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Abstract

We measure the conductance of unmodified peptides at the single molecule level using the 

scanning tunneling microscope-based break-junction method, utilizing the N-terminal amine 

group and the C-terminal carboxyl group as gold metal-binding linkers. Our conductance 

measurements of oligoglycine and oligoalanine backbones do not rely on peptide side-chain 

linkers. We compare our results with alkanes terminated asymmetrically with an amine group on 

one end and a carboxyl group on the other to show that peptide bonds decrease the conductance of 

an otherwise saturated carbon chain. Using a newly-developed first-principles approach, we 

attribute the decrease in conductance to charge localization at the peptide bond, which reduces the 

energy of the frontier orbitals relative to the Fermi energy and the electronic coupling to the leads, 

lowering the tunneling probability. Crucially, this manifests as an increase in conductance decay of 

peptide backbones with increasing length when compared with alkanes.
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Biological molecules play central roles in the complex and elegant charge transport 

processes that underlie cellular respiration, photosynthesis, and energy storage. Such 

processes are often facilitated through inter- or intra-protein and peptide electron transfer.1–8 

When tunneling (super-exchange) is the predominant transfer mechanism, transfer rates 

decay exponentially with distance with a characteristic decay constant which should depend 

on the intervening peptide structure and composition.9–12 However, the specific nature and 

magnitude of electron transfer along the peptide backbone remains uncertain and is not well 

studied. Previous experiments attempting to probe the intrinsic backbone conductance 

measured transport through high-concentration peptide monolayers on Au, where both 

intramolecular interactions and binding groups may obscure native peptide conductance.
5,6,13,14 Prior single-molecule conductance measurements of individual peptides4,5 were 

carried out with non-native linkers such as alkyl thiols14,15 or in non-native arrangements 

such as two thiol-containing amino acids (cysteines)16–18 to facilitate stronger peptide-

electrode binding, leaving open questions as to whether they are observing native transport 

behavior of the peptide backbone. Prior conductance measurements of short amino 

acids19,20 without artificial linkers did not report the length dependence of the conductance 

decay or compare these to saturated carbon backbones.

Here, we demonstrate single molecule conductance measurements of unmodified peptides in 

their native solvent, water, and establish their intrinsic conductance at the single molecule 

level. We use the scanning tunneling microscope based break-junction method16,21,22 to 

measure the conductance of oligoglycine and oligoalanine, and compare them with 

measurements on alkanes. We utilize the amine group at the N-terminus23 and the carboxyl 

group at the C-terminus as gold-binding linkers allowing us to directly measure the 

conductance of native peptides bound to gold electrodes at the single-molecule level.19,24–26 

We show that the peptide backbone is less conductive than an alkane chain of equal length.
14,27,28 Using first principles calculations, we show that the decrease in conductance can be 

attributed to charge localization at the peptide bond which is also modified by the amino 
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acid side chain. Crucially, this manifests as an increase in conductance decay of peptide 

backbones with increasing length.

We carried out scanning tunneling microscope based break-junction (STM-BJ) 

measurements as illustrated in Figure 1a on a series of peptides and alkanes.21,22 In these 

measurements, an Au STM tip was repeatedly driven in and out of contact of an Au 

substrate while the current across the tip/sample junction was recorded at a fixed bias to 

generate a conductance (current/voltage) versus displacement trace. Histograms of these 

traces were constructed from thousands of traces to assess the most frequently observed 

conductance as well as its dependence on junction elongation length. The target peptide or 

alkane was introduced on the STM substrate from dilute (1mM) solutions in water (pH 7) or 

CHES buffer (pH 9). The peptides and aminocarboxy-alkanes were purchased from Sigma-

Aldrich, assayed for purity using C18 high performance liquid chromatography (HPLC), and 

then either purified by HPLC or used as purchased (if the purity was 98% or greater). Since 

the measurements were carried out in an ionic environment, the gold STM tip was first 

coated with an insulating wax (Apiezon) to prevent Faradaic currents from masking the 

molecular junction currents.29

We show, in Figure 1b, sample conductance traces measured with tri-alanine (AAA) where 

plateaus are visible between 10−5 and 10−6 G0 (G0 = 2e2/h is the quantum of conductance). 

These measurements were carried out in pH 7 water and indicate that we can trap an AAA 
between two gold electrodes through the formation of a donor-acceptor bond between the 

amine group and gold on one end, and between a carboxyl group and gold on the other end. 

These junctions can be formed only when the amine group is neutral (NH2) and the carboxyl 

group is negatively charged (COO−), and this is achieved when the solution pH is 7 or 

higher.26 We stress here that we are probing the conductance of the peptide backbone, and 

not the side chain, by directly forming a bond between the electrode and the N- or C-

terminus of the peptide. This is in contrast to prior work where the thiol group of a cystein 

side chain was used to contact the metal electrode.4,16

Figure 1c analyzes 6000 AAA junction conductance traces without any data selection in the 

form of a two-dimensional conductance-displacement histogram created by aligning traces 

at the location where the gold point-contact ruptures. We see that AAA junctions can sustain 

an elongation of about 5 Å, which is indicative of a junction formed with a molecular 

backbone that is ~10Å in length.30

To understand the impact of the peptide bonds on charge transfer, we first compare the result 

of AAA (tri-alanine) with conductance measurements of two other molecules, C7 (Amino-

octanoic acid) and F1 (5-(alanylamino)pentanoic acid), both terminated with an NH2 and a 

COOH group and both with the same number of atoms (C or N) in the backbone. C7 is a 

seven-carbon alkyl chain while F1 contains a single alanine bound through a peptide bond to 

an alkyl chain with 4 carbons as shown in Figure 2a and was synthesized according to 

literature.31 We compare, in Figure 2b, conductance histograms obtained from STM-BJ 

measurements with these three molecules. These data show unambiguosly that the 

conductance of C7 is the largest while that of AAA is the smallest with F1 being 

intermediate. Since the histogram for C7 shows two clearly distinguishable peaks, we fit this 
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histogram with a sum of Gaussian (or normal) distributions. We find that using three such 

Gaussians gives us the best fit (see SI Figure S1a). The peaks of the three Gaussian 

distributions are at 2.3× 10−5G0, 4.6× 10−5G0 and 8× 10−5G0, indicating that we are likely 

forming one-, two- or three-molecule junctions. The data for F1 can be fit with two 

Gaussians (see SI Figure S1b) where we again see that the 2 peak conductance values are 

about a factor of 2 different, indicating that we can trap either one or two molecules in 

parallel.32 However, for AAA, we cannot distinguish multi-molecule junctions in the 

histogram. Measurements at lower concentration did not yield clear conductance peaks in 

the histogram and therefore we conclude that we are likely measuring one or two molecular 

junctions. We fit a single peak to the histogram to determine its conductance and this serves 

as an upper bound. We find that the single-molecule junction conductance is highest for C7 
and lowest for AAA. This result is contrary to a simplistic assumption that adding a peptide 

bond to a saturated chain will add conjugated character thereby increasing conductance (see 

discussion in Ref.6).

To understand the impact of peptide bonds on their ability to conduct, we characterize the 

conductance decay as a function of length for oligoalanine and oligoglycine and compare 

these with measurements of alkanes. Figure 3a and 3b depicts 1D conductance histograms 

from measurements of alanine and glycine respectively, with 1 (A, G), 2 (AA, GG), and 3 

(AAA, GGG) amino acids (2D histograms are provided in the supporting information 

document, Figure S2). We compare these data with measurements of alkane chains (C1 - 

C7) in Figure 3c. The conductance for all three systems decreases with increasing molecular 

length. The conductance histograms for glycine and the alkanes show evidence for the 

formation of junctions with one, two and sometimes three molecules as discussed above and 

indicated by arrows for GG and C5, with the conductance of the two-molecule junction 

almost exactly twice that of the one-molecule junction. We fit these data with either a single 

(for alanine) or a multiple-Gaussian (for glycine and alkanes) and obtain the single-molecule 

conductance value for each system. These are plotted against calculated molecular length in 

the corresponding insets on a semi-logarithmic scale. Since we expect an exponential decay 

of conductance with length as G ~ e−βL, we fit these data with a line and extract the β 
parameter for each series. We find that the beta for alkanes is the smallest at 0.75 ± 0.02/Å 

and comparable to measurements of alkanes with symmetric linker groups.21,33 Glycine has 

β =0.97 ± 0.01/Å and alanine has β =0.93 ± 0.04/Å, both clearly larger than that of the 

alkane. Importantly, these results demonstrate that peptide side-chain identity and backbone 

conductance are not independent.

We now turn to first-principles calculations of coherent tunneling transport to elucidate the 

origin of the conductance trends found above. We compute the linear-response transmission 

and conductance of the molecular junctions considered here using a new ab initio approach 

based on density functional theory (DFT), the non-equilibrium Green’s function (NEGF)34 

formalism, and a generalized version of DFT+Σ,23 a GW-based self-energy correction35 that 

can account quantitatively for exchange and correlation effects missing from DFT Kohn-

Sham eigenstates, leading to predicted transmission functions and conductance values in far 

better agreement with experiments. As DFT+Σ requires as input electron addition and 

removal energies of a gas-phase reference molecule, and since the Au-COO− bond is 
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covalent in nature, there is ambiguity in the gas-phase reference; here, we use the peptide 

plus three gold atoms at the COO− linker as a super molecular reference, to properly account 

for the covalent molecule-lead binding. (Further details of our computational approach are 

provided in the supporting information.) Atomistic junction structures are constructed with 

the molecules forming chemical bonds to undercoordinated Au atoms. A typical junction 

structure and binding motifs are shown in the SI (Figure S3 and S4). Junction geometries are 

relaxed using DFT within the Perdew-Burke-Ernzerhof (PBE)36 functional as implemented 

in SIESTA.37 An optimal binding motif is found for a model system and used for all 

systems. Pseudopotentials and basis sets are adapted from previous work.23 Periodic 

boundary conditions with 4×4×1 k-point sampling are used in all relaxations. Transport 

calculations are carried out using TranSIESTA,34 with seven layers of gold on each side of 

the junction in the periodic unit-cell. DFT energy levels are corrected using a new OT-RSH 

based DFT+Σ approach,38 generalized here for the case of covalent binding (see SI for 

details).

In Figure 4, we show zero-bias transmission functions, computed with DFT+Σ as described 

above, for AAA, GGG, and C7 (see SI Figure S5 for the transmission curves of other 

junctions). The peak at around 2 eV below the Fermi energy, EF, dominates the transmission 

at EF and indicates that holes are the majority carriers for off-resonant coherent tunneling in 

these systems. The eigenchannels associated with these peaks are of similar nature for all 

junctions, and has a considerable contribution from charge distributed on the covalent 

binding of Au-COO−. Using the calculated DFT+Σ transmission at EF, we determine decay 

parameters for the series studied. These are shown in the inset of Figures 4a–4c. We find that 

the alkanes have the smallest decay constant of 0.69/A, while the two peptides both have 

larger computed decay parameters of 0.93/A, in good agreement with the measured 

experimental values of 0.75/Å for alkanes, and 0.93/A, 0.97/Å for alanine and glycine 

junctions, respectively. The comparative trend is directly related to enhanced presence and 

role of electronic states at the peptide bond for longer peptide molecules.

The calculated and measured conductance values are close in magnitude (see SI Table S1), 

and give a similar trend: while for short peptides (C1/G and A), the conductance is almost 

identical, the longer peptides show a discernable difference. This difference originates with 

the peptide bonds in the longer systems (AA, AAA, GG, and GGG), which are absent in the 

alkane series. For the longer peptides, the electronic states on the molecule dominating the 

transmission peaks are no longer localized primarily at the junctions covalent Au-O bond. 

Instead, there are significant contributions to that peak from charge localized at the peptide 

bonds, specifically O and N atoms (Figure 4b and 4c). As shown in Figure 4 (top), the 

charge distribution of the peptides is not of delocalized π-character, but rather localized on 

high-affinity atoms participating in the peptide bond. The difference in localization was also 

used in Ref.39 to explain the conductance trends of alkane compared to oligoether 

molecules. It was recently shown that peptide bonds induce a large molecular dipole, 

causing charge localization,14,40 which has long been understood to be a major driving force 

in secondary structure formation.41 The decrease in conductance is associated with tightly-

bound electronic states at the peptide bond. This reduces the energy of these states relative to 

Brisendine et al. Page 5

J Phys Chem Lett. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EF and weakens the covalent bonds to the leads, lowering the peak transmission energy and 

reducing the electronic coupling, leading to a smaller tunneling probability.

An immediate significance of this work is proof-of-principle that unmodified biological 

molecules in a native environment can be analyzed with the STM break-junction method. 

Our biologically relevant measurements of peptide backbone conductance should be of use 

in improving reference values for transport calculations through larger proteins, 

complementary to measurements on molecular monolayers. Given the applicability of the 

STM method for native peptides, the variance in conductance of the natural amino acids 

becomes an immediately accessible subject for experimental investigation, and provides 

clarity to existing debates in the literature.

Our results already demonstrate that using the N and C termini as contacts unmasks side 

chain-dependent backbone conductance effects that are hidden by the use of sulfur-gold 

contacts, proving that side-chain identity and backbone conductance are not completely 

independent. This work thus opens new avenues of experimental investigation into the 

electron transport properties of protein structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
(a) Schematic of a single peptide junction showing AAA bridging two gold electrodes. (b) 

Sample conductance versus displacement traces for AAA measured in water at pH 7 using 

an applied bias of 500 mV. (c) 2D conductance-displacement histogram constructed by 

overlaying all measured AAA conductance traces after aligning the displacement at 0.5 G0 

and using logarithmic bins (100 per decade) along the conductance axis and linear bins 

(100/Å) along the displacement axis. The molecular junction extends by about 0.5 nm 

beyond the rupture.
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Figure 2: 
(a) Structure of AAA, F1 and C7. (b) 1D conductance histograms created from all 

measurement traces of AAA, F1 and C7 showing that conductance decreases as the number 

of peptide bonds in the backbone increases. Light blue trace shows a fit to the 1D histogram 

peak for C7 the sum of three Gaussians. The arrows point to the single-molecule junction 

conductance. 1D conductance histograms are constructed using logarithmic bins (100 per 

decade) without any data selection.

Brisendine et al. Page 10

J Phys Chem Lett. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Conductance histograms for (a) oligoalanine (b) oligoglycine and (c) alkanes. All 

histograms are generated from all measured traces without data selection. Solid lines 

indicate Gaussian (or multi-Gaussian) fits to the data. Arrows in (b) and (c) point to the 

single and double molecular junction peaks for GG and C5 respectively. Note that G and C1 
are the same molecule. In set: (right) Structure of alkane/peptides. (left) Measured single-

molecule conductance (histogram peak) versus calculated molecular junction length shown 

on a semi-logarithm scale along with a linear fit to the data.
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Figure 4: 
Zero-bias transmission functions, computed with a generalized DFT+Σ method for the case 

of covalent binding, as described in the text, for (a) C7, (b) GGG and (c) AAA, as a 

function of energy (eV) relative to the Fermi energy, EF. Inset: Calculated conductance 

versus calculated molecular junction length. For each system, the eigenchannels associated 

with the highest occupied peak at −2 eV are shown as well. While for C7 the main charge 

distribution is along the covalent Au-COO− binding, for both GGG and AAA further 

wavefunctions localization on the peptide-bonds along the peptide backbone is shown.
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