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Biological Electron Transfer

Electron transfer reactions occur via tunneling or hopping,
and can be driven by thermal fluctuations
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Proteins are Electronically Insulating

Within the context of this present
analysis, it is apparent that proteins are
large band gap materials, approaching
3eV and there is no possibility of
“metallic-like” conductivity even at the
highest doping levels, that is, on D/A

(Angew. Chem. Int. Ed., 2008, 47, 6758 — 6765)

transfer within the molecule. Delocalized coherent transport is
dismissed in biomolecules due to their lack of periodicity, random
fluctuations, and limited conductance values from experiments.

(Shinwari et. al. Adv. Funct. Mater. 2010, 20, 1865-1883)

Redox gradient driven typical electron transport chain
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Why should we care about this?

Long-range (> 10 um) conduction of electrons by microbial species has
been invoked to explain a wide range of important redox phenomena
that influence

1) Carbon and mineral cycling in soils and sediments

2) Bioremediation

3) Corrosion

4) Carbon Sequestration

4) Anaerobic conversion of wastes to methane or electricity
5) Interspecies electron transfer via electrical connections

If the mechanism for this electron flow can be established, new paradigms will emerge
in the field of microbial energetics and metabolism as well as in ecology and evolution.

This understanding will boost bioremediation and bioenergy technologies that can
meet urgent global demand.

9/24/2012



9/24/2012

Do pili function as nanowires?
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» Microbial nanowires are proteinaceous pili filaments secreted by Geobacter
» Pili are 2-5 nanometer wide but can grow up to tens of micrometer long
» Have been proposed to carry electrons from cell to distant electron acceptor.

Previous work suggested that pili might conduct electrons

+»Genetic evidence suggested that pili are involved in electron transfer
+*Conducting-probe AFM showed that pili are conductive along their width (2-5
nm) when chemically fixed and dried.
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Direct measurements of conductivity of living biofilms and
microbial nanowires over centimeter-long distances
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Nikhil S. Malvankar et al., Tunable metallic-like conductivity in microbial
nanowire networks, Nature Nanotechnology, 6, 573-579 (2011)

Microbial nanowires show
electrical, structural and
chemical properties similar
to organic metals
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Polyaniline (PA) X-ray Diffraction of PA (left) and Pili (right)
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Proton doping in Polyaniline (left) and Microbial Nanowire (right)
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Charge carriers in pili are p-type
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Metallic-like conduction is significantly different than
previously considered modes of biological electron flow

Hopping or tunneling among /ocalized charge carriers (cytochromes) is the
known mechanism for biological electron transport

In metallic-like conduction, charges are spread across the molecules
(Delocalized)

Nikhil Malvankar and Derek Lovley. Microbial Nanowires: A new paradigm for
Biological electron transfer and bioelectronics, ChemSusChem, 5, 103, 2012.
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Mattick, J.S. Annu Rev Microbiol, 2002.
56: p. 289-314.

9/24/2012



Geobacter pilin is 3 times shorter than Pseudomonas

Pseudomonas pilin Geobacter pilin
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(Nikhil S. Malvankar, Unpublished data)

Geobacter pilin Predicted structure
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Pilus assembly
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Polyaniline (PA) X-ray Diffraction of PA (left) and Pili (right)
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Electrochemical gating indicated that Charge carriers are p-type
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Pili are important for cell-to-cell electron
transfer in evolved syntrophic co-culture

® Aggregates with Evolved WT cells 2
| ® Aggregates with Evolved WT cells
* Aggregates with G. sulfurreducens Ahyb b

* Aggregates with G. suffurreducens Ahyb
® Control
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Microbial Nanowires: A new paradigm for
biological electron transfer and bioelectronics

Protein-based nanomaterials are inexpensive and environmentally-sustainable
They can work under unusual aqueous and acidic environments
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Next Big Questions

1) Structural basis for electron delocalization
X-ray, electron diffraction?

2) Molecular basis for metallic-like conductivity
Replacing aromatic AA diminishes conductivity

3) How to enhance pili conductivity —
Replace with unnatural amino acids

4) Build devices with unique functionalities
Applications?
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