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Proteins play a key role in biological electron transport, but the structure—function
relationships governing the electronic properties of peptides are not fully understood.
Despite recent progress, understanding the link between peptide conformational flexibil-
ity, hierarchical structures, and electron transport pathways has been challenging. Here,
we use single-molecule experiments, molecular dynamics (MD) simulations, nonequi-
librium Green’s function-density functional theory (NEGF-DFT), and unsupervised
machine learning to understand the role of secondary structure on electron transport
in peptides. Our results reveal a two-state molecular conductance behavior for peptides
across several different amino acid sequences. MD simulations and Gaussian mixture
modeling are used to show that this two-state molecular conductance behavior arises
due to the conformational flexibility of peptide backbones, with a high-conductance
state arising due to a more defined secondary structure (beta turn or 3, helices) and a
low-conductance state occurring for extended peptide structures. These results highlight
the importance of helical conformations on electron transport in peptides. Conformer
selection for the peptide structures is rationalized using principal component analysis
of intramolecular hydrogen bonding distances along peptide backbones. Molecular con-
formations from MD simulations are used to model charge transport in NEGF-DFT
calculations, and the results are in reasonable qualitative agreement with experiments.
Projected density of states calculations and molecular orbital visualizations are further
used to understand the role of amino acid side chains on transport. Overall, our results
show that secondary structure plays a key role in electron transport in peptides, which
provides broad avenues for understanding the electronic properties of proteins.

single-molecule charge transport | molecular dynamics simulations |
guantum mechanical calculations | biological electron transport | peptide secondary structure

Electron transport in proteins is essential for maintaining fundamental life processes such
as respiration and photosynthesis (1). In recent years, a wide range of experiments and
theoretical studies has focused on understanding electron transfer in biological systems
(2-4), ranging from redox events in metalloproteins (5, 6) and redox-active cofactors
(7, 8) to metal-reducing bacteria (9). Recent work has shown that proteinaceous nanowire
filaments of metal-reducing bacteria such as Geobacter sulfurreducens exhibit remarkable
abilities for long-distance electron transport on the micron scale (10, 11). During such
redox-mediated electron transport events, intervening residues between redox centers are
thought to provide a conductive matrix for electron transport (12). However, proteins
exhibit complex secondary structures due to intramolecular hydrogen (H)-bonding inter-
actions within the underlying conductive protein matrix. Despite recent progress, under-
standing how secondary structure formation in peptides and proteins affects electron
transport is not yet fully understood.

Electron transport in molecules can occur by different mechanisms such as single-step
(coherent) tunneling, multistep (incoherent) hopping, resonant tunneling, or flickering
resonant tunneling (13—15). The dominant mechanism for nanoscale charge transport in
short peptide sequences has been reported as nonresonant coherent tunneling (3, 4, 16-22),
where conductance decays exponentially with molecular length. However, electron trans-
port in long peptide or protein sequences also occurs by hopping (7, 23), where conduct-
ance decreases inversely with distance. Variations in the local environment around the
donor and acceptor centers affect the driving force for the electron transfer reaction and
the reorganization energy, in accordance with Marcus theory (24). In addition, changes
in the local environment directly affect electronic coupling through the protein mediated
by molecular conformation and H-bonding interactions, which is critical for controlling
biological electron transport over long distances (25). Prior work has focused on under-
standing electron transport in helical peptides (26-29) using bulk conductivity, electro-
chemistry, thin-film conductivity, or electronic measurements on assembled peptide
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Significance

Electron transport in proteins
serves as a biological power

line that fuels cellular activities
such as respiration and
photosynthesis. Within cells,
proteins act as conduits, shuttling
electrons through a series of
reactions and pathways to
generate proton gradients and to
fuel adenosine triphosphate
synthesis. Despite recent
progress, the mechanisms
underlying electron transport in
protein complexes are not fully
understood. Here, we study
electron transport in peptides

at the single-molecule level by
combining experiments and
molecular modeling. Our results
reveal two distinct molecular
subpopulations underlying
electron transport that arise

due to the flexibility of peptide
backbones and the ability to

fold into compact structures.
This work provides a basis for
understanding electron transport
in larger proteins or more
complex biomolecular
assemblies.
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monolayers (7, 19, 27). However, key knowledge gaps remain in
understanding how other types of secondary structures in peptides
and proteins affect electron transport in biological systems.
Elucidating electron transport at the single-molecule level holds
the potential to provide valuable new insights into the electronic
properties of more complex peptide or protein structures.

Single-molecule techniques offer the ability to characterize
conformation-dependent electron transport in the absence of
intermolecular interactions in monolayers or bulk-scale measure-
ments. In recent years, single-molecule conductance measure-
ments for peptides have primarily focused on short peptide
sequences containing up to two or three amino acids (22, 30) or
chemically functionalized peptides to facilitate metal electrode
contact (31). However, peptide backbones are generally more
flexible compared to m-conjugated carbon backbones commonly
used in synthetic organic electronic materials, and this enhanced
backbone flexibility could give rise to conformation-dependent
electron transport pathways in oligopeptides. In addition, amino
acid composition (peptide chemistry) and protein folds (molecular
conformation) have been reported to significantly influence elec-
tron tunneling currents (31), suggesting that additional molecular
properties beyond tunneling distance affect electron transport in
proteins. The phenomenon of electron tunneling while pulling
single molecules has been studied using the scanning tunneling
microscope break junction (STM-BJ) technique (32) and com-
putational modeling (33). Moreover, prior work has shown that
special arrangements of hydrogen bonds and H-bond networks
can give rise to distinct conductive pathways (34). It has also been
reported that contact chemistry plays a key role in long-range
conductance in proteins (35), and additional work has shown that
hydrogen-bonded contacts give rise to enhanced electron transfer
rates due to electronic coupling effects (36). From this view,
single-molecule methods offer intriguing routes to understand the
role of amino acid sequence and the effect of secondary structure
on molecular charge transport in peptides, thereby adding new
insights into electronic phenomena and their correlation to struc-
ture in biomolecular systems.

The ability to combine molecular simulation with single-molecule
electronics experiments provides a powerful approach to understand
biophysical processes. The rich conformational space of biomole-
cules (37) such as peptides (38) can be explored using molecular
dynamics (MD) simulations. Biomolecular simulation offers a pre-
dictive tool for structural biology due to the high spatial and tem-
poral resolutions and the extensively tested and validated force fields
(39, 40). MD simulations have been used to understand the influ-
ence of atomic structure on the electronic properties of synthetic
organic materials by modeling the structural dynamics of molecular
junctions (41-43). However, classical force fields are limited in their
description of molecular junctions that involve transition metal
atoms such as gold. Incorporating Au atoms into classical MD sim-
ulations requires either a physically rigorous but computationally
demanding quantum mechanical (QM) description of gold and its
interaction with the surrounding system, or an approximate but
more computationally feasible model of interactions with Au atoms.
Examples of the latter include representing gold atoms as dummy
particles restricted to only interact with specified anchor atoms
through harmonic potentials (42) and utilization of reactive force
fields to model bond formation and disruption (44). Molecular
conformations generated by MD can be used in computationally
efficient QM calculations for improved comparison between theory
and experimental results.

In this work, we investigate the role of amino acid sequence
and secondary structure on the electronic properties of peptides
using a combination of experiments and computational modeling.

https://doi.org/10.1073/pnas.2403324121

A key feature of our work lies in using MD simulations to under-
stand the conformational dynamics of molecular junctions in
single-molecule charge transport experiments. A STM-B] tech-
nique is used to experimentally characterize the molecular charge
transport properties of oligopeptides. Our results reveal a two-state
conductance behavior for peptide sequences containing 4 or 5
amino acids. Our results further indicate that longer amino acid
sequences can show enhanced conductance values for the extended
state due to the presence of aromatic or constrained amino acid
side chains. Gaussian mixture modeling (GMM) and MD simu-
lations are used to show that this two-state molecular conductance
behavior arises due to the conformational flexibility of the peptide
backbone. Classical MD simulations with custom potentials for
implicitly representing gold are used to understand the molecular
basis for conformation-dependent electron transport in peptides.
Characteristic conformers for each peptide sequence are selected
from MD simulations and quantitatively analyzed using principal
component analysis (PCA) to understand the role of hydrogen
bonding (H-bonding) interactions along the peptide backbone.
Interestingly, results from PCA show that specific H-bonding
distances between peptide backbone atoms significantly contribute
to the structural variation observed in MD simulations. Molecular
conformations from MD simulations are then used in nonequi-
librium Green’s function-density functional theory (NEGE-DFT)
calculations to understand the role of molecular conformation on
charge transport. Projected density of states (PDOS) calculations
and molecular orbital visualization are further carried out to
understand the role of amino acid side chains and the underlying
transport mechanisms. Our results reveal that an extended peptide
sequence gives rise to a low conductance state, whereas a folded
conformation (beta turn or 3, helices) gives rise to a high con-
ductance state. Overall, our work highlights the importance of
molecular conformation and secondary structure on the electron
transport behavior of peptides.

Results and Discussion

Single-Molecule Conductance Measurements and Chemical
Characterization. Tetra- and pentapeptides were designed with
different amino acid sequences to understand the role of nonpolar
aliphatic R groups, aromatic R groups, or sterically constrained
R groups on electron transport (Fig. 1 A-C and SI Appendix,
Figs. S1-810). The N- and C-terminal residues of the tetra- and
pentapeptides were selected as methionine, which contains a
methyl sulfide (-S—-CH,) group that readily binds to gold (45),
thereby providing robust electrical contacts to metal electrodes in
STM-BJ. All STM-B] measurements on peptides were carried out
in water (peptide concentration < 1 mM).

Circular dichroism (CD) spectra were first obtained for all tetra-
and pentapeptides in water at room temperature under identical
solvent conditions used in STM-BJ experiments (SI Appendix,
Figs. S11-S15). CD spectra clearly indicate the presence of
H-bonding interactions for all tetra- and pentapeptides and show
spectral features expected for 3, helices, such as a maximum or
minimum around ~200 to 210 nm and a shoulder or small peak
around ~220 nm (46, 47). CD spectral features for 3, helices are
qualitatively different than the spectral features observed for alpha
helices, beta sheets, or random coils (48). Based on results from
CD experiments, the proline and alanine-based peptide sequences
show minima in CD spectra around 200 nm, which is consistent
with a tendency to adopt right-handed 3, helices. On the other
hand, peptide sequences containing glycine, tyrosine, and tryp-
tophan show peaks in CD spectra around 200 nm, which is con-
sistent with left-handed 3, helices. Overall, these results clearly
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Fig. 1. Schematic of experimental setup and chemical structures of peptides studied in this work. Structures of tetra- and pentapeptide with (A) nonpolar aliphatic,
(B) aromatic, or (C) sterically constrained R-groups. (D) Schematic of a single-molecule junction containing peptide with sequence Met-Ala-Ala-Met (MAAM) using
conformations from MD simulations. (E) Characteristic single-molecule trace for a peptide with sequence MAAM revealing two distinct conductance populations.

indicate the presence of H-bonding interactions among the tetra-
and pentapeptides characterized in single-molecule electronics
experiments.

We began by characterizing the electronic properties of peptides
containing nonpolar aliphatic R groups. The molecular conduct-
ance of oligopeptides was determined using a custom-built STM-B]
instrument (Fig. 1D), as described in prior work (49, 50). Our
experiments revealed the presence of two distinct conductance
populations, as shown in characteristic single-molecule conduct-
ance traces (Fig. 1E). We hypothesized that the high and low
conductance states could arise due to a folded, compact confor-
mation, and an extended peptide conformation, respectively.
Characteristic single-molecule conductance traces for all tetra- and
pentapeptides (Fig. 2 4 and B) indicate that the two conductance
states occur in the same individual traces rather than in two sep-
arate molecular subpopulations. This behavior suggests that
dynamic conformational changes during molecular pulling events
give rise to multiple conductance states.

One-dimensional and two-dimensional molecular conductance
histograms were generated for the tetra- and pentapeptides across
ensembles of >5,000 single molecules (Fig. 2 C—Fand SI Appendix,
Figs. S16 and S17). A bimodal conductance distribution is observed
for all oligopeptide sequences across the entire range of applied
biases (100 to 400 mV) studied in this work (S Appendix, Fig. S18).

PNAS 2024 Vol. 121 No.32 2403324121

Bimodal conductance distributions can arise due to conformationally
distinct molecular subpopulations that cannot interchange at equi-
librium or during molecular pulling events (static heterogeneity) or
due to conformation-dependent conductance states that occur during
molecular pulling events (dynamic heterogeneity). To investigate the
origins of the bimodal conductance behavior, we determined the
most probable conductance of the low and high conductance states
from a Lorentzian fit to the conductance data (51) (SI Appendix,
Tables S1 and S2). The high-conductance peak (~107*% 0 107
G,) occurs at nearly the same value for all the oligopeptide sequences.
'The low conductance peak value shows a slight dependence on the
backbone sequence and amino acid side chain composition. In addi-
tion, the molecular displacement corresponding to the low conduct-
ance peak is significantly larger than the displacement for the high
conductance peak. Based on these results, we hypothesized that the
low conductance peak arises due to an extended peptide configura-
tion, whereas the high conductance peak is related to a folded or
more compact peptide conformation.

There are some subtle differences in the low conductance state
for the tetra- and pentapeptides studied in this work, which sug-
gests that amino acid side chain identity plays a role in transport.
For the tetrapeptides, the low conductance state of MGGM is
~0.2 t0 0.3 log G, lower compared to all other sequences (MAAM,
MYYM, MWWM, and MPPM). These results show that changing

https://doi.org/10.1073/pnas.2403324121
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Fig. 2. STM-BJ measurements of oligopeptides at 250 mV applied bias. (A and B) Characteristic single-molecule traces for tetra- and pentapeptides. (C and D)
1D conductance histograms for the tetra- and pentapeptides. (£ and F) 2D conductance histograms for MGGM and MGGGM.

the amino acid side chain from hydrogen to a methyl, aromatic,
or a constrained side chain leads to an enhancement in conduct-
ance. For the pentapeptides, the conductance values for MGGGM
and MAAAM are approximately half an order-of-magnitude
smaller compared to MYYYM, MWWWM, and MPPPM. The
higher conductance values for MYYYM and MWWWM indicate
that aromatic side chains can lead to enhanced conductance values.
MPPPM has a higher conductance compared to the glycine or
alanine-based sequences, as proline provides a constrained side
chain that reduces the conformational flexibility and increases the
rigidity of the molecule. The higher conductance values observed
for the extended conformations for peptides containing tyrosine,
tryptophan, and proline sequences are also corroborated by PDOS
calculations, as discussed below. Based on these results, STM-BJ
experiments reveal several intriguing findings regarding the role
of amino acid side chains on oligopeptide charge transport.

Single-molecule data can be quantitatively analyzed using unsu-
pervised learning algorithms to classify molecular charge transport
behavior into characteristic groups and to identify underlying
structure-property relationships (31, 52-55). Here, we use silhou-
ette clustering (56) (S Appendix, Fig. S19) to determine the opti-
mal number of clusters for datasets corresponding to molecular
ensembles for each peptide sequence. Silhouette clustering indi-
cates that the optimal number of clusters for all tetra- and penta-
peptides is two. GMM is further used to analyze the two different
clusters identified by Silhouette clustering (S Appendix, Figs. S20
and S21).

Results from GMM show that Cluster 1 accounts for 85 to 95%
of the single-molecule traces and shows both characteristic conduct-
ance populations appearing together in the same molecular traces.
Cluster 2 accounts for only 5 to 15% of the data and represents
traces in which no molecule is detected or only background signal
is observed. If the bimodal distribution arose due to stable, confor-
mationally distinct molecular subpopulations (static heterogeneity),
then the two characteristic conductance populations would segre-
gate into different clusters. During single-molecule pulling experi-
ments, it is possible to observe a dynamic structural change in a

https://doi.org/10.1073/pnas.2403324121

molecule which could enable sampling of conformationally distinct
molecular subpopulations. Our results show that the bimodal con-
ductance populations appear sequentially in single-molecule traces
forall tetra- and pentapeptides, which strongly supports conformation-
dependent charge transport behavior in peptide backbones (dynamic
heterogeneity).

MD Simulations. To understand the role of molecular conformation
on charge transport, we performed MD simulations for all tetra-
and pentapeptides (Fig. 1 A-C) in explicit solvent with a series
of custom potentials to implicitly represent interactions between
peptides and gold electrodes. These custom potentials and their
resulting collective variable distributions are shown in Fig. 3 A-C
and SI Appendix, Fig. S22.

The projection of the end-to-end distance (sulfur anchor-to-anchor
distance on terminal methionines) of the peptide along the experi-
mental pulling axis was harmonically restrained to a range of values
(6, 9, and 12 A), allowing the peptide to adopt an ensemble of
conformations. The conformations observed in MD simulations are
not significantly affected by a change in applied voltage (S Appendix,
Fig. $23), which is consistent with single-molecule conductance
experiments. Ramachandran free energy plots (57) (SI Appendix,
Figs. $24 and S25) were determined for the nonterminal residues
for all tetra- and pentapeptides. These results indicate that all
sequences can form left-handed or right-handed helices, except for
those based on proline, consistent with CD measurements. Results
from MD simulations show that backbone hydrogen bonds, which
play a key role in defining the secondary structure of the peptide
(58), form with remarkable consistency during the 6 A end-to-end
holding of all peptide sequences considered in this work (Fig. 3 D
and E and S/ Appendix, Figs. $26 and S27). However, H-bonding
interactions are completely abolished when the end-to-end distance
is restrained to a distance of 12 A. For the tetra- and pentapeptides
considered here, a canonical secondary structure forms at small
end-to-end distances, indicative of a beta turn. A beta turn is defined
by an H-bond between the carbonyl oxygen of residue 7 and the
amide hydrogen of residue 7 + 3 (58). In the tetrapeptides, a 1 — 4

pnas.org
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H-bond is observed, whereas for the pentapeptides, a2 — 5 H- bond
is consistently observed. Two conformers are selected from the 6 A
and 12 A holding stages (Fig. 3 Fand G) of each peptide from the
peak of the probability distributions of 1 — 4 H-bond and 2 — 5
H-bond distances for tetra- and pentapeptides, respectively. It is
known that consecutive beta turns in a longer peptide sequence give
rise to 3, helices (58). From this view, our work suggests that helical
elements play a key role in the charge transport behavior of biomol-
ecules with defined secondary structures.

PCA. Prior work on modeling conductance in @-conjugated
organic molecules (15, 49, 50) has often relied on using DFT
geometry-optimized structures at equilibrium directly in NEGF-
DEFT calculations. However, this approach is generally not suitable
for molecules with flexible backbones such as peptides due to the
role of conformation-dependent conductance (59). Results from
MD calculations show that tetra- and pentapeptides adopt a wide
range of conformations (S Appendix, Figs. $24-S27) due to the
flexibility of the backbones and the presence of intramolecular
H-bonding. From this view, we aimed to develop a systematic
methodology for conformer selection prior to quantum mechanics
calculations, in order to compare theoretical predictions with
experimental results.

Conformers corresponding to the folded and extended peptide
states are selected from the peak of H-bonding histograms (Fig. 3
D and E) and rationalized using PCA. A linear dimensionality
reduction was performed on the MD trajectories to quantify how
individual interatomic distances contribute to the peptide con-
formational landscape. The main objective of this analysis is to
identify conserved structural differences across all peptides of

PNAS 2024 Vol. 121 No.32 2403324121

interest between various end-to-end holding stages (Fig. 4 and
SI Appendix, Figs. S$28-S31). Peptides are represented using a
Euclidean distance matrix of the common molecular subgraph
shared between all sequences. Using this approach, each peptide’s
structural ensemble is projected onto a shared basis. In addition,
the 7 > i + 3 H-bonding distances selected as a basis for conformer
extraction are well captured in the first two principal components,
indicating that these distances contribute significantly to the var-
iance in molecular structure compared to other interatomic dis-
tances. Regions of conformational space corresponding to small
i— i+ 3 distances are shown to depopulate with increasing inter-
anchor displacement across all peptide sequences. Based on these
results, MD coupled with unsupervised machine learning
(ML)-based data analysis clearly elucidates the key structural fea-
tures for characterizing tetra- and pentapeptides in molecular
junctions, revealing the most probable peptide conformations.

NEGF-DFT and Quantum Calculations. To understand the role
of molecular conformation on peptide charge transport, NEGF-
DFT calculations are performed using the most probable
simulated MD conformations selected via PCA. We considered
several factors that affect conductance values in these peptides
(Fig. 5), including the role of: 1) flexible molecular backbones,
which results in a wide array of molecular conformations even
for a constant junction distance, 2) intramolecular H-bonding
interactions, which lead to conformation-dependent pathways for
electron transport, 3) anchor-electrode geometries in nanoscale
junctions, and 4) zwitterionic charge states of the peptides. In the
following, we examine each of these factors and their contributions
to peptide conductance.
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Fig. 4. PCAresults showing the effect of end-to-end stretching on peptide conformation. (A) Simulated conformation of MAAM turn in a single-molecule junction
platform. (B and C) Principal component projections for MAAM turn conformational landscapes colored with respect to energy and H-bonding distance at 6
and 12 A holding stages. (D) Simulated conformation of MAAM extended in a single-molecule junction platform. (E and F) Principal component projections for
MAAM extended conformational landscapes colored with respect to energy and H-bonding distance at 6 and 12 A holding stages. Regions of conformational
space corresponding to low i — i + 3 backbone H-bond distances are shown to deplete with increasing interanchor displacements as denoted by the black dotted
circle. Blue and green crosses correspond to MAAM turn and extended conformations, respectively.

We began by examining the role of flexible molecular backbones.
Due to the flexibility of peptide backbones, the anchor-
restraining potentials utilized for MD conformational sampling
allow for molecular junction conformations in which the sulfur—
sulfur axis describing the orientation of terminal anchor groups is
not directly aligned with the pulling axis (z-direction) (Fig. 5A4).
In general, two junction conformation modes are observed: orthog-
onal junction conformations (where the vector connecting sulfur
atoms on terminal anchor groups is closely aligned with the ver-
tical pulling axis in the z-direction), or nonorthogonal junction
conformations (where the sulfur—sulfur vector significantly devi-
ates from the pulling axis). We performed a detailed set of analyses
based on MD simulations to obtain free energy plots for tetra- and

A

Binding Conformation

C Anchor-Electrode Geometry

pentapeptides with H-bonding consistent with the high con-
ductance state observed in our single-molecule experiments
(SI Appendix, Figs. S32 and S33). Our results show that tetrapep-
tides predominantly adopt orthogonal binding conformations (i.e.,
the vector between S-atoms on terminal anchor groups is highly
aligned with the molecular pulling direction) due to the presence
of a single free energy basin (S Appendix, Fig. S34). Transmission
calculations for the high conductance state of tetrapeptides with
different sequences are nearly identical (SI Appendix, Table S3).
However, pentapeptides exhibit multiple free energy basins which
give rise to a combination of orthogonal and nonorthogonal junc-
tion conformations (S] Appendix, Fig. S35). As such, transmission
calculations for pentapeptides with different sequences show stark
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Fig. 5. Understanding the factors influencing electron transport in peptides, including the role of (A) flexible molecular backbones (the solid black line indicates
orthogonal distance, and the dashed black line indicates nonorthogonal distance with respect to electrodes), (B) intramolecular H-bonding interactions, (C) anchor-
electrode geometries in nanoscale junctions, and (D) zwitterionic charge state of peptides. (£) Schematic of MGGGM turn and MGGGM extended conformations.
(F) Transmission function calculation results for MGGGM turn and MGGGM extended peptide conformations at the Fermi energy level.
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differences (S7 Appendix, Table $4), which indicates the importance
of molecular conformation on conductance.

To elucidate the role of molecular junction conformation on
conductance, we performed transmission calculations for several
different peptides in both orthogonal and nonorthogonal binding
conformational modes. As a proof-of-principle example, consider
results from transmission calculations for the characteristic peptide
sequence MAAAM (in the turn conformation) in orthogonal and
nonorthogonal conformations at the same junction distance of 6
A along the pulling axis (ST Appendix, Fig. S36A). The conduct-
ance for peptide MAAAM in the orthogonal junction conforma-
tion was nearly 3 orders of magnitude larger than the nonorthogonal
junction conformation (S Appendix, Table S5). Overall, these
results support the hypothesis that peptide backbone flexibility
and junction conformations critically affect conductance in
peptides.

We further examined the role of intramolecular H-bonding on
peptide charge transport. The turn and the extended peptide con-
formations for all peptide sequences exhibit significant differences
in length. In general, the peptide turn conformation (6 A) is
expected to show higher tunneling currents compared to the
extended peptide conformation (12 A) due to the exponential
decay associated with electron tunneling in molecular junctions.
In addition to molecular distance, amino acid composition (pep-
tide chemistry), and protein folds (molecular conformation, intra-
molecular H-bonding, and secondary structures) can impact
conductance values. To understand the role of intramolecular
H-bonding on electron transport in peptides, we considered a
characteristic peptide sequence MAAM (turn conformation) in
the presence and absence of H-bonding at a constant junction
distance of 6 A (Fig. 5B). Our results indicate that a folded peptide
conformation with H-bonding interactions yields ~5x enhance-
ment in conductance compared to the folded peptide conforma-
tions without H-bonding at the same junction separation distance
(SI Appendix, Fig. S36B). These observations also suggest that
molecular properties aside from distance affect electron tunneling
in peptides.

Electrode geometry and anchor-electrode coupling play key
roles in transmission calculations. Although the precise electrode
geometry in break junction experiments is not completely known,
transmission calculations are commonly carried out using an atop
electrode configuration (S-Au, metal anchor binding) or a hollow
electrode configuration (S-Au; metal anchor binding) as depicted
in Fig. 5C(60-62). Transmission calculations for peptide sequence
MGGGM in the turn and orthogonal junction conformation
show ~2 orders of magnitude difference in transmission values
between the atop and hollow electrode configuration (S Appendix,
Table S5 and Fig. S36C). These results imply that the electrode
geometry and coupling of anchors with electrodes significantly
impact the calculated transmission values. In addition, single-
molecule electronic experiments are performed in water (pH =
7.3) under conditions where peptides adopt a zwitterionic state
with positive- and negative charges on the N and C termini, respec-
tively (Fig. 5D). We performed transmission calculations for the
characteristic peptide sequence MGGM in the turn conformation
in the presence and absence of charges (87 Appendix, Fig. S36D),
which indicates that the presence of charges significantly affects
conductance (SI Appendix, Table S5).

To summarize these findings and compare experimental results
with computational values of peptide conductance, we consider
the characteristic pentapeptide sequence MGGGM. Here, we
carried out transmission calculations for the peptide MGGGM
in the turn conformation (6 A, orthogonal conformation,
H-bonding, charged, hollow electrode geometry) and extended
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conformation (12 A, orthogonal conformation, H-bonding, charged,
hollow electrode geometry) (Fig. 5E). Our results (Fig. 5F and
SI Appendix, Fig. S36 E and F) show that the calculated transmission
values for the MGGGM turn conformation (high conductance state)
and MGGGM extended conformation (low conductance state) at
the Fermi energy level are 1.4 x 107 and 4.6 x 107, consistent with
results from STM-B] experiments.

In addition to the role of molecular conformation, charge state,
and electrode geometry, differences between experimental and com-
puted conductance values could arise due to the semilocal
exchange-correlation functional (PBE) used in our calculations,
which tends to underestimate the HOMO-LUMO gap between the
electrodes and molecule. Theoretical methods such as DFT+Z*
can lead to improved energy alignment between molecules and
electrodes, which can be pursued in future studies of peptide
charge transport. Overall, our results show that the combined
approach of using MD simulations with NEGF-DFT simulations
support the hypothesis that molecular conformation plays a key
role in conductance, with the low conductance population arising
from an extended peptide conformation, and the high conduct-
ance population arising from a more defined secondary structure
(beta turn or 3, helices) in the peptide.

Site-specific PDOS calculations were carried out for all tetra-and
pentapeptides (S Appendix, Fig. S37) in the extended peptide
conformation to understand the role of amino acid side chains on
electron transport. For all tetrapeptides, PDOS calculations were
performed for two carbon atoms along the backbone in the energy
range of -5 to 5 eV (S Appendix, Fig. S38 A and B), and PDOS
behavior in the energy range near the Fermi level was examined.
Fermi level energy was calculated as the highest occupied orbital
level of each system consisting of the peptide and the electrodes
described by two layers of 16 Au atoms along with a pyramid of
10 Au atoms, repeated periodically (S Appendix, Table S6). At
the Fermi energy level for the tetrapeptides (=-2.20 eV), the
PDOS has a relatively low value (S Appendix, Table S7) due to
the nonconjugated peptide backbone. These results imply that the
backbone orbitals in peptides generally yield smaller conductance
values near the Fermi level compared to fully m-conjugated sys-
tems. To compare these results for the various tetrapeptides, the
behavior near the Fermi energy level was investigated (SI Appendix,
Fig. $38 C'and D). Around the Fermi energy level, higher PDOS
values are observed for sequences containing tyrosine and trypto-
phan. For all pentapeptides, PDOS calculations were also per-
formed for three carbon atoms along the backbone in the energy
range of -5 to 5 eV (8] Appendix, Fig. S39 A-C). From a density-
of-states perspective, the DFT-derived Fermi energy level for the
various pentapeptides is around -2.20 eV, with the onset of the
LUMO peak being above the Fermi level by at least 200 meV,
though it is important to note that standard DFT generally under-
estimates the molecular HOMO-LUMO gap. At the Fermi
energy level, the value of PDOS approaches zero (SI Appendix,
Table S8), similar to the case of tetrapeptides. A similar analysis
was performed for the pentapeptides near the Fermi energy level
(SI Appendix, Figs. S39 D-F), showing larger PDOS values for
sequences containing tyrosine and tryptophan for the first and
second carbon atoms along the backbone. For the third carbon
atom, a relatively high PDOS value is observed for MGGGM,
MYYYM, and MWW WM. However, the transmission probability
for MGGGM is significantly lower compared to MYYYM (and
MWWWM (SI Appendix, Table S4). Taken together, these results
show that the orbitals of the aromatic side chains tend to mix more
readily with the backbone orbitals compared to other amino acids,
which leads to enhancement in conductance values. PDOS cal-
culations were also carried out for all carbon and hydrogen atoms
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(SI Appendix, Fig. $40) for MGGM, MYYM, MGGGM, and
MYYYM in the extended peptide conformation. Our results indi-
cate significantly higher PDOS values for the sequences containing
tyrosine compared to glycine. Overall, these results indicate that
oligopeptide sequences with aromatic side chains have more con-
tribution from the backbone orbitals to the overall electronic
density and hence molecular conductance.

Molecular orbitals were plotted using Siesta (63) and visualized
using Vesta (64) (SI Appendix, Figs. S41-S44). Here, HOMO,
HOMO-1, LUMO, and LUMO+1 are plotted for the glycine
and tyrosine-based tetra- and pentapeptides using an isosurface
value of 0.025. These results illustrate relatively weak coupling
between the molecules and electrodes, which is consistent with
the transmission function results observed for the oligopeptides,
in agreement with the proposed tunneling mechanism. These
results further suggest the absence of m—x stacking interactions
between the tyrosine sidechains. Overall, these results are consist-
ent with nonresonant tunneling rather than resonant tunneling
or flickering resonant transport mechanisms for electron transport.
Prior work by Xiao et al. (22) characterized electron transport in
short peptide sequences such as cysteamine-glycine-glycine-cysteine
and cysteine-glycine-cysteine, with results showing an exponential
decay in conductance as a function of molecular length, consistent
with single-step tunneling as the dominant transport mechanism.
The tetra-and pentapeptides based on glycine studied here are of
similar length, with the primary difference of methionine as the
N and C termini amino acids in place of cysteine or cysteamine.
Based on these results, and the relatively short distance of transport
observed in our molecular junctions [<1.4 nm (65)], our results
are fully consistent with off-resonant coherent tunneling for the
oligopeptides studied in this work.

During the STM-BJ pulling experiments, we observe two con-
ductance states related to two distinct molecular conformations. To
further understand the role of H-bonding on transport pathways, we
used a bond-counting methodology based on the tunneling pathway
model (66, 67). In general, there is a conductance decay associated
with through-bond, through-space, and through-H-bond electron
transport (68). Tunneling is generally more efficient for through-bond
compared to through-space transport due to the lower potential bar-
rier (69). As a rule of thumb, it can be assumed that the conductance
decay through an H-bond is twice as large compared to the decay
through a covalent bond (69). SI Appendix, Fig. S45 indicates that if
transport were to occur entirely through-bond, then the pathway
would be approximately three bonds longer with an order of magni-
tude smaller decay compared to the case of electron transport through
H-bonds (70).

To further understand the importance of H-bonds on trans-
port, we performed control experiments for STM-BJ using 1,16-
hexadecanedithiol (S/ Appendix, Fig. S46) in 1,2,4-trichlorobenzene.
1,16-hexadecanedithiol has a similar contour length as the peptides
studied in this work but with a flexible alkane chain backbone and
no possibility of intramolecular H-bonding. Our results show that
two conductance populations are observed for the peptides (at
~107* G/G, and 10** G/G,), but no significant conductance
peaks are observed for the flexible alkane backbones, though a faint
population is observed between ~10" to 10~ G/G,, which arises
due to the use of different anchors and strong coupling between
the —SH terminal anchor groups and the gold electrode (71).
Opverall, these results show a two order-of-magnitude increase in
molecular conductance for a peptide compared to an alkane chain
with similar contour length. We further compared these results to
prior work in the literature. Inkpen etal. (72) studied charge
transport in alkane chains such as C,,(SH), and C,,(SMe),, and
only a single conductance population was observed below ~107

https://doi.org/10.1073/pnas.2403324121

G/ G, for the C,, sequences. It should be noted that the average
conductance values reported for the C,, sequences are approxi-
mately one order-of-magnitude lower compared to the low con-
ductance state of the 17- or 19-mer oligopeptide sequences studied
in this work. Taken together, these results show that the electron
transport behavior of alkane chains is significantly different than
peptides due to intramolecular backbone H-bonding.

In this work, we use a combination of single-molecule conduct-
ance experiments, MD simulations, and NEGF-DFT calculations
to investigate the charge transport properties of a series of different
peptide sequences. Our results unequivocally reveal the structure—
function relationships governing the observed electron transport
in peptides, highlighting the importance of secondary structure
on charge transport in biomolecules. Unsupervised learning is
used to analyze single-molecule conductance data, showing that
peptides exhibit a bimodal conductance distribution with a low
and high conductance population arising from distinct confor-
mational states of peptide backbones. A key feature of our work
lies in using MD simulations to sample and characterize the con-
formational space of the peptides and to identify conformations
to be used in electron transport (NEGF-DFT) calculations.
Moving forward, our work could new broad avenues to under-
stand the interplay between molecular charge transport and sec-
ondary structure in more complex peptide sequences with mixed
amino acids and/or longer peptides. Proteins are candidate mate-
rials for fabricating functional molecular electronic devices due to
biocompatibility, antifouling properties (73), and tunable redox
activity due to aromatic amino acids (74). From this view, our
work can provide further insights into understanding the role of
higher-order assembled structures on biological charge transport,
which can be used to inform the design self-assembled bioelec-
tronic materials.

Methods

Oligopeptide Sequences. All oligopeptide sequences were purchased from
GenScript (Piscataway, NJ). Mass spectrometry data for these sequences are pro-
vided in S/ Appendix, Figs. $1-510.

single-Molecule Conductance Measurements. Single-molecule conductance
measurements were performed using a custom-built STM-BJ (49, 50, 71). Gold
STM tips were prepared using 0.25 mm Au wire (99.998%, Alfa Aesar). STM-BJ
experiments were carried outin Milli-Q water (Specific resistance of 18.2 MQ-cm
@25 °C). Due to the polarity of the solvent, STM tips were coated with an Apiezon
wax to prevent Faradaic currents from masking characteristic molecular features
(75). Gold substrates for the measurements were prepared by evaporating
120 nm of gold on polished AFM metal discs (Ted Pella). Peptide concentrations
(<1 mM)were selected to yield Poisson statistics in molecular conductance traces.
Conductance histograms (>5,000 traces) are generated for all molecules without
data selection. Silhouette clustering and GMM were further used to analyze the
bimodal conductance distribution (S/ Appendix).

MD Simulations. MD simulations were performed to generate conformational
ensembles for the tetra- and pentapeptide molecular junctions at three anchor
displacements (referred to as stages 6, 9, and 12 A). For each peptide, 16 initial
structures were prepared using the PeptideBuilder python package (76). Phi
and psi backbone dihedrals of each of the 16 structures were randomized inde-
pendently. Each backbone dihedral angle of nonproline residues was initialized
to a random value between —180° and 180°, whereas the phi angle of proline
was initialized to a random value between —80° and —50°. Hydrogens were
added to the peptides with the VMD plugin PSFGEN (77) using the NTER and
CTER terminal patches to create positively and negatively charged N and C termini,
respectively. Peptide structures were then solvated in a cubic box of TIP3P water
of side length 38 A using the VMD SOLVATE plugin (77). The solvated systems
were then subjected to MD simulations with the CHARMM36m protein force
field (39, 40) using OpenMM 7.7.0 (78). Dynamics were integrated using the
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LangevinMiddlelntegrator (79) with friction coefficient of 1 ps™, temperature
of 300 K, and a timestep of 4 fs. Hydrogen mass repartitioning was not utilized.
Bonds involving hydrogen atoms, and all bonds and angles involving water were
constrained (79). Nonbonded interactions were computed with a cutoff of 12 A
with smooth switching starting at 10 A. Electrostatic interactions were evaluated
using particle mesh Ewald (80) (PME) summation with error tolerance of 0.0005.
Each replicate was simulated for 200 ns for each of three holding stages, for a total
aggregate simulation time of 96.0 ps (10 peptides x 3 stages x 16 replicates
% 200 ns). The conformational ensemble of each peptide is shown to converge
after200 ns of simulation per replicate per holding stage (S/ Appendix, Figs. S47-
$48). Holding stages were enforced using a series of custom external potentials,
applied using OpenMM's custom force classes, described below. The last 190 ns
of each simulation was used for subsequent analysis.

Aseries of custom potentials were implemented to implicitly represent inter-
actions between the peptide and gold particles. Three potentials were defined: 1)
a potential to restrain the distance between the anchors of the molecular junction
along the pulling axis to 6, 9, or 12 A (representing the restraints |mposed by
connections to the gold electrodes); 2) a per-atom charge-dependent potential
along the pulling axis accounting for electric field forces arising from a voltage-
biased junction; and, 3) a potential that orients methionine's thioether moiety
such that the average position of each sulfur's lone pairs are oriented toward the
(implicitly represented) gold electrodes along the pulling axis. These potentials
are described in detail in the next section and depicted in S/ Appendix, Fig. $22.

After MD simulations, characteristic conformations of each peptide were deter-
mined from their aggregate MD trajectories. For each peptide, two conformations
were selected from their 6 A and 12 A holding-stage simulations at the peaks of
their respective hydrogen-bond distance distribution histograms. The H-hond
distance distributions used as the basis for conformation selection for the tetra-
and pentapeptides were the 1 — 4 and 2 — 5 distances, respectively. All free
energy plots (Fig. 4 Band Cand S/ Appendix, Figs. S26-533) were prepared using
PyEMMA 2.5.11 (81). Scripts for system preparation, simulation, and solvent-
stripped MD trajectories have been deposited in Zenodo (82).

Custom Potential for Implicit Gold Peptide Interactions. A key challenge
for simulating single-molecule pulling processes is a large difference between
the pulling rates used in experiments and those accessible by MD simulations.
Typical experimental pulling rates are on the order of Angstroms per millisecond
(1A per 5 ms in the present study), whereas single-trajectory MD simulations
(at most) typically reach ms timescales, e.g., with the use of bespoke hardware
(83) or massively distributed computing schemes (84). In addition, the need
for multiple independent simulation replicas to claim ensemble convergence
and statistical certainty of key observables further restricts simulations to subex-
perimental timescales. However, because the experimental pulling rate is also
slow relative to characteristic relaxation timescales of small peptides, we assume
that all molecular conformations accessible at a given end-to-end distance are
sampled during each step of the experimental pulling process. In other words,
experimental pulling occurs as an equilibrium process. Rather than performing
costly simulations of the entire pulling process, it is more computationally feasi-
ble to simulate the molecular junction at various holding (end-to-end distance)
stages representing the different separation distances arising during the pulling
experiments.

Using this approach, we performed a series of independent simulations where
we restrained the end-to-end (sulfur-sulfur) distance along the pulling axis to
one of three distances spanning the range of end-to-end distances (6,9, or 12 A).
We define the pulling axis as the z-axis in our simulations. Schematicillustrations
for each potential are shown in S Appendix, Fig. S22. The functional form of the
potential utilized to enforce this restraint is given in Eq. 1:

= 2kl ~2,) - 4T, 1]

where the coefficient k; is the force constant of the harmonic potential, z;, and
zs,are the z-coordinate of the sulfur atoms of the N-terminal and C-terminal
methlomne residues, respectively, and z, is the equilibrium distance for the given
stage. We use a value of 1 kcal/mol/A” for k;, and we utilize three independ-
ent holding stages with z, equal to either 6, 9, or 12 A. This force constant was
selected such that the resulting distributions of zg, - zg, distances have slight
overlap (S/ Appendix, Fig. S22 A and D).
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By restraining the z-displacement between the sulfur atoms, rather than the
distance, the movement of each sulfuratom is effectively restrained to one of two
parallel planes which implicitly represent two parallel planes of gold electrode.

Apotential is introduced to represent an applied electric field due to the volt-
age difference across the two electrodes. The functional form is given in Eq. 2:

Natums Na!oms
4
U= Y —qfz= Y -q —— )z, 2
2 itz qi zO+2lS—Au>I [ ]

i=1 i=1

where N, is the total number of atoms in each system including solvent, g; is
the charge of atom i, z; is the z-coordinate of atom i, zg is the equilibrium end-
to-end distance (displacement along z) fora holding stage, and /g, is the length
of the sulfur-gold bond.

We further introduce a potential to orient each sulfuratom’s lone pairs in either
the positive or negative z-direction, such that a feasible dative bond may occur
between the sulfur and afictitious gold particle. This is a key step in ensuring that
any conformation generated by MD simulations can be placed into a gold-gold
junction for subsequent NEGF-DFT calculations. Because electron lone pairs are
not explicitly represented in atomistic MD simulations, we define surrogate vec-
tors that involve each sulfur's adjacently bonded carbon atoms to act as a proxy
for the direction of the electron lone pairs (S/ Appendix, Fig. S22B). We impose
a restraint directly on the dot product of each surrogate vector with the pulling
axis. The functional form of this potential is shown in Eq. 3:

2 Teo =T 2 .
Uy= Y ks [75— <—“’ — ) .?] (==Y k[[5:]-2] (=1,
i=1 i=1
(3]
where 7 ¢ represents the three-dimensional Cartesian coordinates of the sulfuratom
of interest, with S, and S, subscripts indicating the identity of the sulfur atoms in
the N- and C-terminal methionine residues, respectively, 7 5 and 7  are Cartesian
coordinates of the adjacent carbon atoms covalently bonded to each sulfur of inter-
est,and Z is the unit vector in the direction of the z-axis. Vertical lines denote vector
normalization. The final term in the equation determines the sign of the potential
(and thus the direction of the surrogate vector) allowing for one sulfur's lone pairto
be oriented in the positive z-direction while the other is oriented oppositely in the
negative z-direction. The value of k; is taken as 10 kcal/mol, resulting in a strong
potential that tightly secures the orientation of sulfur lone pairs toward the implicitly
represented gold electrodes (S/ Appendix, Fig. S22 Cand E).

PCA of MD Trajectories. The resulting MD trajectory data were subjected to
dimensionality reduction by means of PCA. PCAwas performed separately for the
tetra- and pentapeptides simulations. For the tetrapeptides, the Cartesian coor-
dinates of the peptide backbone heavy atoms were extracted. The Euclidean dis-
tance matrix upper triangle was computed for these 17 shared backbone atoms,
resulting in a 136-dimensional vector representation for each trajectory frame.
These vector representations, concatenated across all sequences and holding
stages and each interatomic distance, were standardized with Z-score normal-
ization. Finally, the first two principal components were calculated with PCA-
whitening using the scikit-learn python package (85). PCA of the pentapeptide
trajectories was performed following that of the tetrapeptides, with the exception
that the shared molecular subgraph of the pentapeptides was instead composed
of 21 backbone heavy atoms, resulting in a 210-dimensional vector representa-
tion for each MD trajectory frame. All other steps were performed identically.

NEGF-DFT Calculations. NEGF-DFT calculations are performed with a DFT-
based nonequilibrium Green's function (NEGF) approach using the TranSiesta
and Thtrans package (63, 86, 87). Atop electrode configuration contains 8
layers of 16 gold atoms along with a pyramid of 10 Au atoms. Hollow elec-
trode configuration contains eight layers of 16 gold atoms with a pyramid
of 9 Au atoms. Sulfur atoms in the oligopeptide were made to interact with
the gold atoms using a trimer binding motif, as described in literature (30).
Geometry relaxation of the sequences was performed using generalized gradi-
ent approximation-Perdew-Burke-Ernzerhof (GGA-PBE) functional (88) using
the TranSiesta package (63). SZP basis sets were used for all the gold atoms.
DZP basis sets were used for carbon, hydrogen, oxygen, sulfur, and nitrogen.
Electrode calculations were carried out with a 4 x 4 x 50 k-mesh. The geometry
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relaxation was carried out usingadx4x1 k-mesh, which was performed till
all the forces were <0.05 eV/A. After the junction was relaxed, the transport
calculations were carried out using the TranSiesta package (86, 87) with the
same functionals, basis sets, pseudopotential, and k-mesh as the geometry
relaxation. Convergence was tested prior to transmission calculations, using
a real axis integration internal from —40 eV to infinity (86); this includes a
crossing in the imaginary axis at 2.5 eV, and the y value is —10kzT. The circle
grid consists of 102 Gauss-Legendre points, and 15 Gauss-Fermi points for
the tail portion. Thtrans (87) was used to carry out the NEGF calculations and
to obtain electron transmission as a function of energy (relative to the Fermi
energy level). NEGF calculations were carried out from =5 to 5 eV with 0.05 eV
energy increments. The transmission plots are shifted with respect to the
Fermi energy values of each peptide. PDOS calculations were carried out for
the peptides in the molecular junctions from =5 to 5 eV using Siesta (63). The
PDOS calculations were carried out using two Au pyramids and two Au layers,
repeated periodically. The PDOS calculations are carried out and plotted over
a suitable energy range such that the Fermi energy level of each peptide falls
within the interval. For the PDOS calculations, the plane-wave orbitals are pro-
jected into atomic orbitals, and the resulting projection coefficients and atomic
orbital overlaps that correspond to a given value of the energy in the plot are
multiplied together and summed over for each atom of interest. Orbital visu-
alizations were carried out for the molecule with one gold atom on each side
using Siesta (63). The orbitals were visualized using Vesta (64) to plot HOMO,
HOMO-1, LUMO, and LUMO+1 energy levels.
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