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ABSTRACT: Proteins are promising components for bioelec-
tronic devices due in part to their biocompatibility, flexibility, and
chemical diversity, which enable tuning of material properties.
Indeed, an increasingly broad range of conductive protein
supramolecular materials have been reported. However, due to
their structural and environmental complexity, the electronic
structure, and hence conductivity, of protein assemblies is not well-
understood. Here we perform an all-atom simulation of the
physical and electronic structure of a recently synthesized self-
assembled peptide antiparallel coiled-coil hexamer, ACC-Hex.
Using classical molecular dynamics and first-principles density
functional theory, we examine the interactions of each peptide,

containing phenylalanine residues along a hydrophobic core, to form a hexamer structure. We find that while frontier electronic
orbitals are composed of phenylalanine, the peptide backbone and remaining residues, including those influenced by solvent, also
contribute to the electronic density. Additionally, by studying dimers extracted from the hexamer, we show that structural distortions
due to atomic fluctuations significantly impact the electronic structure of the peptide bundle. These results indicate that it is
necessary to consider the full atomistic picture when using the electronic structure of supramolecular protein complexes to predict

electronic properties.

1. INTRODUCTION

Peptides and proteins are promising building blocks for
bioelectronic materials that interface biological systems and
synthetic devices. Natural assemblies of proteins have been
recently discovered that conduct charge over a range of length
scales.'~* These assemblies represent soft materials capable of
self-assembling into nanostructures with highly tunable
properties,””* including access to a range of dynamic assembly
pathways’ and transient structures.”'’ Certain peptides and
proteins exhibit excellent biocompatibility in terms of eliciting
a minimal immune response,''~"’ the ability to be safely
degraded/absorbed by the body after use,""'* and controllable
degradation kinetics.'*™"® Additionally, the chemical diversity
of peptides allows for highly optimized enzyme immobiliza-
tion'””" and cellular interfacing.”'~*> Many natural and
synthetic proteins and peptides are also capable of self-
assembling into supramolecular nanostructures, such as sheets,
wires, *%25 High aspect ratio structures offer
additional benefits for interfacing with biolog)7,26’27 and the
diversity of self-assembly motifs present in protein structure
promises to mitigate the difficulties and costs associated with
their nanofabrication by traditional approaches.”®

What is currently unclear is why proteins or peptides should

and tubes.

be good electronic conductors. Electron transfer experiments
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suggest that amino acids between donor—acceptor centers in
metalloenzymes make a relatively poor tunneling medium.”**°
Natural "> and synthetic®"*> protein and peptide supra-
molecular materials exhibit electronic conductivity, but the
chemical and structural features supporting long-range electron
transport in these materials are poorly understood.

To better understand conductivity in bioelectronic materials,
models of electron conductivity have been developed. These
models make approximations, often parametrizing the system
to reduce the complexity of the problem at hand. For systems
with spatially delocalized charge carriers, coherent band-like
transport models capture the electron transport behavior,*
while for systems with spatially localized charge carriers,
incoherent electron transfer between localized®*™*° or
*73% may be more suitable. For many systems,
the conductivity is best described by a mixed coherent—
incoherent transport model,””** where a basis of electronically

delocalized states
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Figure 1.

Antiparallel coiled-coil hexamer ACC-Hex surrounded by a 2.8 A thick water shell, viewed (a) perpendicular to and (b) parallel to its

long axis. One of the three peptide dimers composing ACC-Hex, surrounded by a 2.8 A thick water shell, (c) perpendicular and (d) parallel to its

long axis.

coupled (i.e., electronically diabatic) localized charge carrier
sites is able to describe the delocalization and localization of
the charge carrier density matrix over time. The conductivity
regime is determined by the electronic and physical structure
of the assembly.’”*' The bandgap (energy difference between
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO)), the bandwidth (or
energy level spacing), and the localization of orbitals will
significantly impact the conductivity regime and efficiency of
long-range electron transport. The energetics and coherence of
electronic states are in turn dependent on the physical
structure of the system; for example, the distance and
orientation between amino acids,*’ and the presence and pH
of the solution*~** can modify electronic coupling and the
bandgap. Thus, it is necessary to understand the relationship
between atomic structure, electronic structure, and conductiv-
ity.

Density functional theory (DFT) calculations have been
successfully utilized to understand the electronic structure of
bioelectronic materials. Often, these studies make an
assumption that the electronic structure of a subsystem,
comprising of atoms forming anticipated charge carrier sites,
can be partitioned and treated at the DFT level, while the
electronic effects of the surrounding medium are described
with a less computationally demanding model, e.g, by force
fields®**>**> or homology.””** Additionally, atomic vibra-
tions associated with the subsystem and surrounding medium
or bath can be incorporated in the theory to understand their
role in reorganization energies,ss’45 structural properties,36 or
coupling of subsystem to the phonon bath associated with the
environment.*”** However, the majority of studies neglect
orbital delocalization outside of the subsystem partition, which
can be important for coherent transport (through-bond
tunneling) 2% and the impacts of the environment (screening,
electronic delocalization on side chains), which can impact
electronic coupling.*>***

In this work, we perform all-atom classical molecular
dynamics (MD) and first-principles DFT calculations on a
self-assembled antiparallel coiled-coil hexamer (ACC-Hex, see
Figure 1), with the goal of understanding the underlying

4290

physical features related to its conductivity. Hochbaum and co-
workers®' have demonstrated efficient conductivity in ACC-
Hex, constructed from de novo peptides.47 The interleaving
peptides are electrostatically bound in an antiparallel
formation, forming a stable oligomer, which can stack end-
to-end and result in eflicient carrier transport. By incorporating
all atoms of the peptide bundle, as well as a solvation shell of
explicit water, into the DFT simulation, we make no a priori
assumptions about the physical or electronic structure,
allowing for an unbiased perspective on its electronic structure.
Our MD simulations predict that the peptides dimerize, with
three strongly interwoven peptide pairs (dimers) that
constitute the hexamer. DFT simulations, calculated within
the hybrid implementation of the Perdew, Burke, and
Erzenhoff functional (PBE0),"*™*° indicate that the hexamer
is a large gap material with many nearly degenerate orbitals
close to the band edges. The charge density associated with
these orbitals is located near the phenylalanine rings as well as
the charged residues. By extracting ~100 MD snapshots of one
peptide dimer, we explore the role of finite temperature
fluctuations in nuclei geometry and determine the dynamic
localization and delocalization of orbitals.

2. METHODS

2.1. Molecular Dynamics Simulations. To obtain
nuclear configurations for DFT, we conducted all-atom
classical molecular dynamics simulations (MD) with the
CHARMMS36 force field.>">* We build our simulation using
the CHARMM-GUL>’ The initial structure of the peptide was
adapted from the published crystal structure (PDB code
SEQJ),"” with protonation and deprotonation of residues to
match physiological pH. To improve the MD, the terminuses
of the peptides are kept as unmodified ammonium and
carboxylate groups, retaining the total charge of the peptide;
the iodophenylalanine residue (residue 21) is replaced by a
phenylalanine. The LINCS algorithm is introduced to
constrain chemical bonds involving hydrogen atoms.”* Tons
(Na* and CI™) with a concentration of 150 mM are introduced
to neutralize the system. Four different peptide models are
introduced: peptide hexamer, peptide dimer, helical single
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Figure 2. (a) Simulation snapshot of the hexamer as a trimer of dimers. (b) Root mean square displacement (RMSD) of six monomers (red), three
dimers (green), and the hexamer (blue). Radial distribution function (red) and cumulative radial distribution function (blue) of oxygen atoms of
water molecules to (c) oxygen of all Glu and (d) nitrogen of all Lys of the peptides.

peptide, and denatured single peptide. The hexamer, dimer,
and single helical peptide are solvated with the TIP3P water
model.” To simulate denatured conformation of the peptide,
we introduce helical peptide into a vacuum simulation box and
run MD simulation with high temperature (T = 500 K) to
transform the helical conformation into a denatured one.

We propagate these four models with the GROMACS
simulation package.56 The hexamer, dimer, and single peptide
models are solvated before performing 20 ns of equilibration
MD; the equilibration is carried out with the solvent present.
Subsequently, 50 ns of production MD simulations are
performed postequilibration. Nose—Hoover thermostat and
Parrinello—Rahman barostat are employed to maintain the
temperature and pressure of the systems.”’ >’ Except for the
denatured peptide systems, all of our MD simulations are
performed with a temperature of 303.15 K and pressure of 1
atm. The denatured peptide is simulated with the NVT
ensemble with a temperature of 500 K. We integrate our
simulations with 2 fs of the time step. From MD trajectories,
we select 100 snapshots for each peptide models by performing
clustering analysis.*’

2.2. Density Functional Theory. Density functional
theory (DFT)*"** calculations were performed using the
Gaussian 16 software package.”” The DFT exchange and
correlation were described by the PBEO hybrid functional**~>°
with a cc-pVDZ double-{ correlation-consistent basis set,**
rotated and with redundant functions removed.®® The peptide
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nuclear geometry including a 2.8 A thick explicit water shell is
taken from MD for this all-atom DFT calculation. The triple-{
cc-pVTZ basis set resulted in only a slight HOMO—-LUMO
gap increase (0.1 eV) for a single helical peptide surrounded by
explicit water, and thus, we use cc-pVDZ for subsequent
calculations to reduce computational cost. We simulated a
water environment surrounding the explicit waters using the C-
PCM polarizable conductor calculation model.**®” Exper-
imental measurements of electronic conductivity in the peptide
fibers suggest no contribution from proton or counterion-
mediated transport, so we do not consider their effects in our
calculations (see Supporting Information). The ACC-Hex
molecule with a 2.8 A thick explicit water shell consists of 4911
atoms. This procedure, when applied to different snapshots of
the dimer from MD, results in different total numbers of
electrons and atoms for different structures (1706—1847
atoms).

Linear response time dependent DFT (TDDET)®*~7¢
calculations within the Tamm-—Dancoff approximation
(TDA)”” were performed to simulate the lowest 20 electronic
excitations, corresponding to the optical absorption spectra of
the denatured and a-helix single peptide structures, using
Gaussianl6’s default Krylov subspace algorithm.63

3. RESULTS
3.1. Structure of ACC-Hex. Figure lab shows the
structure of ACC-Hex as taken from a single snapshot of

https://doi.org/10.1021/acs.jpcb.2c02346
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MD simulations (after equilibration). The hexamer is
composed of three peptide dimers that come together due to
strong hydrophobic interaction between side chains of
phenylalanine (Phe). There is no water inside the hexamer,
and all water molecules stay on the outer shell. Figure 1c,d
shows one snapshot of one of the peptide dimers. The pairs are
interwoven, particularly around the ends, with Phe in place of
the non-natural 4-iodopheylalanine in the original sequence.
For both the full hexamer and peptide dimer, the Phe rings are
interleaved along the long axis of the chain, suggesting a
possible path for conductivity.

The MD simulations indicate that the hexamer bundle
remains stable during the S00 ns of our simulation (Figure 2a).
To quantify the structural integrity of the hexamer bundle, we
calculate root-mean-square deviation (RMSD, Figure 2b) of six
single chain monomers (red), three dimers of the peptide
(green), and the hexamer bundle (blue) from their initial
structure. The marginal difference between the RMSD of the
monomer, the dimer, and the hexamer (0.1 nm) represents the
structural integrity of the hexamer bundle. The hexamer is
tightly bundled by the hydrophobic interaction between Phe
and isoleucine (Ile) in the core. On the surface of the hexamer,
charged residues (glutamic acid, Glu; lysine, Lys) are
distributed, which recruit water molecules. By calculating the
radial distribution function (RDF) and cumulative RDF of
charged residues and oxygen atoms of the water molecules
(Figure 2c,d), we quantify the hydration around the Glu and
Lys residues. Sharp first peaks of RDFs represent the first
hydration shell that formed around the Glu and Lys residues.
By calculating the cumulative RDFs, we count the average
number of water molecules around all Glu and Lys residues.
Within 13 A from Glu and Lys residues, approximately S
oxygen atoms of correspondingly 5 water molecules are found.

3.2. Electronic Structure of ACC-Hex. We analyze the
near-gap molecular orbital densities and the electronic density
of states (DOS) at the band edges in Figures 3 and 4 in order
to understand the bandgap, distribution of electronic states,
and charge carrier delocalization.

As shown in Figure 3, the gap between occupied and
unoccupied states (bandgap) is predicted to be 6.0 eV in ACC-
Hex. The bandgap is similar to that predicted for a single
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Figure 3. Density of states of ACC-Hex with 2.8 A thick explicit water

shell and the C-PCM solvation model beyond the explicit water shell.
The black lines show the Kohn—Sham eigenstates.
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Figure 4. Orbital density associated with the (a) HOMO=-2, (b)
HOMO-1, (¢) HOMO, (d) LUMO, (e) LUMO+1, (f) LUMO+2,
and (g) LUMO+3 orbitals of ACC-Hex, showing significant density
on or near one or more Phe rings. The isosurfaces are at value 0.01
and the white surface represents the van der Waal radii of the explicit
water.

helical peptide or a single denatured peptide (5.8 and 5.7 eV,
respectively), consistent with the experimentally and computa-
tionally derived structure in which interpeptide electronic
interactions are noncovalent. These numbers are significantly
larger than the experimental optical gap, which has been
measured to be 4.8 eV for the denatured single peptide in
acetonitrile (see Supporting Information Figure S3 for
experimental spectrum). This discrepancy is partially due to
the fact that the HOMO—-LUMO gap is not a good
representation of the optical gap. TDDFT simulations predict
an optical gap of 5.0 and 5.1 eV for the helical and denatured
peptide, respectively, in much better agreement with experi-
ment (see Supporting Information Figure S3, the TDDFT-
predicted spectrum compared with experiment).

The value of the bandgap and nature of orbitals are
influenced by the approximations made in DFT. The predicted
bandgap is significantly impacted by the DFT functional used:
Considering a single helical peptide with an explicit water shell,
the PBEO gap is 5.8 eV, consistent with the hexamer. The PBE
functional underestimates the gap at 3.1 eV due to the
presence of significant self-interaction error,”®”” while the
long-range-corrected LCw-PBE functional predicts a gap of
10.6 eV. The overestimation of the gap by LCw-PBE may be
explained because of the lack of long-range screening in the
functional. Another source of uncertainty in the electronic
structure is our chosen solvation model. The bandgap in
organic systems is highly dependent on the screening of the
surrounding medium.”’ The solvation model used in these
calculations includes solvent screening; however, for the
explicit shell of frozen water around the ACC-Hex, the
dynamic screening due to the motion of water molecules is not
described, overall underestimating the solvent screening and
overestimating the bandgap. Without explicit water molecules
present, including only implicit solvation to describe all
solvation, the predicted bandgap is reduced by 1.4 to 4.4 eV,
confirming the important role of accurate solvent screening.
However, without explicit solvation, the density of states
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(DOS) and nature of near-gap orbitals are not well-described.
In particular, implicit solvent results in the HOMO on the
negatively charged glutamic acid (Glu) residues, while the
addition of the explicit water shell stabilizes the Glu residue,
lowering the energy of the Glu-centered orbital such that there
are now a significant number of near-gap occupied orbital
states with density on Phe rings. The stabilization, missing
from the implicit solvent correction but present with explicit
water, is presumably due to explicit hydrogen-bonding and
ion—dipole interaction of the lone pairs of Glu with the
hydrogen of water. We note that the need for explicit solvation
has been established in prior studies of the electronic structure
of biomaterials.**

The near-gap molecular orbitals are localized near one or
more Phe, as well as on the Glu and Lys residues, and the
peptide backbone, as shown in Figure 4a—g. For this particular
structure extracted from MD, the molecular orbital associated
with the highest occupied state (HOMO) is localized around
the C-terminus of the peptide (Figure 4a). The HOMO-1 is
centered on the amide backbone with some density on Phel6,
one of the Phe rings within the core of ACC-Hex (Figure 4b).
The HOMO=-2 is centered on a different peptide backbone
with significant delocalization over the solvent-exposed Phe21
residue and Phe23 within the core of the peptide (Figure 4c),
with some additional delocalization over the core Phe9 of a
different dimer. For the unoccupied states, the lowest
unoccupied molecular orbital (LUMO) is Rydberg-like,
nearest to a Lysl0 residue and near the solvent-exposed
Phe2l ring (Figure 4d). The LUMO+1, LUMO+2, and
LUMO+3 are all centered on Phe rings. The LUMO+1 and
LUMO+2 are localized on solvent exposed Phe2l rings
(Figure 4e,f), while the LUMO+3 is delocalized over the Phe
rings (Phe9, Phel6, and Phe23) within the core of one dimer,
with some delocalization over Phe9 and Phe23 within the core
of a different dimer subunit (Figure 4g). The HOMO-1 is
separated by the HOMO by only 0.02 eV, while HOMO-2
and HOMO are separated by only 0.07 €V in energy. LUMO
+1 and LUMO+2 are degenerate, separated by less than 0.001
eV in energy, while the LUMO+1 and LUMO+3 are separated
by 0.04 eV. Thus, we would expect all of these orbitals to be
important for conductivity.

As shown by the black lines at the bottom of Figure 3, there
are many states that make up each peak of the occupied and
unoccupied components of the DOS. While the HOMO and
LUMO are expected to be most relevant for incoherent carrier
transport for small organic molecules, larger supramolecular
systems such as ACC-Hex may possess many nearly
degenerate states that form a band of states relevant for
conductivity. To better understand the impact of these states
on conductivity, we consider whether states that are close in
energy form a continuous distribution across the hexamer that
would allow for band-like transport. For all near-gap states
within 0.2 eV of the band edges, Figure 5 shows the average of
their orbital density. For this structure of the hexamer
extracted from MD, there are 16 occupied and 14 unoccupied
states that lie within 0.2 eV of the HOMO and LUMO,
respectively. As seen in Figure S, the near-gap orbitals span
along the length of the hexamer, delocalized over the Phe rings,
peptide backbone, and Glu residues. This suggests that there is
a path for conductivity of electrons and holes through the Phe
rings, particularly for hole transport as the near-gap occupied
orbitals extends from one end to the other of the hexamer. We
note that these averaged orbitals are consistent with incoherent
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a)

Figure S. Extent of near-gap Kohn—Sham DFT orbital for ACC-Hex
generated by averaging all occupied (unoccupied) orbitals within 0.2
eV of the HOMO (LUMO): (a) shows unoccupied states (blue) and
(b) shows occupied states (red).

and mixed coherent—incoherent electron transport models,
where delocalization of the adiabatic KS orbitals indicates
strong electronic coupling between localized charge carrier
sites.

3.3. Role of Room Temperature Vibrations on
Electronic Properties. As noted in the Introduction, the
role of atomic fluctuations at room temperature may also be
important for describing the electronic structure of ACC-Hex,
as has been shown for other bioelectronic materials. Notably,
for MtrF (a protein complex with a chain of heme groups),
thermally averaging the structure resulted in an increased
electronic coupling by a factor 3 when compared to the T =0
K structure.’® Additionally, studies of studies of hypothetical G.
sulfurreducens pilin protein structures, considering three
aromatic rings explicitly with quantum mechanics, showed
that atomic vibrations via molecular mechanics result in a time-
dependent change to the energy and ordering of molecular
orbitals,”* with the hole diffusivity dependence on dephasing
being strongly dependent on geometry.”” Here, we investigate
the role of atomic vibrations on the energy and nature of near-
gap states in ACC-Hex.

As shown in Figure 4, the individual near-gap orbitals are
mainly localized on a single dimer within the hexamer, with
little cross-dimer delocalization. Thus, in order to limit
computational cost, we focus the remainder of our analysis
on a single dimer extracted from ACC-Hex (Figure lc,d).
Comparison of the DOS and frontier orbitals for one MD
snapshot of this peptide dimer and the full hexamer indicates
that the peptide dimer is a good description of the electronic
structure (see Supporting Information). Additionally, by
isolating a single dimer, we can better understand the role of
vibrations by deconvoluting the vibrations from the full ACC-
Hex.

In order to describe the atomic vibrations induced by room
temperature (T = 300 K), we extract structural samples from
MD postequilibrium and study the electronic properties of
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each snapshot via DFT. Figure 6 shows the superimposed
DOS of 100 structures extracted from postequilibrium MD,
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Figure 6. Superimposed density of states for 100 peptide dimers with
with 2.8 A thick explicit water shell (569—616 water molecules) and
the C-PCM solvation model beyond the explicit water shell in light
blue. A broadening of 0.1 eV full-width half-maximum was applied to
each individual density of states plot. The average of the DOS is
shown in bold, and the black lines show the eigenstates associated
with all structures. The plots are shifted such that the average HOMO
energy is set to zero.

with the average DOS outlined in bold. In general the DOS
retains a similar shape between the different nuclear geo-
metries. However, the value of the bandgap within the hundred
structures varies by 0.83 eV, from 5.32 to 6.15 eV. The number
of states that lie within 0.2 eV of the HOMO (LUMO) varies
from 1 (1) to 15 (12) for the occupied (unoccupied) states
with a median of 6 (5), both with a standard deviation of 3
states. A more detailed view of the variation in the density of
states near the HOMO and LUMO is given by the histogram
shown in the Supporting Information Figure S2; this variation
suggests that thermal fluctuations will play a role in the
electronic structure of ACC-Hex.

Having considered the change in energy distribution due to
thermal effects, we next consider the change in spatial
distribution of the near-gap KS orbitals, indicative of the
spatial distribution of charge carrier sites and their coupling.
Figure 7 shows the occupied and unoccupied molecular
orbitals, averaging the magnitude of the orbitals that are within
0.2 eV of the band edges (HOMO and LUMO) for three
representative snapshots from MD. The near-gap molecular
orbitals vary from fully localized on one to two residues to
delocalized over almost every Phe ring of the dimer. We
speculate that temperature and disorder will be important for
carrier transport. This is consistent with a flickering resonance
electron transport as suggested Beratan and co-workers,%’81

40,42
superexchange as suggested by Renaud and co-workers, or

both.

4. DISCUSSION

Our studies are the first all-atom classical MD approach
coupled to first-principles electronic structure calculations of a
large biomolecular assembly. By treatment of all electrons of
the peptide bundle explicitly within the same level of theory,
the full electronic structure of the ACC-Hex bundle is
determined with no a priori assumption of the nature of
conductivity in ACC-Hex.

The near-gap electronic structure of ACC-Hex is determined
by not just the Phe rings but also other residues in the system
and the backbone. There is no significant contribution of the
orbitals of water to the near-gap electronic structure, implying
that electron transfer to and from water to ACC-Hex is
unlikely. The energy of occupied Glu-centered orbitals will be
high because of its negative charge while unoccupied states
near positively charged Lys will be lower in energy, making it
energetically favorable for near-gap states to be localized on
these residues. While screening due to solvent mitigates this
effect (particularly with explicit water), the near-gap states
maintain some degree of significant orbital density on the
charged residues. For example, the HOMO of ACC-Hex has
the highest orbital density on the carboxyl-terminus amide
group but has significant electron density on the nearby
negatively charged carbonyl group and the LUMO is

a)

b)

)

Figure 7. Extent of the Kohn—Sham orbitals computed as the average over all occupied (unoccupied) orbitals within 0.2 eV of the HOMO
(LUMO) for structures corresponding to the minimum (a, d), median (b, e), and maximum (c, f) number of nearly degenerate states. Orbitals
averaged over (a) one, (b) six, and (c) 14 occupied states. Orbitals averaged over (d) one, (e) five, and (f) 11 unoccupied states. Occupied states

are shown in red and unoccupied states in blue.
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delocalized over one Phe ring and a positively charged Lys.
The LUMO+1 and LUMO+2 are on the aromatic Phe-21
residue that is close to another positively charged Lys group.
The charged residues hence provide a different chemical
environment for otherwise identical functional groups, creating
energy gaps between functional groups that would otherwise
be degenerate in energy. These energy gaps suggest a
disordered landscape for electron or hole transport, suggesting
a complex energy landscape similar to multiheme pro-
teins 33353745

Additionally, the electronic structure is impacted by the
charge states of residues. Under experimental conditions, the
overall charge of ACC-Hex is +2 per peptide chain; hence,
ACC-Hex is expected to be more easily reduced. For ACC-
Hex, the highest energy occupied orbital with significant
density on a Phe ring is the HOMO—-2 at —6.947 €V (in
contrast to Ru’s reported value of —6.67 eV using the B3LYP
functional) while the lowest energy unoccupied orbital
localized on Phe is the LUMO+1, which is bound at
—0.8550 eV. A significant number of the near-gap occupied
orbitals have noticeable delocalization on the peptide back-
bone, where the localization of a hole could result in oxidative
damage that may fragment or cross-link the backbone.®” This
is in contrast to the hypothetical structure of the G.
sulfurreducens bacteria pilin peptide,””**** which contains
two Phe and one tyrosine aromatic rings repeating on an
uncoiled amide backbone, is negatively charged, and is
predicted to support hole localization on Phe rings.””

The spatial and energy distribution of the orbitals in the
hexamer calculation aligns with the electronic structure
description of conductivity models where thermal fluctuations
are important. The energy distribution of the near-gap
occupied and unoccupied states indicates many nearly
degenerate states (see Figure 3). These states span respectively
the length and width of the hexamer bundle (see Figure 5). In
the superexchange and flickering resonance conductivity
model, thermal fluctuations bring these near-degenerate
orbitals into resonance, allowing for a charge carrier to tunnel
between and over these orbitals, respectively.”> For ACC-Hex,
the near-gap m-bonding orbitals that have significant
component on the amide backbone have similar energy
(=7.01 eV to —6.89 eV) to those associated with the aromatic
rings of the peptide (—7.06 eV to —6.95 eV), suggesting the
possibility of electron tunneling as suggested previously.
Additionally, the ability of the Phe residues pointing out of the
bundle to rotate freely is consistent with vibration-induced
conductivity along the outer edge of the hexamer. In particular,
a few near-gap states are localized on outer bundle Phe and the
thermal fluctuations of the Phe group can result in relatively
smaller intermolecular distances and larger electronic couplings
to support flickering resonance or band-like transport; this
property is different from the more rigid heme-proteins.”> Our
studies of the conformation-dependence of the electronic
structure shown in Figures 6 and 7 are consistent with such a
picture.

5. CONCLUSIONS

In summary, we combined classical MD and DFT simulations
to understand the physical and electronic structure of the de
novo self-assembled peptide ACC-Hex. From classical MD, we
determined that the peptides form interwoven dimers that self-
assemble into a hexamer with a water shell screening the
charges on residues. Applying DFT to all atoms of the hexamer
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and the first solvation shell, we determined that the solvated
hexamer has a gap of ~6 eV, with many nearly degenerate
states near the gap that span end-to-end of the supramolecular
structure that can potentially contribute to conductivity.
Interestingly, we found participation of unexpected residue
side chains and backbone in the near-gap occupied and
unoccupied states. Additionally, by studying the electronic
structure of 100 snapshots of the dimer taken from MD, we
find that the character of the near-gap orbitals is sensitive to
thermal vibrations, suggesting time- and temperature-depend-
ence of the electron transport parameters. These findings
provide a new perspective on the properties of amino acid-
based biomaterials and on protein electronic structure
calculations.
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