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Electrogenic microorganisms possess unique redox biological features, being capable of performing Extracellular Electron

Transfer (EET) and converting highly toxic compounds into nonhazardous forms. These microorganisms have led to the

development of Microbial Electrochemical Technologies (METs), which include applications in the fields of bioremediation

and bioenergy production. Geobacter bacteria have served as a model for understanding the mechanisms underlying the

phenomenon of EET, which is highly dependent on a multitude of multiheme cytochromes (MCs). MCs are, therefore,

logical targets for rational protein engineering to improve the EET rates of these bacteria. In this Review, the main

characteristics of electroactive Geobacter bacteria, their potential to develop METs and the main features of MCs are

initially highlighted. This is followed by a detailed description of the current methodologies that assist the characterization

of the functional redox networks in MCs. Finally, it is discussed how this information can be explored to design optimal

Geobacter-mutated strains with improved capabilities in METs.
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1. Introduction

Electroactive microorganisms have been extensively studied since their discovery more than a century ago  and are

defined by their ability to exchange electrons between intracellular donors and extracellular acceptors , a phenomenon

designated Extracellular Electron Transfer (EET). These microorganisms span all three domains of life (Archaea, Bacteria

and Eukarya) and are capable of producing electrical current and transferring electrons to different electrode surfaces in a

multitude of bioelectrochemical devices . Electroactive microorganisms have developed metabolic features that allow

them to thrive in extreme environments, using toxic and radioactive compounds as terminal electron acceptors . These

features make them interesting targets for Microbial Electrochemical Technologies (METs), ranging from bioenergy

production  and bioremediation applications , to the fields of bioelectronics  and bionanotechnology .

The highest current densities recorded to date in METs come from mixed cultures that are usually dominated by

Deltaproteobacteria of the genus Geobacter , such as G. sulfurreducens, making them the most often selected microbial

catalyst for such applications. G. sulfurreducens was firstly classified as a strict anaerobe naturally found in a variety of

soils and sediments. Later, it was discovered that it could withstand low levels of molecular oxygen, providing an

explanation for its abundance in oxic subsurface environments . This bacterium is able to reduce a large variety of

extracellular compounds, including Fe(III), U(VI) and Mn(IV) oxides, as well as many toxic organic substances that

contaminate soils and wastewaters  and for this reason, Geobacter is being explored in bioremediation technologies

(Figure 1).
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Figure 1. Geobacter-based bioremediation technologies and current model for EET in G. sulfurreducens. A conceptual

bioremediation station installed near soils, sediments and groundwater contaminated by industrial activities is

represented. In this station, organic carbon compounds are introduced to native microorganisms, such as G.
sulfurreducens, through injection wells (see ). This bacterium couples the oxidation of those compounds with the

reduction of different toxic or radioactive compounds, leading to their precipitation and thus facilitating their removal. On

the right panel, a model for the EET pathways of G. sulfurreducens is presented. The different proteins that play a role in

EET spread from the inner membrane (CbcL and ImcH in orange), through the periplasm (PpcA-family in pink), and to the

outer membrane (porin-cytochrome complexes in green). Heme groups are represented in white.

The cytochromes from G. sulfurreducens are localized at the bacterium’s inner membrane, periplasm and outer

membrane, allowing the transfer of electrons from intracellular carriers, such as NADH, to extracellular acceptors.

The suggested model (Figure 1) highlights the importance of MCs in the EET mechanisms of G. sulfurreducens. They are

logical targets for rational protein engineering focusing on the tuning of their redox properties, resulting in improved forms

of these electron transfer components. A rational-mutated Geobacter strain, containing several optimized EET

components and increased respiratory rates, can putatively contribute to more efficient METs.

Cytochromes c are proteins containing one or several c-type heme groups that often function as electron carriers in

biological systems (Figure 2) .

Figure 2. Structures of different c-type cytochromes from G. sulfurreducens obtained in the oxidized state. Monoheme

OmcF (PDB ID: 3CU4 ), triheme PpcA (lowest energy, PDB ID: 2MZ9 ) and dodecaheme GSU1996 (PDB ID: 3OV0

). In all structures, the heme groups are represented in red.

Several strategies have been developed to characterize MCs, both functionally and structurally . These

strategies have been useful to reveal the functional mechanisms and key residues involved in the redox reactions of these

proteins. The knowledge obtained from such studies is currently being explored to design Geobacter strains with higher

EET efficiency and to improve Geobacter-based biotechnological applications.

2. Modulation of the Redox Properties of MC for Optimized Geobacter
Strains

2.1. Enginnering of MCs—The Example of PpcA Mutants

The engineering of MCs is one of the strategies that may contribute to improve current production by electrogenic

bacteria, either by increasing the bacterium’s biomass formation or by optimizing the bacterium’s electron transfer

mechanisms. In the first case, mutants with enhanced e /H  mechanism, contributing to increased membrane potential

and ATP production, can be envisaged. In the second case, the design of periplasmic proteins, with enhanced electron-

transfer driving force for either upstream or downstream partners, will contribute to the creation of Geobacter cells with

improved electron transfer capabilities.

The redox properties of the heme groups of MCs can be modulated considering different structural aspects, including

intrinsic properties of the heme cofactors and those of the neighbor residues. Mutations can be designed to explore

different chemical properties, including the heme’s solvent exposure and network of interactions, such as surrounding

hydrogen bonds and ionizable residues. Therefore, depending on the location and nature of the targeted residue, different

strategies can be applied. 

Several mutations were carried out in strategic regions of the protein (Figure 3) and included replacements in (i)

conserved residues found in the PpcA-family of cytochromes (V13 and F15), (ii) a residue that controls heme III’s solvent

accessibility (M58) and (iii) positively charged lysine residues in the vicinity of the hemes (K43, K52 and K60).
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Figure 3. The spatial location of the residues mutated in the PpcA solution structure. The PpcA polypeptide chain (PDB

code: 2MZ9 ) is shown as a Cα ribbon in gray, with the heme groups in red. The side chains of V13 and F15 are

represented in green; K43, K52 and K60 in blue; and M58 in yellow, all in stick drawings.

2.2. In Vivo Testing of the Impact of the Selected Mutations of PpcA

In 2003, Lloyd and co-workers  used a G. sulfurreducens strain with the ppcA gene knocked out to show that the

bacterial growth with fumarate as an electron acceptor is not affected, while the growth rate significantly decreased when

Fe(III) citrate was used as an electron acceptor. The ability of the bacterium to grow with Fe(III) citrate was restored when

PpcA was expressed in trans from a complementation plasmid inserted by electroporation . A similar strategy (Figure 4)

can be envisaged to probe the effects of the PpcA mutants , using either the G. sulfurreducens strain with the ppcA
gene knocked out  or, ideally, a G. sulfurreducens strain with all five cytochromes from the PpcA-family knocked out

, to allow a more straightforward interpretation of results caused by the expression of the mutated forms of PpcA.

Figure 4. A schematic representation of the preparation of G. sulfurreducens strains with mutated cytochromes. After the

bacterial genome is extracted, the specific target gene is amplified and further inserted into a complementation plasmid.

The gene is mutated in key residues through site-directed mutagenesis, and the resultant mutants are inserted into a

bacterial knock-out strain. The EET capabilities of the engineered bacteria are then tested in media with different electron

acceptors. This process is applied to different key EET components of the bacterium, and the optimized mutants are

selected and conjugated. The resultant strain, with higher electron transfer driving force and current production, is finally

applied in METs.

2.3. Ongoing Biotic Strategies to Improve Extracellular Electron Transfer

The protein engineering of cytochromes can be explored as such or to complement other biotic approaches that already

led to an increase in the electron transfer efficiency of electroactive microorganisms. Yi and co-workers  showed that

appropriate selective pressures in these microorganisms could lead to the development of new strains with enhanced
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capacity for current production in MFC’s. In their work, a wild-type strain of G. sulfurreducens was inoculated in a system

in which a graphite anode was poised at −400 mV (versus Ag/AgCl) for 5 months, from which an isolate, designated strain

KN400, was later recovered. This strain possessed several phenotypic changes in the outer surface of the cell, namely a

higher abundance of protein nanowires, pili and flagella, which resulted in higher current and power densities than the

wild-type strain. Jensen and co-workers  used a synthetic-biology approach to engineer a microorganism to increase its

EET properties. By inserting the porin-cytochrome outer membrane MtrCAB complex of Shewanella oneidensis MR-1 into

Escherichia coli, they were able to significantly increase the capacity of the latter to reduce metal ions and solid metal

oxides. More recently, Ueki and co-workers  trimmed the redundancy of G. sulfurreducens EET pathways by creating a

strain with minimal requirements. This “stripped-down” strain, with well-defined EET pathways, constitutes an excellent

vehicle to implement the protein-engineering strategies described in this Review, allowing the design of strains with

optimal EET mechanisms.
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