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Quantum transport in protein
chains

Hamze Mousavi

The examination of the current-voltage properties of protein chains connected to armchair graphene
nanoribbon leads is performed using the tight-binding Hamiltonian approach in conjunction with the
Landauer-Bittiker formalism. The nonlinear current-voltage behavior for three different conformations
of the protein structures is calculated and evaluated in connection with the corresponding transmission
probabilities. The characteristics of current-voltage demonstrate fluctuations in relation to variations

in temperature or the width of the electrodes, with modifications in the conformations of protein
chains also playing a significant role in these phenomena. An increase in coupling is associated with

a corresponding rise in electric current, suggesting a strong interaction between the electrodes and

the device. This research serves as a benchmark for potential investigations into diseases or for future
applications within the realm of nanotechnology.
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A protein is a complex biological macromolecule composed of a sequence of amino acid residues!. Amino acids
are linked together in a linear fashion during the process of protein synthesis through the establishment of
peptide bonds. This sequence of peptide bonds creates a backbone for the protein, from which the diverse side
chains extend. In contrast to the structures of other biological macromolecules, proteins exhibit intricate and
irregular configurations. There exists a total of twenty distinct amino acids that serve as the building blocks for
all proteins. The linear arrangement of these amino acids is referred to as the primary structure of the protein.
Furthermore, under physiological conditions, each protein undergoes a process of folding into a unique three-
dimensional (3D) configuration, known as the native tertiary structure. This native conformation is crucial
as it dictates the functional capabilities of the protein. The relationship between the amino acid sequence of a
protein and its native tertiary structure remains one of the most challenging inquiries in the field of biology.
Many computational techniques have been developed to predict protein structure, but few of these methods are
rigorous techniques for which mathematical guarantees can be described. Lattice models have demonstrated
significant utility in analyzing the complexity of protein structures?. These models can be used to extract essential
principles, make predictions, and unify our understanding of many different properties of proteins.

A fundamental challenge in the development of molecular devices lies in the necessity for a comprehensive
understanding of the electron transport characteristics of individual molecules. This knowledge serves as the
foundation for the design of nanoelectronic components at the molecular level, enabling the creation of functional
elements such as molecular switches, bio-rectifiers, and bio-transistors*°. The primary emphasis of these studies
has been on the electronic technologies required for the production of nanodevices, the development of smaller
and faster electro-optical circuits, and the enhancement of genetic management of hereditary diseases. Proteins
are frequently regarded as the most promising biomolecules due to their significant role in bioelectronics and
their essential function in electron transfer mechanisms within living organisms. Initial investigations into
electron transport within proteins commenced with peptides, which are frequently regarded as the portions
of proteins characterized by relatively uncomplicated frameworks®~'°. Furthermore, quantum transport within
proteins plays a critical role in determining the efficiency and velocity of essential biological processes, especially
those related to electron transfer'"'2. This phenomenon enables particles to circumvent energy barriers via a
quantum effect known as tunneling, which is vital for various functions, including photosynthesis, cellular
respiration, and enzyme catalysis in living organisms.

The geometric characteristics of proteins pertain to the influence of their 3D conformation and the spatial
organization of amino acids on the protein’s architecture, stability, and functionality. These geometric attributes,
which encompass hydrogen bonding, van der Waals forces, and the comprehensive folding configuration,
determine the manner in which proteins engage with other molecules and execute their biological functions'>~1°.
Moreover, analytical approaches such as geometricus and the study of geometric effects in protein interactions
employ geometric representations of proteins to examine their structure, forecast the implications of mutations,
and elucidate the interactions among proteins. Recent studies emphasize the crucial role of geometric
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configurations and surface characteristics in determining the behavior of proteins and biomaterials, which in
turn affects cellular interactions, tissue regeneration, and the efficacy of drug delivery systems'®-?. Investigations
focus on the utilization of engineered protein arrangements, altered biomaterial surfaces, and the 3D architecture
of scaffolds to influence biological responses. The framework for geometric effects in protein interactions utilizes
deep geometric representations of protein complexes to analyze the impact of mutations on binding affinity.
It incorporates a graph neural network to derive graphical features and employs a gradient-boosting tree for
predicting binding affinity!®.

The study of quantum transport in proteins is crucial as it forms the basis of essential biological functions and
may influence the advancement of innovative technologies. Quantum phenomena, including electron tunneling,
are integral to processes such as energy conversion, electron transfer, and the specific interactions between
proteins and their ligands?'. These interactions affect a range of functions, from oxygen binding in myoglobin
to the operation of light-harvesting complexes?-24. It is important to note that the energy levels of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in proteins cannot be
directly compared to those of small molecules. In the context of proteins, these levels typically manifest as broad
bands instead of distinct energy levels. We note that the protein models utilized in this study encompass thirty-
six sub-sites, and we anticipate that the energy levels will exhibit discrete behavior due to the confinement of
electrons within limited dimensions. Furthermore, the interaction between proteins and ligands is characterized
by the interaction of the protein’s LUMO with the ligand’s HOMO, rather than the reverse, as indicated in2l.
Numerous vital biological activities, such as energy generation and cellular signaling, are propelled by quantum
effects. For instance, electron transfer within protein-based junctions can occur through quantum tunneling
rather than merely classical electron movement®. Consequently, proteins are capable of harnessing quantum
mechanics to effectively transform energy into usable forms for biochemical reactions, while also functioning
as nano-engines that sustain ordered states away from equilibrium. Furthermore, quantum effects can alter the
interactions of proteins with other molecules, including small compounds. A notable example is the significance
of the quantum mechanical characteristics of the iron atom in myoglobin, which are essential for its ability to
bind oxygen?®. Thus, a comprehensive understanding of quantum transport in proteins may pave the way for the
creation of novel materials and technologies, such as bioelectronic devices. Additionally, quantum mechanical
effects can shape the interactions between drugs and proteins, thereby influencing drug design and effectiveness.

The aim of this study is to investigate electronic quantum transport within a 3D lattice model of protein
chains, which are depicted in three distinct conformations (Fig. 1) referred to as P1, P2, and P32728 These
models are characterized by a distinct amino acid sequence, exhibiting variations in the distribution of hydrogen
bonds; a total of thirteen hydrogen bonds are employed to replicate a mutation associated with a particular
disease in a natural protein?. Our analysis concentrates on protein chains comprising thirty-six amino acids?.
The P; conformation exhibits a straightforward structural arrangement comprised of amino acids linked by
covalent (peptide) bonds (Fig. 1a). Conversely, the P2 and P3 conformations display a structural arrangement
where amino acids are connected by both peptide bonds and non-covalent (hydrogen bond) interactions (Fig.
1b). It is important to highlight that novel strategies addressing the persistent contact challenges in nanodevices
frequently utilize carbon allotropes, which enable efficient interaction with macroscopic gold contacts®*.
Moreover, graphene nanoribbons (GNRs) present a simpler alternative for contact materials. The benefits of
these contacts include their thermal stability, adaptability in binding various molecules-especially 7 — 7 stacked
aromatic rings-and a decrease in screening effects due to improved gate coupling. Armchair GNR (aGNR) possess
an armchair-shaped cross-section at their edges and are commonly referred to as W-aGNR, where W signifies
the count of armchair chains along the width. It is expected that aGNRs may demonstrate metallic characteristics
based on their width, particularly when W = 3r + 2, with r being a positive integer®!. Consequently, an analysis
of electronic transport was performed by placing the protein between two metallic aGNR electrodes. It is essential
to recognize that proteins possess electronic characteristics that stem from their amino acid makeup, especially
the inclusion of aromatic residues and their capacity to engage in 7-interactions. These factors play a significant
role in determining the folding and stability of proteins. Conversely, the tight-binding (TB) framework is a
theoretical model used to analyze the electronic properties of different materials, employing a Hamiltonian that
accounts for several contributing elements. Therefore, this research utilized the TB Hamiltonian model*?-%.
Indeed, a TB model of amino acids represents a computational methodology in biophysics that approximates
the electronic interactions among amino acids in a protein. This approach utilizes a simplified framework
derived from TB theory in solid-state physics, facilitating the assessment of properties such as charge transfer
and electronic structure within a substantial biomolecule by concentrating on the most significant interactions
between adjacent amino acid residues. Rather than computing the complex specifics of electron distribution, the
model emphasizes the principal interaction sites on the protein molecule, conceptualizing them as lattice points
with localized orbitals. In order to analyze the quantum transport properties of the protein device utilizing the
TB model, we explored the transmission probability (TP) and current-voltage (I — V) characteristics using the
Landauer-Biittiker formulation®. This investigation took into account a range of temperatures, varying widths
of the aGNR leads (electrodes), and different values of the hopping parameters within the protein chain (device).
The electrical current demonstrated a nonlinear behavior, affected by changes in the width and temperature of
the leads, which can convert the nonlinear response into a more linear one. Ultimately, the varying hopping
parameters modify both the step dimensions in the I — V curve and the height and position of the peaks in
the TP. An enhancement in coupling correlates with an elevation in electric current, indicating a significant
interaction between the leads and the device.

TB Hamiltonian model .
The TB Hamiltonian model encompassing the entire system, which includes the protein (#p), the aGNR leads
denoted by Hg, and their tunneling terms (#), is characterized by the following Hamiltonian:
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Lead L Protein (P,) Lead R

Fig. 1. (a) A diagrammatic representation is provided, illustrating the left (L) and right (R) armchair
graphene nanoribbon (aGNR) leads, alongside the protein chain (P1) composed of thirty-six bases. The dashed
lines signify the Bravais lattice unit cell (BLUC) of the leads, with A and B indicating the carbon sub-sites
within the electrodes, while V denotes the applied voltage bias. (b) A schematic depiction of the conformations
of P2 (on the left) and P3 (on the right) is included, with hydrogen bonds represented by dashed lines.

H =Hp +He + Hr. (1)

In the framework of second quantization, the Hamiltonian for the device, 7{p, can be expressed in terms of on-
site and hopping contributions as follows:

Hp = Z Egc;[ce + Z tpoer cos(Oeer) (CZC@I + h.c.) + Z tpeer cos(Bper) (c;fcez + h.c.) , @)

£ [ e

where ¢, displays the on-site energy at grid point (GP) or amino acid ¢ within the protein, while c;[ and ¢,
represent the creation and annihilation operators for a 7-electron at GP 4, respectively. The term tpeer (tpppr)
refers to the nearest-neighbor (nn) hopping amplitude for a 7-electron transition from GP £ to GP ¢’ of the peptide
bond energy (hydrogen bond energy), with h.c. indicating the Hermitian conjugate. It would be noteworthy
that variations in temperature lead to structural disarray and instabilities within the system?”. Therefore, we
investigate the effects of temperature alterations on the hopping parameters, particularly concerning fluctuations
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in twist angles. In this framework, we define 6, = 6 as the twist-angle fluctuations occurring between adjacent
GP, representing the torsional angle applied along a chemical bond. In the context of a Gaussian distribution
for the variable 6, we get (8) = 0 and (0?) = kpT/(Zw?), with Zw? ~ 0.022 ¢V and Z shows the reduced
moment of inertia associated with the relative rotation of two neighboring amino acids, while w stands for the
oscillator frequency corresponding to the vibration mode?’. By employing these formulations, one can derive
the hopping integrals that are dependent on temperature as cos(f) ~ 1 — 6% /2.

The second quantization representation of the leads’ Hamiltonian (Hk) can be formulated as:

7:[]3 = Z Z (efiai\ia,\i + GABlb;me) + Z Zt)\ij (a;ib)\j + h.C.) , (3)
A i A ij

where A corresponds to the left (L) and right (R) leads, s (€5)) serves as the on-site energy of sub-site A (B)
inside the Bravais lattice unit cell (BLUC) i of either the lead L or lead R, aL. (bx;) points to the corresponding
m-electron creation (annihilation) operator of sub-site A (B) in the BLUC i (j), and ¢x;; plays the role of the
hopping term from a sub-site inside the BLUC i to its nn sub-sites inside the BLUC j of lead A. The tunneling
component of the Hamiltonian () is farther decomposed as tunneling term from left electrode to the protein
chain (Hrp) and tunneling from the device to the right lead (Hpr), both terms can be shown as the following

form:
Hr = Z Z tupie (af jco +hic) + Z Z tprei (cjbri +hoc.), (4)
it ¢ i

the term trpi¢ (tpres) implies the hopping contribution from the BLUC i of lead L to the ¢-th GP of protein
(the £-th GP of protein to the BLUC i of lead R). In addition, the switching between devices and leads may
occur from either sub-site a or b. However, in every term of Eq. (4), it is depicted by just one of these sub-sites. It
would be noted that prior to the application of the bias voltage, V, we assume that all on-site energies throughout
the system are set to zero, effectively establishing a reference point for energy levels. Subsequently, the on-site
energies in lead L are assigned a value of ji1,, representing the relevant chemical potential, while those in lead
R are designated as pr. This configuration results in the relationship p1, — ur = V. Furthermore, the on-site
energies of the GPs within the protein exhibit a linear variation from 1, to pr across the points. We operate
within a framework in which the physical constants {e, i, kg } are standardized to unity.

Quantum transport formulation

Green’s functions play a crucial role in numerous applications within quantum mechanics, particularly in the
analysis of transport phenomena, where they facilitate the examination of particle behavior in intricate systems.
The definition of the Green’s function is intrinsically linked to the Hamiltonian operator of the system, and its
characteristics are directly associated with the energy spectrum of the system. The Green’s function associated
with the system, encompassing both the leads and the device within the device’s subspace, can be articulated as
follows>®:

Gr(E) = [EI — Hp — ¥(E) — Zr(E)]"", (5)

in this context, E = & +i0T, where & performs as the energy levels, I remarks the identity matrix. Also, the
expression Hp — X' (E) — Xr(E) is referred to as the effective Hamiltonian for the device, with the self-
energies of the left (L) and right (R) aGNR electrodes being characterized by this formulation®”:

X \(E) = Hpxg,(E)H p, (6)

in which g, (E) = (ET — H») ™" stands for the surface Green's function®® and H » displays the Hamiltonian
of the electrode \. The Green’s function G and g are derived through a recursive method*. Typically, the self-
energies of molecules connected to the electrodes are computed through the non-equilibrium Green’s function
formalism, a robust approach for analyzing electronic transport in nanoscale systems. This approach proves to
be particularly advantageous in the simulation of device, rendering direct computation of the complete Green’s
function computationally prohibitive. In non-equilibrium Green’s function calculations pertaining to electron
transport, surface Green’s functions are conventionally employed to represent the electrodes. These functions
encapsulate the electronic structure of the semi-infinite electrodes, thereby effectively linking the device to the
leads. Consequently, this approach necessitates the treatment of the leads as a semi-infinite solid with a surface
region that is coupled to the electrode. The calculation generally entails determining the Green’s function for
the electrode followed by that for the surface region, utilizing a TB Hamiltonian and matrix manipulations
that streamline computations by concentrating on the interactions among neighboring atomic orbitals. The
Hamiltonian is expressed in matrix form, and the surface Green’s function is computed through matrix algebra.
Subsequently, the surface Green’s function is obtained by taking into account the coupling between the device
and the electrode regions. Specifically, the surface Green’s function at the device is computed using Eq. (5).
In this equation, the self-energies are derived from the Greens functions of the electrodes, denoted as g,,
along with the coupling terms between the device and the electrodes, represented as H x. To derive the surface
Green’s function from a contact Hamiltonian matrix, a recursive method can be employed®”. The transmission
probability, referred to as TP, is expressed via the Fisher-Lee relation, a fundamental equation in the field of
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quantum transport physics that establishes a direct relationship between the electrical conductance of a system
and its transmission characteristics®:

T(€) = 4Tr [Im¥1(E)Ge(E)ImXr(E)GL(E)] . (7)

The Landauer-Biittiker formula serves as a pivotal equation within the realm of mesoscopic physics,
fundamentally determining the electric current traversing a system by utilizing the transmission probabilities of
electrons. This formulation facilitates the examination of quantum transport phenomena in various devices. The
electrical current traversing the protein can be described by this formula®:

+oo
1) = 2 [T €. T) — (€. )] ®
wherein
HAE pxn,T) = {l—kexp (LTMA”_ , 9)

hints the Fermi-Dirac distribution function for lead ), and T marks the temperature of both electrodes.

The leads are frequently characterized by k-modes, which denote the permissible electronic states or wave
functions within the leads. These leads are effectively modeled as reservoirs containing distinct electron states
or k-modes, which correspond to the propagating electron waves. In essence, the k-modes represent the various
pathways through which electrons can traverse the leads. The recursive technique subsequently assesses how
these diverse pathways (k-modes) from the leads affect the device, thereby embedding the leads’ impact into
the device’s operational characteristics. This impact is encapsulated in the self-energy, which is crucial for
comprehending the transport phenomena within the system. To compute the self-energies presented in Eq.
(7), it is necessary to identify the wave numbers that correspond to the energy levels of the electrons®®. These
quantum numbers can be derived from the energy spectrum of aGNR electrodes, which is obtained from the
solution of the Schrédinger equation®! utilizing the Hamiltonian outlined in Eq. (3):

g(k)\m) IE)\:tto‘h(k)\m)l, (10)
the notation k., provides the wave numbers that correspond to the m-electron energy levels in each lead, where
m takes values from 1 to W, with W indicating the width of the leads. Moreover, the on-site energies for the sub-

sites A and B within lead A are denoted by €. The parameter o is equivalent to tx;;, and the function h(kxm)
is defined accordingly:

h(kxm) = 1+ 2cos (am) exp (ik,\mé) , (11)

the variable [ = 3ag reads the length of the BLUC for each lead, while ap = 0.142 nm indicates the interatomic
distance. Additionally, o, = mar/(W + 1), and k. can be obtained from Egs. (11) and (12) as follows:

_2 &
kam = ; cos Los(am) cos(ozm)} , (12)
in which £ = —({x/4 and ( is defined by:
_ 2
Go=1-— (@) 7 (13)
to

the variable € has been substituted with 1, as detailed in ending paragraph of “TB Hamiltonian model”
section. As we conclude this section, we highlight that the the density of states (DOS) of the device can be written
as: D(£) = —Tr ImGp(E)/m.

Results and discussion

The formalism established in the preceding section is employed to examine the influence of various protein
conformations, specifically designated as P, P2, and Ps. This investigation also considers the effects of
temperature variations and electrode’s width on the electron quantum transport properties of the protein
chains. Assuming that the aGNR leads are of a uniform type, the parameter o is assigned a value of —2.8 eV
31, while the hopping terms between leads and the device are defined as tipi¢ = tpre; =t = —0.3 V.
Additionally, the hopping term within the device is set according to the values reported in Ref.?’, specifically
tpee =tp = —0.3 eV. Furthermore, the energy associated with hydrogen bonds represents relatively weak
intermolecular interactions when contrasted with peptide bonds, as illustrated in Fig. 1b by dashed lines, so
we set tpyr = —0.03 €V. Although hydrogen bonds are relatively weak, their abundance and the specific
arrangement of these bonds among amino acids in the chain can effectively stabilize and influence the spatial
structure of proteins. In this context, we examine thirteen connections that are instrumental in stabilizing these
conformational configurations*”-?3. For the analysis, three configurations of ¢, are established across thirty-six
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GP, with ¢, values varying within the range of —0.3 < ¢, < —0.26. Furthermore, the lead widths’ are defined
as W = 26, 32, 41, which exhibit metallic characteristics. It is imperative to observe that proteins are frequently
examined and preserved at reduced temperatures, as this practice diminishes their molecular activity and
minimizes the likelihood of alterations or degradation in their structure and function®. Specifically, lowering
the temperature decreases molecular motion, thereby decelerating the rate of destabilizing interactions. This
preservation method enables proteins to sustain their native conformation and functionality for extended
durations. Conversely, elevated temperatures result in increased kinetic energy, causing proteins to vibrate more
intensely, which can disrupt stabilizing interactions such as hydrogen bonds, ionic bonds, and hydrophobic
interactions, ultimately leading to unfolding or denaturation; thus, the chosen temperatures are typically kept at
minimal levels. When converting the dimensionless the temperatures of the leads, i.e. 7' = 0.001, 7" = 0.005,
and 7" = 0.0075 into Kelvin, the corresponding values are approximately 3.48 K, 17.4 K, and 26.1 K, respectively.

In Fig. 2, the band structure (BS) and the corresponding density of states (DOS) at a constant temperature of
T = 0.001 are illustrated for a specific conformation (P1). It is crucial to acknowledge that while a traditional
BS plot, which relies on the premise of an infinite periodic lattice, cannot be directly utilized for finite systems, we
can still explore the energy levels of such finite protein structures in a way that emulates the BS. This exploration
can be conducted by plotting the energy levels as a function of a relevant parameter, such as the site index, thus
providing a representation of the band-like features present within this finite system. The confinement of electrons
to limited dimensions leads to the quantization of energy levels. As a result, instead of forming a continuous
band, the allowed energy states are converted into discrete values, resembling distinct steps or individual levels.
The figure demonstrates that the curves display symmetry around the zero-energy point (the Fermi level), which
is a result of the particle-hole symmetry inherent in the Hamiltonian model. In a system exhibiting particle-hole
symmetry, the energy levels of electrons and holes are symmetrically arranged, with the HOMO denoting the
highest energy level occupied by electrons and the LUMO indicating the lowest energy level that is unoccupied
by electrons. Additionally, for a molecule characterized by particle-hole symmetry, the HOMO may correspond
to a bonding orbital, while the LUMO would represent its associated antibonding orbital. Consequently, in
systems with particle-hole symmetry, the energy levels of electrons and holes are interconnected in a particular
manner. When an electron is excited from the HOMO to the LUMO, it leaves a hole in the HOMO, which acts as
a positively charged particle. The energy necessary to generate this electron-hole pair is equivalent to the energy
difference between the HOMO and LUMO. Moreover, this symmetry suggests that the HOMO and LUMO
can be viewed as analogous to the valence and conduction band edges in a solid-state system, respectively. The
existence of particle-hole symmetry streamlines this process by ensuring that the energy levels are reflected
around a central point, thereby facilitating the identification of the HOMO and LUMO. According to the BS or
DOS, the HOMO is positioned at —0.022 €V (relative to the Fermi level), while the LUMO is likely at 0.022 eV,
resulting in a HOMO-LUMO gap of 0.044 eV. The corresponding HOMO and LUMO levels for P> and P3 are
0.02 eV, which are lower than the values for the P1 conformation. A reduced HOMO-LUMO gap indicates
a smaller energy difference, facilitating electron movement between the orbitals. This can enhance chemical
reactivity and the potential for binding interactions. Conversely, a larger HOMO-LUMO gap implies increased
stability, as it necessitates more energy for electrons to transition and engage in reactions.

The influence of electrode’s width is illustrated in Fig. 3a—c under a constant lead temperature of 7" = 0.001,
considering three device conformations, {P1, P2, P3}, and three distinct lead widths, W = 26, 32, 41. The TP
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Fig. 2. The DOS for protein P; along with the corresponding BS is presented.
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Fig. 3. The I — V curves are presented for a constant temperature, T' = 0.001, examining three varying
widths of W = 26, 32, 41, alongside three unique conformations of the protein chain, {P1, P2, P3}. The
insets are shown the associated TP diagrams.

curves are presented in the insets of the panels (a), (b), and (c) for configurations P1, P2, and Ps3, respectively,
while the corresponding I — V characteristics are depicted in the main parts of panels (a), (b), and (c). It is
observed that an increase in lead’s width results in a decrease in the peak heights’ of the TP curves across the
three device configurations. The observed phenomenon can arise from the creation of additional pathways for
electron movement in the leads, in contrast to the narrower configurations. This phenomenon can be attributed
to the enhanced availability of vertical pathways along the ribbon, stemming from the overlap of the normally
nonhybridized p. orbitals. Such overlap increases the likelihood of deviations in the orientation of a portion of
the electrons from horizontal trajectories aligned with the x-axis to newly accessible pathways in the y-direction
(vertical direction). In essence, the overlapping nonhybridized p. orbitals divert some of the electrons” mobility
away from the axial direction along the ribbon, favoring perpendicular movement instead. Consequently, the
increased potential for these transverse movements logically leads to a reduction in longitudinal displacements,
thereby resulting in diminished peak heights in the TP curves. As illustrated in the insets of Fig. 3a—c, this
effect becomes more pronounced with increasing ribbon width, aligning with the previous reasoning, as the
addition of lateral bonds provides greater opportunities for electron traversal, consequently reducing the axial
component of motion. Furthermore, as depicted in the Fig. 3a-c, the I — V curves exhibit significant non-
linearity, characterized by sharp increases in conductance followed by nearly flat plateaus, which diminish
in height as the electrode width expands. The observed phenomenon can be attributed to the proportional
relationship between the electrical current and 7 (€) as described by the Fisher-Lee formula in Eq. (7), which
results in a reduction in the magnitudes of the corresponding I — V curves. In other words, the likelihood of
transmission is intrinsically linked to the I — V characteristics, as an increased TP results in a greater current
flow within the device. Additionally, it is typically observed that an increase in V'leads to a corresponding rise
in the electrical current within the device, which remains relatively low near the zero bias. Also, the scarcity
of available states at the zero point contributes to the low electrical current observed in this region. Moreover,
the I — V curve exhibits a relatively stable behavior between the two peaks of TP, whereas it demonstrates
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a distinct transition from one step to another in the presence of a peak within TP. In summary, expanding
the electrode’s width typically diminishes the influence of voltage on the I — V curve, particularly when the
effective surface area of the electrode is enhanced. This phenomenon occurs because larger electrodes exhibit
reduced impedance, thereby necessitating less voltage to achieve a specific current. Furthermore, enlarging the
surface area of an electrode can facilitate a greater flow of current for a specified voltage; however, this may also
distribute the current across a wider area, which could lead to a decrease in current density at particular points.

The impact of three distinct conformations of the device is illustrated in Fig. 4, with fixed parameters of
W =26 and T' = 0.001. As depicted in Fig. 4, variations in the conformations lead to alterations in both the
height and position of the peaks within the TP curves, which in turn affect the dimensions and heights of the
steps observed in the I — V curves. This phenomenon can be explained by the varying values of the hopping
terms within the system, which result in an increased number of charge transport pathways for proteins P> and
P3. As a result, the step-like features of the I — V curve display altered heights and lengths, accompanied by a
heightened steepness in each step. Despite both proteins P2 and P3 having equivalent quantities of hydrogen
bonds, protein P3 exhibits a higher saturation current compared to protein P». This difference can be attributed
to the strategic distribution of hydrogen bonds throughout the structure of protein Ps?”. The current-voltage
characteristics presented in this discussion demonstrate considerable potential for distinguishing between
different protein profiles, including both normal and mutant variants.

The influence of finite temperature on the I — V curves is illustrated in Fig. 5a—c for a fixed value of W = 26
and three distinct conformations of protein chains, {P1, P2, P3}, in panels (a), (b), and (c), respectively. It is
evident that as the temperature of the leads rises, the step-like characteristics of the I — V relationship evolve®’,
tending towards a linear configuration with increasing temperature. This phenomenon can be understood as
a typical broadening of the fermionic distribution at elevated temperatures; the energy of electrons migrating
from the lead to the device also increases, facilitating their movement across the gaps between the peaks of the
TP (the insets of the Figs. 3 and 6). Consequently, the I — V curve transitions from a step-like form to one that
exhibits linear behavior. Furthermore, the observed linearity in the I — V curve can be attributed to temperature-
related alterations in carrier concentration and energy distribution, which simplify the I — V relationship. This
phenomenon is mainly a result of enhanced thermalization of carriers and the expansion of energy levels,
contributing to a more linear device behavior. At elevated temperatures, the energy states within the device,
exhibit increased broadening. This broadening results in less distinct energy levels, facilitating easier movement
of carriers between them. Consequently, this phenomenon often leads to a more linear I — V characteristic, as
the transitions between energy levels become less pronounced. Conversely, at reduced temperatures, quantum
effects become increasingly significant, resulting in more intricate and nonlinear I-V characteristics. As
temperature rises, electrons and other carriers are more frequently thermalized, acquiring sufficient energy to
move more freely, thus leading to a more classical system behavior. This thermalization process can diminish
some of the quantum effects responsible for the observed nonlinearities.

In the realm of electronic transport, the degree of coupling between the leads and the device plays a crucial role
in facilitating the flow of electrons. Figure 6 illustrates the I — V curve for a constant temperature of 7" = 0.001
and an electrode width of W = 26, showcasing three distinct coupling strengths (hopping terms between the
leads and the device) at t" = 0.25,0.30, 0.35 €V for the device configuration P1. Figure 6 illustrates that an
increase in coupling correlates with a rise in electric current, indicating a significant interaction between the leads
and the device. This phenomenon occurs because the energy levels of the device become more closely aligned
with those of the leads, facilitating a more efficient electron transfer process. Typically, the disparity in energy
levels between the leads and the device presents a barrier that electrons must surmount for transfer to occur.
Specifically, for effective electron transfer, the energy levels of the protein molecule must align with those of the
leads, a condition that is significantly affected by the strength of the coupling. A higher hopping energy signifies
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corresponding TP diagrams.
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three different conformations of the protein chain, {P1, P2, P3}, and three amounts of temperature,
T = 0.001,0.005,0.0075.

'=035¢eV - - - - Lo
£'=0.30 eV
£'=0.25 eV ,

I (arb.units)

Fig. 6. The I — V curves are presented for a fixed lead width of W = 26, at a designated temperature of
T = 0.001, under three different levels of coupling strength, and for the P1 conformation of the protein chain.
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a stronger coupling between the leads and the device, which enhances electron transfer efficiency, whereas weak
coupling results in an increased barrier for electron transfer. Consequently, a lower hopping value, indicative of
reduced coupling, complicates the movement of electrons between the electrode and the protein chain.

Conclusion

In conclusion, the TB Hamiltonian model was utilized in conjunction with the Landauer-Biittiker framework
to investigate the quantum transport characteristics of protein chains connected to aGNR leads, focusing on
the I — V characteristics and TP. Under constant temperature conditions, the electrical current displayed a
nonlinear response, marked by distinct steps in the I — V curve. The dimensions of these steps can be associated
with the amplitude and spacing of the peaks identified in the TP. This behavior is modulated by changes in
electrode temperatures, which can shift the nonlinear response towards a more linear profile. This effect can be
interpreted as a typical broadening of the fermionic distribution at higher temperatures; the energy of electrons
transitioning from the lead to the device also increases, thereby enhancing their movement across the gaps
between the peaks of the TP. Furthermore, the I — V characteristics are influenced by the lead widths. The
observed effects may result from the establishment of additional pathways for electron transport in the leads,
as opposed to narrower configurations. Ultimately, variations in the hopping parameters modify both the
dimensions of the steps in the I — V curve and the height and position of the peaks in the TP. An increase in
coupling is associated with a rise in electric current, signifying a substantial interaction between the leads and the
device. This occurs because the energy levels of the device become more closely aligned with those of the leads,
promoting a more efficient electron transfer process. If the electronic transport properties are anticipated to
directly influence protein structure, our findings pave the way for novel research pathways regarding biological
implications.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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