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A series of synthetic peptides containing 0–5 a-aminoisobutyric acid (Aib) residues and a C-terminal redox-active
ferrocene was synthesised and their conformations defined by NMR and circular dichroism. Each peptide was separately
attached to an electrode for subsequent electrochemical analysis in order to investigate the effect of peptide chain length

(distance dependence) and secondary structure on the mechanism of intramolecular electron transfer. While the shorter
peptides (0–2 residues) do not adopt a well defined secondary structure, the longer peptides (3–5 residues) adopt a helical
conformation, with associated intramolecular hydrogen bonding. The electrochemical results on these peptides clearly
revealed a transition in the mechanism of intramolecular electron transfer on transitioning from the ill-defined shorter

peptides to the longer helical peptides. The helical structures undergo electron transfer via a hoppingmechanism, while the
shorter ill-defined structures proceeded via an electron superexchange mechanism. Computational studies on two
b-peptides PCB-(b3Val-b3Ala-b3Leu)n–NHC(CH3)2OOtBu (n¼ 1 and 2; PCB¼ p-cyanobenzamide) were consistent

with these observations, where the n¼ 2 peptide adopts a helical conformation and the n¼ 1 peptide an ill-defined
structure. These combined studies suggest that the mechanism of electron transfer is defined by the extent of secondary
structure, rather than merely chain length as is commonly accepted.
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Introduction

Electron transfer occurs in proteins over surprisingly long
molecular distances of up to 100 Å to facilitate, for example,
the function of mitochondria and the process of photosynthesis
in green plants and algae.[1,2] Several factors are thought to

influence the kinetics of these processes, including peptide
chain length, dipole orientation, backbone conformation, and
hydrogen bonding and hence secondary structure.[3] However,

the exact role that these and other factors play in defining
the associated mechanisms remains somewhat contentious.[4]

A fundamental understanding of how electron transfer occurs

in proteins is needed to progress the field and also to provide an
opportunity for the development of applications in the area of
molecular electronics.[5,6] With this in mind, we recently
initiated experimental and theoretical studies on electron

transfer in a series of model peptides that are known to adopt
secondary structure.

Mechanistic Transition

Two mechanisms, namely bridge-assisted superexchange
and electron-hopping, were originally proposed to rationalise

long-range electron transfer in DNA, particularly the effect of
the separation of the donor and acceptor (distance dependence)
groups.[7] However, these mechanisms remain somewhat

controversial, with conflicting reports on their application to
peptides.[8,9] In an attempt to begin to clarify this we
recently reported[10] electron transfer studies on a series of

oligomers [H-(NH-C(CH3)2-CO)n-NH-CH2-Fc, n¼ 0–5] of

a-aminoisobutyric acid (Aib) that contain a C-terminal ferro-
cene (Fc) for electrochemical studies and a free N-terminus for
attachment to a single-walled carbon nanotube array/p-silicon
(100) electrode. Oligomers of geminally disubstituted Aib units

were used in this study since relatively short sequences (3 or
more residues) are known to induce predictable and stable
310-helical structures.

[11] The conformations of these peptides

were confirmed by 2DNMR to be helical for the longer synthetic
peptides (n¼ 3–5) and ill-defined for the shorter peptides (n¼
0–2). The shorter peptides cannot adopt a 310-helix since the

requisite i to iþ3 intramolecular hydrogen bonds cannot form.
The electron transfer rate constants (kapp) were determined

for each of the peptides and these values were plotted against
the Fc iron-to-nitrogen terminus distance as shown in Fig. 1a.

A slope transition is apparent for the peptide containing three
Aib units (see the 4th data point from the left in this Figure).[10] It
should be noted that the efficiency of electron transfer in

peptides is measured by the attenuation constant (b), which
provides information on the electron transfer mechanism.[12]

Shorter sequences (n¼ 0–2) gave rise to a steep decrease on

increasing the chain length. The apparent rate attenuation
constant (b) for these peptides was calculated to be
0.84 Å�1.[10] This is consistent with an electron superexchange

mechanism.[7] The longer helical peptides (n¼ 3–5) display a
weak dependence of the electron transfer rate constant on
distance. The rate attenuation constant (b) for these peptides

CSIRO PUBLISHING

Aust. J. Chem. 2013, 66, 848–851

http://dx.doi.org/10.1071/CH13276

Journal compilation � CSIRO 2013 www.publish.csiro.au/journals/ajc

Highlight

RESEARCH FRONT



was estimated to be 0.10 Å�1, as evidenced by the shallow slope
of the last 3 points,[10] indicative of an electron hopping

mechanism.[7]

The corresponding electron transfer rate constants (kapp)
were plotted against the number of intramolecular hydrogen

bonds as shown in Fig. 1b.[10] The lack of intramolecular
hydrogen bonding and hence secondary structure associated
with the shorter peptides (n¼ 0–2) (see the first three data points
from Fig. 1a) gives rise to electron transfer via a superexchange

mechanism. By comparison, the longer peptides (n¼ 3–5) have
a helical structure as defined by a series of well defined
intramolecular hydrogen bonds. Here a strong dependence

between kapp and the number of intramolecular hydrogen bonds
is observed. It is likely that intramolecular hydrogen bonding
facilitates electron transfer in structurally well defined peptides

by way of a hopping mechanism. This study suggests that the
mechanism of electron transfer is dictated by the extent of
secondary structure and hence the degree of intramolecular

hydrogen bonding, rather than merely by chain length.

Electron Transfer Dynamics

Two b-peptides [PCB-(b3Val-b3Ala-b3Leu)n–NHC(CH3)2
OOtBu, n¼ 1 and 2, designated b3 and b6 respectively;
PCB¼ p-cyanobenzamide] were also synthesised and their
electron transfer studied in order to gain further insight and

support for our earlier observations.[13] b-Peptides were used
in this study as they are known to adopt helical secondary
structures with high predictability, structural diversity, and

stability.[14–18] These structures are ideal for studying the fun-
damental mechanisms of electron transport, but they have as yet
received scant attention. In this case, an N-terminal tert-butyl
hydroperoxide was used as the electron acceptor and a

C-terminal p-cyanobenzamide as the donor. By using hydro-
peroxide and cyanobenzamide, the electrochemistry can be
determined in solution, whereby the conformational freedom of

the peptide is increased.[4] Circular dichroism (CD) and 2D

NMR analysis on b6 revealed that its backbone readily folds
into the expected low-energy hydrogen-bonded 314-helical

structure,[3,19] which is consistent with gas-phase geometry
optimisation using the density functional theory (DFT) method.
Gas-phase geometry optimisation on b3 suggested that it adopts
an ill-defined conformation. Electron transfer rate constants of
2580 s�1 and 9.8 s�1 were determined in solution for b3 and b6,
respectively.[13] Based on these values it is clear that the two
peptides have different efficiency of electron transfer, suggest-

ing a likely difference in mechanism. Based on this a detailed
computational study was undertaken as discussed below.

Latest constrained density functional theory (cDFT) calcula-

tions relating to the energy of each diabatic state for both
b-peptides gave rise to accurate potential surfaces that were
used to estimate the driving force (DG), reorganisation energy

(l), and the electronic coupling matrix element (Hab). These
parameters allowed the electron transfer rate constant to be
calculated using Marcus theory. The diabatic states in both

b-peptides were obtained by individually localising an overall
charge of �1 on each of the donor (D), amino acids, and the
acceptor (A). Fig. 2 shows constructed diabatic states for both
peptides and the possible electron transfer pathways.

For b3, the electron transfer rate constants for the forward
steps D-B1, B3-A, and backward steps A-B3 along the
peptide backbone are extremely small, indicating a highly

improbable electron transfer route. This is consistent with a
superexchange electron transfer pathway for this peptide as
depicted in Fig. 3 (top). In comparison, the electron transfer rate

constants for the forward (D-A) and backward (A-D) steps
for b6 are exceptionally small (see Fig. 2). This implies that a
superexchange mechanism does not occur in this case, with
the alternative electron hopping pathway operating. These

results provide theoretical evidence for the two model peptides
following different electron-transfer pathways, presumably
again due to different conformations and hence secondary

structure.
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Fig. 1. (a)Mechanistic transition in a series of oligomers of a-aminoisobutyric acids. (b) Dependence of kapp on the

number of intramolecular hydrogen bonds. Data points from left to right represent an ascending order of n (n¼ 0–5).
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Fig. 3. Favoured electron transfer pathways in both b-peptides, superexchange for the ill-defined b3 (top) and hopping

for the helical b6 (below) using computed electron transfer rate constants.
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Fig. 2. Constructed diabatic states and the possible electron transfer pathways in (a)b3 and (b)b6. Computed electron transfer rate constants

for each electron transfer step are labelled along each arrow, with units of s�1.
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Conclusion

Electron transfer studies on a series of oligomers of a-aminoi-
sobutyric acids revealed a change from an electron super-
exchange to a hopping mechanism on transitioning from an

ill-defined to a helical conformation. Further studies involving
b–peptides provided theoretical evidence to corroborate these
findings. Together these results clearly show that themechanism

of electron transfer in peptides is defined by the extent of
secondary structure, rather than simply chain length. Other
factors may influence the electron transfer mechanism in

peptides, such as dipole orientation and the molecular dynamics
of the backbone. Further research is pivotal to advancing the
field and to provide opportunities for the use of peptides in

molecular electronics applications. All this work is based on an
ability to define and control the shape or conformation of
peptides.[20–22]

References

[1] Y. Arikuma, H. Nakayama, T. Morita, S. Kimura, Langmuir 2011, 27,

1530. doi:10.1021/LA103882R
[2] G. P. Smestad,M. Gratzel, J. Chem. Educ. 1998, 75, 752. doi:10.1021/

ED075P752
[3] P. A. Brooksby, K. H. Anderson, A. J. Downard, A. D. Abell, Lang-

muir 2010, 26, 1334. doi:10.1021/LA902402T
[4] Y. T. Long, E. Abu-Rhayem, H. B. Kraatz, Chem. – Eur. J. 2005, 11,

5186. doi:10.1002/CHEM.200500143
[5] J. J. Davis, D. A. Morgan, C. L. Wrathmell, D. N. Axford, J. Zhao,

N. Wang, J. Mater. Chem. 2005, 15, 2160. doi:10.1039/B417712F
[6] Y.-S. Chen,M.-Y.Hong,G. S. Huang,Nat. Nanotechnol. 2012, 7, 197.

doi:10.1038/NNANO.2012.7
[7] B. Giese, J. Amaudrut, A. K. Kohler, M. Spormann, S. Wessely,

Nature 2001, 412, 318. doi:10.1038/35085542

[8] R. A. Malak, Z. N. Gao, J. F. Wishart, S. S. Isied, J. Am. Chem. Soc.

2004, 126, 13888. doi:10.1021/JA0401040
[9] F. Polo, S. Antonello, F. Formaggio, C. Toniolo, F. Maran, J. Am.

Chem. Soc. 2005, 127, 492. doi:10.1021/JA043607E
[10] J. Yu, O. Zvarec, D. M. Huang, M. A. Bissett, D. B. Scanlon,

J. G. Shapter, A. D. Abell, Chem. Commun. 2012, 48, 1132.
doi:10.1039/C2CC16665H

[11] D. F. Kennedy, M. Crisma, C. Toniolo, D. Chapman, Biochemistry

1991, 30, 6541. doi:10.1021/BI00240A026
[12] O. S.Wenger,Acc. Chem. Res. 2011, 44, 25. doi:10.1021/AR100092V
[13] J. Yu, D. M. Huang, J. G. Shapter, A. D. Abell, J. Phys. Chem. C 2012,

116, 26608. doi:10.1021/JP3082563
[14] R. P. Cheng, S. H. Gellman, W. F. DeGrado, Chem. Rev. 2001, 101,

3219. doi:10.1021/CR000045I
[15] D. S. Daniels, E. J. Petersson, J. X. Qiu, A. Schepartz, J. Am. Chem.

Soc. 2007, 129, 1532. doi:10.1021/JA068678N
[16] C. M. Goodman, S. Choi, S. Shandler, W. F. DeGrado, Nat. Chem.

Biol. 2007, 3, 252. doi:10.1038/NCHEMBIO876
[17] J. A. Kritzer, J. Tirado-Rives, S. A. Hart, J. D. Lear, W. L. Jorgensen,

A. Schepartz, J. Am. Chem. Soc. 2005, 127, 167. doi:10.1021/
JA0459375

[18] D. Seebach, J. Gardiner, Acc. Chem. Res. 2008, 41, 1366. doi:10.1021/
AR700263G

[19] P. A. Brooksby, K. H. Anderson, A. J. Downard, A. D. Abell, J. Phys.

Chem. C 2011, 115, 7516. doi:10.1021/JP112278G
[20] A. D. Pehere, A. D. Abell, Org. Lett. 2012, 14, 1330. doi:10.1021/

OL3002199
[21] A. D. Abell, M. A. Jones, J. M. Coxon, J. D. Morton, S. G. Aitken,

S. B. McNabb, H. Y. Y. Lee, J. M. Mehrtens, N. A. Alexander,

B. G. Stuart, A. T. Neffe, R. Bickerstaff, Angew. Chem. Int. Ed. 2009,

48, 1455. doi:10.1002/ANIE.200805014
[22] R. I. Mathad, B. Jaun, O. Floegel, J. Gardiner, M. Loeweneck,

J. D. C. Codee, P. H. Seeberger, D. Seebach, M. K. Edmonds,

F. H. M. Graichen, A. D. Abell, Helv. Chim. Acta 2007, 90, 2251.
doi:10.1002/HLCA.200790235

Electron Transfer in Peptides 851

http://dx.doi.org/10.1021/LA103882R
http://dx.doi.org/10.1021/ED075P752
http://dx.doi.org/10.1021/ED075P752
http://dx.doi.org/10.1021/LA902402T
http://dx.doi.org/10.1002/CHEM.200500143
http://dx.doi.org/10.1039/B417712F
http://dx.doi.org/10.1038/NNANO.2012.7
http://dx.doi.org/10.1038/35085542
http://dx.doi.org/10.1021/JA0401040
http://dx.doi.org/10.1021/JA043607E
http://dx.doi.org/10.1039/C2CC16665H
http://dx.doi.org/10.1021/BI00240A026
http://dx.doi.org/10.1021/AR100092V
http://dx.doi.org/10.1021/JP3082563
http://dx.doi.org/10.1021/CR000045I
http://dx.doi.org/10.1021/JA068678N
http://dx.doi.org/10.1038/NCHEMBIO876
http://dx.doi.org/10.1021/JA0459375
http://dx.doi.org/10.1021/JA0459375
http://dx.doi.org/10.1021/AR700263G
http://dx.doi.org/10.1021/AR700263G
http://dx.doi.org/10.1021/JP112278G
http://dx.doi.org/10.1021/OL3002199
http://dx.doi.org/10.1021/OL3002199
http://dx.doi.org/10.1002/ANIE.200805014
http://dx.doi.org/10.1002/HLCA.200790235

