevertheless, this impressive technology is still unable of reliably
predicting the interaction between the 3D structure of short peptides
and the membrane models that account for specific lipid compositions.
In parallel, molecular dynamics (MD) simulations have emerged as a
powerful tool for investigating peptide and protein folding dynamics or
at least structural stability under different conditions [12,13]. Standard
MD simulations explore the energy landscape of the polypeptide chain,
providing insights into the folding or structural evolution pathway.
However, limitations in computational power often restrict the simu-
lation timescales, hindering the observation of complete folding events
or transitions between different states separated by significant energy
barriers, even for relatively short sequences. Biased MD techniques
overcome these limitations by nudging the simulation to sample diverse
states [14,15]. These methods can significantly accelerate the folding
process, allowing to study it with greater detail, including the presence
of specific heterogeneous environments. Despite these advancements,
predicting peptide and protein folding remains a complex task, par-
ticularly in the presence of membrane models due to their intricate
interactions between the macromolecule and the lipid bilayer. This
coupling underlines a critical need for enhanced methodologies that
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Fig. 2. Tetrahedral lattice in which a representative peptide will move, with sublattices A (red) and B (green) indicated.
can accurately predict peptide structures as a function of their specific
environment, which would allow significant advances in the character-
ization of known structures and further the development of new AMP
candidates.

Thus, studying protein and peptide folding is an intrinsically very
complex problem whose practical solution is beyond the reach of clas-
sical algorithms [11,16]. In this scenario, quantum computers emerge
as a promising tool despite the noisy intermediate scale quantum
(NISQ) era. Recent work has attempted to solve this problem for
relatively short amino acid sequences within homogeneous media [17–
19]. These studies adopt several simplifying approaches that neglect
specific chemical details, such as mapping amino acids onto single
spheres and modeling their interaction energy using a simplified pair-
wise potential. Additionally, rotations of these spheres are limited to
discrete angles relative to their nearest neighbors, further reducing
computational complexity. Moreover, underestimating explicit interac-
tions with solvent molecules is another eventual source of imprecision.
While these simplifications significantly improve computational effi-
ciency and reduce the required number of qubits (𝑁𝑞), they come at
the cost of reduced accuracy. Nevertheless, these approaches offer a
valuable tool for gaining initial insights into peptide structure, precisely
in the quantum computing context, where computational resources
are limited. While these methods remains refineable, there is room
to make them more versatile. In particular, our focus on AMPs and
their interaction with membrane models necessitates extending these
approaches to incorporate a smooth interface between two media of
differing polarities, trying to mimic the interface between a lipid bilayer
and the aqueous phase in contact with it. In this scenario, the folding
process becomes significantly more complex, as the inhomogeneous
and anisotropic environment substantially influences the structure and
function of AMPs. This attempt highlights the critical demand for inten-
sified efforts in developing quantum computing techniques, potentially
leading to breakthroughs in studying and designing novel AMPs.

Our work extends a quantum-computing routine for peptide folding
in homogeneous media to predict the optimal structure of amino acid
sequences at the transition region between hydrophilic and hydropho-
bic environments, used as membrane models. The original proposal of
Robert et al. [18] demonstrated the effective use of quantum algorithms
in optimizing the conformation of small peptides, employing a Hamil-
tonian () model for folding polymer chains on a lattice. This approach
bridged the gap between simplified models and more detailed peptide
representations.

Three amino acid sequences, chosen for their distinct character-
istics: polar, non-polar, and having a high transversal hydrophobic
dipolar moment when forming an alpha helix, were employed to test
3 
the new method in various homogeneous and non-homogeneous en-
vironments. Our proposal introduces a valuable new dimension to
existing computational models without adding substantial computa-
tional resource demands or unnecessary complexity. This represents a
significant step towards refining more sophisticated and precise peptide
modeling techniques, enhances our understanding of protein chemistry
in complex environments and lays the foundation for future advance-
ments in the field. We have confidence that this work will inspire
further research, ultimately leading to the creation of robust peptide
structures that effectively consider different environmental conditions.
This expansion of scientific knowledge holds promise for therapeutic
applications, harnessing the unique capabilities of quantum computing
to explore the intricate details of protein structures.

2. Materials and methods

2.1. Interface implementation

2.1.1. Background
The prediction of peptide structure in homogeneous media within

the protein_folding module of the qiskit_research [20]
library utilizes a quantum computational approach [18] that employs
a model Hamiltonian and a variational quantum algorithm to fold a
polymer chain on a tetrahedral lattice. The Hamiltonian is based on
the pairwise Miyazawa–Jernigan (MJ) potential [21,22], where each
amino acid is represented by a single sphere. The MJ coarse-grained
representation ignores chemical details but it is expected to describe
reasonably well the intramolecular interactions between the amino
acid residues. The lattice model simplifies the representation of the
peptide to make it computationally feasible for quantum simulations.
Specifically, two sets of non-equivalent lattice points (A and B) are
defined as sublattices. At sites A, the polymer can only grow in the
directions 𝑡𝑖 ∈ {0, 1, 2, 3} while at site B, the possible directions are 𝑡𝑖 ∈
{0̄, 1̄, 2̄, 3̄} (Fig. 2). Throughout the sequence, the A and B sites alternate,
allowing us to adopt the convention that A and B sites correspond
to even and odd values of i, respectively. Without loss of generality,
the first two turns can be set to 𝑡1 = 1̄ and 𝑡2 = 0 due to symmetric
degeneracy. The turns are encoded by assigning a combination of two
qubits per axis. Each pair of qubits can be in one of four possible states:
00, 01, 10 and 11, thus allowing for a precise and efficient encoding of
turns.

Therefore, a bitstring represents the three-dimensional structure of
the peptide, which codifies the sequential turns of the coarse-grain
beads. A relatively low number of conformation and interaction qubits
is required under this approach, including penalty terms to prevent
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Fig. 3. Schematic representation of how the VQE algorithm works.
Fig. 4. Comparison between the sign function (black line) and its 7th-degree polynomial approximation (blue line). The vertical green line indicates the location of a virtual plane
separating both solvents and the dashed red lines indicate the distances beyond which the difference between the sign function and its polynomial approximation diverges.
meaningless conformations of the peptide, such as residue overlaps and
chiral violations. The number of qubits required for this model scales
quadratically with the number of amino acid residues in the peptide
sequence (𝑁) while the number of terms in the Hamiltonian scales in
𝑂(𝑁4). Adding sidechains and incorporating state-of-the-art classical
force fields based on Lennard-Jones and Coulomb interactions is also
possible by keeping the structure of the employed Hamiltonian, albeit
this would require a higher number of particles and so a higher number
of qubits.

Since the protein_folding module takes advantage of a Vari-
ational Quantum Eigensolver (VQE) [23] (Fig. 3), the Hamiltonian is
minimized for each iteration of the parametrized quantum circuit. This
means that the Hamiltonian should be self-consistent to be executed
in the quantum processor unit without depending on the state of the
qubits.

2.1.2. Amino acids location concerning the interface
The positional displacement of each bead along a specific tetrahe-

dral axis 𝑎 is quantified as:

𝛥𝑛𝑎(𝑗) =
𝑗−1
∑

(−1)𝑘𝑓𝑎(𝑘) + 𝛥𝑎 (1)

𝑘=1

4 
where the sum is performed from the first to the current bead (𝑗), 𝛥𝑎
represents the distance along axis 𝑎 from the first bead of the peptide
(which is always fixed in our approach) to the phase-separating plane.
The function 𝑓𝑎(𝑘) returns 1 if there is a displacement along axis 𝑎 for
the turn of amino acid 𝑘, and 0 otherwise. The term (−1)𝑘 indicates the
directionality of the turn relative to sublattices A or B, effectively show-
ing whether the movement brings the bead closer to or further from the
phase-separating plane. 𝛥𝑛𝑎(𝑗) inherently determines the phase location
of amino acid 𝑗, as well as the distance to the phase-separating plane.
It is important to note that the contribution of the interaction between
the amino acids and its corresponding phase cannot be proportional to
𝛥𝑛𝑎(𝑗) since, in that case, such interaction would linearly increase the
affinity or repulsion (depending on the sign of the interaction) of each
amino acid to each phase as a function of the distance to it. On the other
hand, extracting directly the sign of this function is not a trivial task
without reading the state of the qubits. While auxiliary qubits could
facilitate this, they would also increase the computational demands,
which is inconvenient. Additionally, directly using a step function to
identify the location of the bead at each medium would be an unsuit-
able approach since actual interfaces, such as that between an aqueous
media and a lipid membrane, are smooth. The roughness of such
interfaces is comparable to the diameter of a water molecule (3–6 Å), as
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estimated from neutron reflectometry analysis [24], so a gradual tran-
sition between both phases is foreseeable. To address all these issues,
we decided to use a polynomial approximation to the sign function
(see Fig. 4) as a scaling factor for the Hamiltonian contribution of the
interaction between each amino acid and the corresponding medium:

𝑓 (𝑥) = 0.48175𝑥 − 0.0182𝑥3 + (2.95 ⋅ 10−4)𝑥5 − (1.56 ⋅ 10−6)𝑥7 (2)

This approach provides a smooth transition between the two phases,
ith an interface thickness of approximately 5 arbitrary units, corre-

ponding to the distance between two beads in the peptide’s lattice.
rom this region and at distances lower than 9 units, the polynomial
unction exhibits relatively small oscillations. At longer distances this
olynomial diverges from the sign function. Since the studied peptides
re quite short (maximum 10 amino acids) and unlikely to extend fur-
her from the interface center, this approximation considerably tailors
ur purposes.

.1.3. Tuning the interaction between amino acids as a function of the
edia

The approach already implemented in the qiskit_research
ibrary is well-designed for modeling peptide folding in homogeneous
edia. Details of the implementation are well documented in pre-

ious publications [18] as well as in the official repository of the
rotein_folding module [20]. However, its applicability to func-

ional antimicrobial peptides is limited, as these peptides exert their
iological function by interacting with the surface of pathological mem-
ranes, which could be roughly modeled as a hydrophilic/hydrophobic
nterface. Thus, several modifications were introduced into the origi-
al model. First, the Miyazawa–Jernigan (MJ) parameters were mod-
fied following the work of Leonhard et al. [25,26] to account for
nteractions between residue beads in different phases:

𝐿𝑒𝑜𝑛ℎ𝑎𝑟𝑑
𝑖,𝑗 = 𝑒𝑀𝐽

𝑖,𝑗 − 𝑒𝑖,𝑝ℎ𝑎𝑠𝑒 − 𝑒𝑗,𝑝ℎ𝑎𝑠𝑒 (3)

here 𝑒𝑀𝐽
𝑖,𝑗 is the original value of the MJ interaction terms between

mino acids 𝑖 and 𝑗 and 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒 (with 𝑘 = 𝑖 or 𝑗) represents the
nteraction of amino acid 𝑘 with the phase it resides in. The value
f 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒 for a homogeneous phase is calculated using the following
quation:

𝑘,𝑝ℎ𝑎𝑠𝑒 =
1
2
(1 − 𝐶𝑠)𝑒𝑀𝐽

𝑘𝑘 + 𝜔̄ +
𝐶𝑠
2𝑛

20
∑

𝑖=1
𝑒𝑀𝐽
𝑖𝑖

= 1
2
(1 − 𝐶𝑠)𝑒𝑀𝐽

𝑘𝑘 + 𝜔̄′

(4)

where 𝑖 iterates over the total number of amino acid types, and 𝐶𝑠
etermines the contrast between phases. A positive 𝐶𝑠 favors contact
etween solvent and hydrophilic residues, while a negative 𝐶𝑠 favors
ontact between solvent and hydrophobic residues. 𝜔̄ determines the
verage interaction between amino acids and the solvent. Negative

𝜔̄ indicates attraction, while positive 𝜔̄ indicates repulsion. At the
ransition region between two phases of different polarity 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒 will
e replaced by 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒′ :

𝑘,𝑝ℎ𝑎𝑠𝑒′ =
1
2

[

(1 − 𝑆̂) ⋅ 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒1 + (1 + 𝑆̂) ⋅ 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒2
]

(5)

where 𝑆̂ can take values between 1 and −1, depending on whether the
mino acid is in the polar or nonpolar phase. In our case, 𝑆̂ will be
eplaced by the function provided by Eq. (2). Depending on the value
f 𝑆̂, 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒′ can be closer to the value of 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒1 or 𝑒𝑘,𝑝ℎ𝑎𝑠𝑒2. This term
an be switched off in the Hamiltonian, in case the study is performed
n an homogeneous media and so the original MJ potential is employed,

s it is a boolean parameter. s

5 
Table 1
Fauchere and Pliska [27] hydrophobicity scale.

Amino acid 𝛾 Residue type

ASP −0.77 Charged (−)
GLU −0.64 Charged (−)
LYS −0.99 Charged (+)
ARG −1.01 Charged (+)
HIS 0.13 Charged (+)
GLY 0.00 Nonpolar
ALA 0.31 Nonpolar
VAL 1.22 Nonpolar
LEU 1.70 Nonpolar
ILE 1.80 Nonpolar
PRO 0.72 Nonpolar
MET 1.23 Nonpolar
PHE 1.79 Aromatic
TRP 2.25 Aromatic
TYR 0.96 Aromatic
THR −0.04 Polar
SER 0.26 Polar
CYS 1.54 Polar
ASN −0.60 Polar
GLN −0.22 Polar

2.1.4. Interfacial contribution to the Hamiltonian
The previous modifications of the MJ potential account for the

different occurring interactions between amino acids based on their
location within the aqueous or membrane phases. Besides interacting
with each other, amino acids also directly interact with the solvent in
both media. Thus, a new contribution, 𝑠𝑜𝑙(𝑞𝑐𝑓 ), has been added to the
otal Hamiltonian:

(𝑞) = 𝑔𝑐 (𝑞𝑐𝑓 ) +𝑐ℎ(𝑞𝑐𝑓 ) +𝑖𝑛(𝑞) +𝑠𝑜𝑙(𝑞𝑐𝑓 ) (6)

here 𝑞 = 𝑞𝑐𝑓 , 𝑞𝑖𝑛 represents the complete set of qubits used in the
odel, including both the conformation qubits (𝑞𝑐𝑓 ) and the interaction

ubits (𝑞𝑖𝑛). The first three-terms description is available in [17,18].
riefly:

• 𝑔𝑐(𝑞𝑐𝑓 ) accounts for the geometrical constraints imposed by the
tetrahedral lattice structure of the amino acids.

• 𝑐ℎ(𝑞𝑐𝑓 ) enforces the correct stereochemistry of the sidechains
(when present), ensuring the accuracy of the amino-acid-chirality
representation.

• 𝑖𝑛(𝑞) accounts for the interactions between neighboring beads
using the Miyazawa–Jernigan (MJ) potential.

The new term 𝑠𝑜𝑙(𝑞𝑐𝑓 ) accounts for the interaction between the
mino acids and each solvent. This term has been defined here as:

𝑠𝑜𝑙(𝑞𝑐𝑓 ) =
∑

𝑖
𝛥𝑃 ⋅ 𝛾𝑖 ⋅ 𝑆̂ (7)

𝑃 represents the polarity difference between the two media and
𝑖 represents a quantitative measurement of the hydrophobicity, or
ffinity of each residue for a hydrophobic media. In the present work,
he parameters used were proposed by Fauchere and Pliska [27] (see
able 1), although there are different proposals for this parameter in
he literature, obtained from a variety of methods [28–31].

Note that charged residues, with the strongest attraction for polar
olvents, have the lowest (most negative) 𝛾 values; polar residues
xhibit moderate values depending on their specific side chains, rang-
ng from slightly negative to slightly positive; nonpolar residues have
onsistently positive values; while aromatic residues, with their large
ydrophobic rings, possess the highest positive values of 𝛾. The fi-
al expression for 𝑠𝑜𝑙(𝑞𝑐𝑓 ) provides a negative contribution to the
amiltonian, favors the interaction of amino acids with 𝛾 < 1 (mainly
onpolar and aromatic) at the positive side of the interface (phase I)
nd for amino acids with 𝛾 > 1 (mainly charged) at the negative side
f the interface (phase II) if 𝛥𝑃 > 1. The higher the value of 𝛥𝑃 the

tronger this contribution.
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Fig. 5. Wheel representation of P1, P2, and P3 with sequences WLWLWLWWLW,
DRDRDRDRDR and WRDWGSGWDR, respectively. W, L, R, D, G and S denote
Tryptophan, Leucine, Arginine, Glutamic Acid, Glycine and Serine, respectively. P1
and P2 are expected to exhibit a high affinity for a nonpolar and for a polar media,
respectively, while P3 is expected to acquire a helical conformation at the interface
between two media of different polarity, with a high transversal component of the
hydrophobic dipolar moment. Positively charged amino acids (Arginine) are in blue,
negatively charged amino acids (Glutamic Acid) are in red, polar amino acids (Serine)
are in orange, and neutral-nonpolar (Glycine and Leucine) and aromatic (Tryptophan)
amino acids are in gray.

Both the pairwise MJ potential and the hydrophobicity 𝛾 have
arbitrary units and both are of the same order, so they compete with
each other to modulate the optimal structure of the peptide at the in-
terface. Importantly, this Hamiltonian implementation does not require
additional qubits, and the number of extra operations is modest. In
particular, the calculation for a sequence of 10 amino acids the number
of required qubits is 𝑁𝑞 = 22. Hence, including the extra dimension
of the interface, the final computational cost is not remarkably higher
compared to the original model for homogeneous media.

All the described modifications to the model were implemented in
the protein_folding module of the qiskit_research library.
The whole code is written in Python [32], making special use of the
Qiskit [33], Numpy [34], Matplotlib [35] and Mayavi [36] libraries
and it is publicly available at https://github.com/TeamMduse.

2.2. Studied systems and parameters

We have employed three amino acid sequences denoted P1, P2, and
P3 to validate our approach. These sequences were chosen to exhibit
distinct affinities for media of different polarity, based on the 𝛾 values
presented in Table 1.

1. P1 (WLWLWLWWLW) comprises exclusively hydrophobic amino
acids (Leucine and Tryptophan), maximizing its affinity for non-
polar environments (See Fig. 5).

2. P2 (DRDRDRDRDR) consists solely of charged amino acids (Glu-
tamic Acid and Arginine), promoting its interaction with polar
media (See Fig. 5).

3. P3 (WRDWGSGWDR) represents a more intricate sequence, con-
taining charged amino acids of opposing charges (Glutamic Acid
and Arginine), highly polar and neutral residues (Serine), highly
polar (Tryptophan) and neutral-nonpolar (Glycine) amino acids,
distributed such that generates a significant transversal compo-
nent of the hydrophobic dipole moment when adopting a helical
conformation (See Fig. 5).

This selection of sequences allows for a comprehensive evaluation
of the ability of our approach to accurately capture and predict the
behavior of peptides with a range of physicochemical properties in
environments of differing polarity. By analyzing their partitioning be-
tween phases of opposite polarity under the influence of our model, we
can assess its efficacy in reflecting the underlying principles of amino
acid–solvent interactions.

It is worth reminding that the model output is a bitstring with the
sequential turns of the amino acids relative to their previous closest
neighbors. Substantially, the first two beads, representing the first two
amino acids, have fixed positions. The location of these beads defines
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their distance and orientation concerning the plane separating the two
phases. Upon these restraints and those provided by the model (chem-
ical consistency and tetrahedral lattice), the turns of the remaining
beads establish the structure of the peptide. Axis 1 of the tetrahedral
lattice (see Fig. 2) was chosen to define the polarity gradient. The first
bead of the peptides, representing the first amino acid, was placed at
different positions along the same axis (−1, −0.5, 0, 0.5, and 1). This set
of configurations led to various distances between such a bead and the
phase-separating plane towards both solvents. In all cases, the second
bead was aligned along the same axis in the direction of the more
polar solvent. Additionally, different values of 𝛥𝑃 (0.1, 1 and 10) were
essayed in order to balance the competition between the weight of the
interaction between amino acids and the weight of their interaction
with the solvent. Finally, the weights of the existing penalty terms in
the original approach were increased from 10 to 1000. This was done to
prevent them from being overshadowed by the new contribution to the
Hamiltonian. The results obtained from this combination of parameters
for the three studied sequences are presented in the next section.

3. Results and discussion

The optimal conformations of the peptide sequences described in
the methods section were obtained throughout the minimization of the
Hamiltonian, using the VQE algorithm, under different conditions: in
polar and nonpolar homogeneous phases as well as at polar/nonpolar
interfaces. The location and orientation of the first two amino acids
of each sequence concerning the phase-separating plane (when two
different media are considered) were restrained.

3.1. Homogeneous media

The conformation of each peptide is highly sensitive to the polarity
of the environment in homogeneous media (Fig. 6). The peptide con-
sisting just of hydrophobic amino acids (P1) and that formed just by
charged amino acids (P2) exhibit an opposite behavior, as expected. P1
is folded in polar environments and fully extended in nonpolar media,
while P2 is fully extended in polar environments and folded in nonpolar
media. We observe that the behavior of P3 is similar to that of P1. The
three peptides acquire different folded conformations when using the
original MJ potential.

The extended conformations of P1 and P2 in nonpolar and polar
media, respectively, are due to highly favorable interactions between
the amino acids consisting of those peptides and the model solvent in
those scenarios. In these cases the interaction with the media largely
dominates the Hamiltonian while the intramolecular interactions are
less important. Conversely, the folded conformations of the same pep-
tides in the opposite media (P1 in polar solvent and P2 in nonpolar
solvent) arise from the favorable interactions between the amino acids
consisting of those peptides combined with unfavorable interactions
with the media. No clear secondary structure patterns are observed in
any of the folded conformations.

3.2. Polar/nonpolar interfaces

According to the presented calculations within two media, peptide
conformation relies heavily on several competing energy factors. These
factors primarily include the interactions among the amino acids, as
well as their interactions with the two model solvents used in the study.
For instance, it is possible to identify scenarios where two different
amino acids have a strong mutual attraction but an even stronger
affinity for opposite phases. This disbalance can definitely influence the
peptide conformation, potentially resulting in the spatial separation of
these amino acids despite their intrinsic attraction. The emergence of
disparate peptide configurations in heterogeneous environments high-
lights the complex interplay between intra-peptide and peptide-solvent
interactions and the relevance of implementing an interface model.

https://github.com/TeamMduse/Quantum-Computing-in-Peptide-Folding-Targeting-Cellular-Membranes
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Fig. 6. Conformations of peptides P1, P2, and P3 in homogeneous media of different polarity and also ignoring the polarity of the media (i.e. using the original MJ potential).
Different colors are employed for each residue: W in brown, L in green, R in blue, D in red, G in cyan, and S in yellow.
The results observed for sequences P1, P2, and P3 clearly show that
hydrophobic residues are more stable in the nonpolar environment,
even if the peptide sequence needs a turn to reorientate the corre-
sponding coarse-grained beads. Note that the location of the first two
amino acids is fixed in our approach, so the peptide cannot travel as
a whole from one media to the other, and the orientation of the first
two amino acids concerning the phase-separating plane is not optimized
by minimizing the Hamiltonian. The behavior of charged residues (D
and R) is opposite to that of hydrophobic residues (W and L). Thus,
the conformation of peptides P1 and P2 at the interfacial model could
be easily predicted (Fig. 7). Besides, P3 was designed to ideally fold
into a helical structure in this heterogeneous environment. This peptide
does not exhibit a clear trend to stay in one or other phase, but the
amino acids are distributed between the two media, as expected. The
obtained conformation is not an ideal helix. Moreover, some amino
acids are located in the wrong phase, probably due to the limitations of
the employed tetrahedral model. While the possibility of convergence
to local minima in the VQE algorithm cannot be completely ruled out,
we took thorough measures to mitigate this issue. The calculations were
repeated multiple times for the most controversial cases, employing
a conservatively high number of iterations and varying the seeds, yet
these adjustments did not alter the final structure obtained.

Additional calculations using different initial coordinates for the
two first amino acids of the employed sequences provided different
conformations of the peptides (as expected) but they followed the same
qualitative behavior as the results shown in Fig. 7.

4. Conclusions

This study aims to contribute significantly to the field of peptide
folding simulations using quantum computing by introducing a new
dimension to a preexisting model [18]. Our research focuses on the
folding of peptides in different environments, particularly at the in-
terface between hydrophobic and hydrophilic phases, which is critical
for understanding the function of antimicrobial peptides (AMPs) in
biological systems. Based on a modified version of the Miyazawa–
Jernigan potential, our approach employs a tetrahedral lattice model
to represent peptide structures, combined with the introduction of a
Hamiltonian contribution accounting for the interaction between the
amino acids and the solvent in each phase. The transition region from
one to another media is modeled as an smooth function, trying to mimic
the actual interface at the vicinity of a cell membrane. Furthermore,
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our implementation is computationally efficient and does not require
additional qubits compared to the original model that only considers
an homogeneous phase. Our findings demonstrate that peptides exhibit
distinct folding patterns in response to the polarity of their surrounding
environment. Results point out the potential of quantum computing
to simulate complex biological processes, which classical computing
approaches struggle to accomplish due to computational limitations.

While integrating a polar/nonpolar interface in peptide folding
represents a significant achievement, the extended model leans on
approximations originally proposed for calculations in homogeneous
media. In particular, the consideration of a tetrahedral lattice that
restrains the turns of the amino acids combined with the minimalist
MJ pairwise potential interaction seems to be inaccurate in successfully
predicting peptide secondary structure. The limited number of available
qubits currently makes it unfeasible to add more degrees of freedom
and a more reliable potential for amino acid interaction.

Although our study was limited to peptides with 10 amino acids,
longer sequences can be studied following the same methodology.
However, such calculations would require a larger number of qubits,
increasing the computational cost and potentially reducing accuracy
due to the approximations inherent in the model. Future work might
explore this extension as quantum computing resources and techniques
evolve, but the current work introduces a viable approach, showing that
peptide folding at polar-nonpolar interfaces can be simulated with a
reasonable use of computational resources.

The specific aim of this study is to introduce, for the first time,
an efficient method to leverage quantum computing for predicting
reasonable peptide structures at the interface between media of differ-
ent polarity. This starting point opens new avenues for understanding
peptide interactions at the molecular level, which could lead to sig-
nificant advances in developing new therapeutic agents, particularly
in the realm of antimicrobial peptides. Future research should aim to
refine the quantum computational approach to enhance its accuracy
and applicability to a broader range of biomolecules. Furthermore,
integrating more detailed chemical properties and interactions into the
model could yield even more nuanced insights into peptide folding
dynamics. The general goal is to develop a quantum computational
framework capable of simulating various biological processes. Advanc-
ing our understanding and capabilities in molecular biology underscore
the critical importance of ongoing research and development in the
field of quantum computing, particularly in its application to complex
biological systems.
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Fig. 7. Conformations of peptides P1, P2, and P3 at the interface between two media of different polarity. For each peptide a side view (left), a view from the nonpolar phase
(middle) and another view from the polar phase (right), are shown. In the side view the interface is shown as an horizontal line. Different colors are employed for each residue:
W in brown, L in green, R in blue, D in red, G in cyan, and S in yellow.
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