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Abstract

Abstract

Electroactive microorganisms possess the remarkable ability to transfer electrons extracellularly,
enabling innovative applications in microbial electrochemical technologies (MET). Despite their
widely accepted potential, the application and efficiency of these technologies is scarce, largely due
to their low-current production. Subsequently, understanding the fundamental mechanisms that
govern extracellular electron transfer (EET) in electroactive microorganisms, from a structural and
functional perspective, is a critical step towards the optimization of these processes.

Geobacter sulfurreducens is amodel electroactive Gram-negative bacterium that is associated with
the highest current densities observed in MET. Genetic and proteomic studies have identified some
of the main players in this bacterium’s EET pathways, but the precise mechanisms underlying this
complex and dynamic process are still under scrutiny. The work developed in this Thesis uses a
combination of biophysical techniques and computational methods to provide insights on several
players of the EET routes of G. sulfurreducens.

AlphaFold 2 model predictions of the porin-cytochrome complexes of this bacterium provided
insights on heme axial coordination and spatial disposition, fold arrangement, function and overall
assembly of these multiprotein complexes. This information was explored to define new protein
production strategies.

NMR and SAXS studies showed that the small periplasmic protein ExtJ, part of the ExtHJKL porin-
cytochrome complex, forms homodimers by establishing intramolecular disulfide bridges through
a cysteine residue located in its flexible C-terminal domain. The solution structure of this protein is
homologous to those of flavin-binding proteins, however, the protein does not bind FMN. AlphaFold-
Multimer predictions suggest that Ext] might interact with the Extl -barrel porin. We postulate that
the protein homodimerization is controlled by cellular mechanisms of disulfide bridge formation
and cleavage, which concomitantly regulate the formation of the transient Extl-Ext) complex and the
flow of small molecules through this porin.

The extracellular cytochrome PgcA possesses a fuzzy structure with three cytochrome domains
linked by unstructured stretches. Biophysical studies performed on the individual domains and the
full-length cytochrome showed that the proteinis able to establish a flexible electron chain, adopting
multiple conformations that promote electron transfer at variable distances. This tethered diffusion
mechanism, unprecedented in biological systems, might be advantageous during metal reduction.

Finally, the periplasmic triheme cytochrome GSUO105 was characterized by EPR, NMR and UV-
visible spectroscopies, which showed that the protein contains one heme group that undergoes a
redox state dependent low- to high-spin interconversion. Moreover, the reduction potential of this
heme is modulated by the solution pH, which indirectly controls the spin state interconversion by
promoting different structural conformations.

Overall, these results constitute an important contribute to the current understanding of the EET

mechanisms of G. sulfurreducens and towards the development of efficient MET.

Keywords: Geobacter, Extracellular electron transfer, Cytochromes, AlphaFold, NMR
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Resumo

Resumo

Os microorganismos electroactivos sio capazes de transferir electroes para o meio extracelular, o
que permite que sejam utilizados em tecnologias electroquimicas microbianas (TEM). No entanto,
apesar do seu potencial, a aplicacao e eficiéncia destas tecnologias é ainda limitada, principalmente
devido aos baixos niveis de corrente produzidos. Consequentemente, é fundamental compreender
0s mecanismos que governam o fendmeno de transferéncia electréonica extracelular (TEE) de uma
perspectiva estrutural e funcional, de forma a que estes processos possam ser optimizados.

Geobacter sulfurreducens é uma bactéria Gram-negativa electroactiva modelo, sendo responsavel
pelas maiores densidades de corrente observadas em TEM. Os componentes mais relevantes das vias
de TEE desta bactéria ja foram identificados por estudos genémicos e protedmicos, no entanto, os
mecanismos subjacentes a este processo ndo foram clarificados. O trabalho desenvolvido durante
esta Tese resulta da aplicacdo de uma combinacao de técnicas biofisicas e métodos computacionais
que permitiram o estudo de varios componentes das vias de TEE de G. sulfurreducens.

Os modelos dos complexos porina-citocromo desta bactéria foram previstos pelo AlphaFold 2, o
que permitiu obter informacio sobre a coordenacao axial e disposicio espacial dos hemos, afuncio,
o enrolamento e a organizacio geral destes complexos. Esta informacao serviu para definir novas
estratégias de producio destas proteinas.

Estudos de RMN e SAXS demonstraram que a proteina periplasmatica Ext), parte do complexo
porina-citocromo ExtHIJKL, forma homodimeros através de pontes dissulfureto intramoleculares,
utilizando um residuo de cisteina localizado no dominio flexivel do C-terminal. A sua estrutura em
solucao indica que a proteina é homologa a proteinas que ligam moléculas de flavina, no entanto, a
proteina nao interage com FMN. Previsdes do AlphaFold-Multimer sugerem que a Ext] podera
interagir com a porina Extl. Com base nestes resultados, postula-se que o processo de dimerizacao
possa ser controlado por mecanismos de quebra e formacao de pontes dissulfureto, que por sua vez
controlam a formacao do complexo Extl-ExtJ e a passagem de moléculas através desta porina.

O citocromo extracelular PgcA possui uma estrutura difusa com trés dominios citocromo ligados
por seccoes desestruturadas. Estudos biofisicos dos dominios individuais e do citocromo completo
demonstram que a proteina estabelece uma cadeia electronica flexivel, adoptando muiltiplas
conformacgdes que promovem transferéncia electronica a varias distancias. O mecanismo descrito,
sem precedentes em sistemas biolégicos, podera ser vantajoso durante areducio de metais.

Finalmente, o citocromo trihémico periplasmatico GSUO105 foi caracterizado por espectroscopias
de RPE,RMN e UV-visivel, tendo estas demonstrado que a proteina contém um grupo hemo que sofre
uma conversao de spin-baixo para spin-alto dependente do estado redox. Ademais, o potencial de
reducdo deste hemo é modulado pelo pH da solucio, que controla indirectamente a conversao do
estado de spin, ao promover diferentes conformacoes estruturais.

Globalmente, estes resultados constituem um contributo importante para o nosso conhecimento

actual dos mecanismos de TEE de G. sulfurreducens e para o desenvolvimento de TEM mais eficientes.

Palavras-chave: Geobacter, Transferéncia electronica extracelular, Citocromos, AlphaFold, RMN
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1. Introduction

1.1. Microbes as the pioneers of Life’s evolution

The origin of Life is a captivating event that has fascinated humanity for centuries. Humankind
continually strives to comprehend the unlikelihood of this cosmic event, seeking not only to clarify
our understanding of the Universe, but also to define our place and purpose within it. Planet Earth
was formed around 4.6 billion years ago as the result of countless astronomical collisions between
dust particles, asteroids and gases that dwelled around a young Sun [1]. Given the vast number of
stars in the Universe and the abundance of planetary systems discovered so far, one can assume that
planet formation is a relatively common phenomenon. The emergence of Life, however, is a much
more complex and rarer event that depends not only on planetary habitability [2] but also on a
process of abiogenesis, which refers to the natural development of life from non-living matter, in a
primordial soup, according to the Oparin-Haldane theory [3].

Earth’sfirst living beings, simple anaerobic heterotrophic bacteria, appeared in primitive sulfurous
oceans nearly 4 billion years ago, under a poisonous reducing atmosphere full of carbon dioxide,
nitrogen, hydrogen, methane and water vapor [4]. These microorganisms harvested electrons from
abundant mineral sources near active volcanic sites to reduce specific compounds such as nitrate
and sulphate, in order to fix carbon oxides (such as CO and CO:) while generating organic matter [5].
Upon millions of years and due to oxygenic phototrophs [6] that drove the rise of atmospheric
oxygen in the Great Oxidation Event [7], microorganisms developed mechanisms to efficiently
perform aerobic respiration and to obtain, transfer and store substrates of variable nature. This
evolutionary trigger played a crucial role in the transition from single-celled organisms to the vast
array of species observed today [8], a testament of the remarkable journey of Life on Earth.

Over billions of years, through the processes of evolution [9] and natural selection [10], Life has
undergone diversification and complexification. Single-celled organisms gradually gave rise to
multicellular life forms, unlocking new avenues for specialization and cooperation [11]. This allowed
for the development of diverse body plans, physiological adaptations and ecological strategies.
Environmental changes, such as shifting climates, geological events, and interactions among
organisms, played crucial roles in driving speciation and fostering the proliferation of Life's
intricacies [12]. The accumulation of genetic diversity, genetic drift, and the emergence of new traits
fueled the branching of lineages, leading to the multitude of species that inhabit our planet today.
This ongoing evolutionary journey continues to shape and redefine Life's extraordinary tapestry,
highlighting the remarkable resilience and adaptive capacity of organisms across the tree of life
(Figure 1.1) [13].

Our planet, which has once inhabitable, is now predicted to host more than 8.5 million species [14],
spread across all types of environments. Amongst microorganisms, which today are crucial for a
multitude of purposes [15, 16], electroactive bacteria are a remarkable branch of evolution that has

been under tight scrutiny over the last 30 years [17].
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1.2. Electroactive microorganisms

The first descriptions of microscopic organisms emerged during the 17" century, credited to the
pioneering work of Robert Hooke and Antoni van Leeuwenhoek [18]. Using simple microscopes, they
made remarkable observations that laid the foundations for the field of Microbiology, which was
slowly developed during more than two centuries. During this time, dedicated researches diligently
worked in the development of techniques to isolate and culture microorganisms, leading to the
breakthrough establishment of the Germ Theory of Disease [19]. These pivotal advancements were
spearheaded by Louis Pasteur and Robert Koch [20], and revolutionized our understanding of
microorganisms and their profound impact on human health and environment.

Shortly thereafter, in 1911, Michael Potter reported an intriguing phenomenon involving
sedimentary bacteria, later identified as species of Escherichia coli and Saccharomyces cerevisiae,
that demonstrated the ability to carry out electrolysis and produce gas when exposed to an electric
current [21]. This early observation marked the first description of bacteria capable of engaging in
electron exchange with an electrode, a feature that would later be recognized as a defining trait of
electroactive microorganisms. Nonetheless, the significance of this physiological feature and its
biotechnological potential went largely unnoticed until the latter half of the 20" century, when the
groundbreaking work of Kenneth H. Nealson [22] and Derek R. Lovley [23] showed that bacteria such
as Shewanella and Geobacter can use extracellular metal oxides as terminal electron acceptors. These
findings resulted in the development of bioelectrochemical systems without the use of toxic and
expensive exogeneous redox mediators [24-26] and propelled the field of Electromicrobiology [27].

Electroactive microorganisms span all three domains of Life [28,29] and are capable of transferring
(exoelectrogens, Figure 1.2A) or receiving (electrotrophs, Figure 1.2B) electrons from or to different
electrode surfaces in amultitude of bioelectrochemical devices [30]. This is only possible due to their
unique morphological, physiological and metabolic features, developed over millions of years to
cope with extreme environments in which electron donors and acceptors are scarce [31]. These
include the secretion of electron shuttles [32-35], such as flavins, and, more commonly, cytochrome-

dependent extracellular electron transfer (EET) mechanisms [36, 37].
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Electroactive archaea are usually methanogenic and obligate anaerobes that can generate
electricity at high temperatures [38], while being capable of reducingiron and oxidizing acetate [39].
They are suggested to use cytochrome-dependent EET [40] rather than mediated electron transfer,
however, their preferable mechanisms are still under debate [41, 42].

Electroactive bacteria are the most diverse and studied type of electroactive microorganisms,
spreading across a range of taxonomic groups that host both Gram-negative (proteobacteria,
acidobacteria and cyanobacteria) and Gram-positive (firmicutes and actinobacteria) bacteria [43].
These microorganisms thrive in diverse environments, using both electron shuttles and cytochrome
networks to reduce an extensive list of electron acceptors. One of the most remarkable types of
electroactive bacteria discovered to date are cable bacteria of the family Desulfobulbaceae, which
grow as electrically conductive multicellular filaments (also designated cables, Figure 1.3A) that can

reach centimeters in length, enabling long-range electron transport (Figure 1.3B) [44, 45].

A Intact filament Periplasmic fiber sheath

Fiber

Fiber

Inner membrane

et

NO.
H,S Electrode Electrode 3

- 2

m Periplasm

- Fiber
Cytoplasm ‘ I ‘ I

welly Electron flow D External electron channel D Internal electron channel

Figure 1.3. Morphology of cable bacteria. (A) SEM and TEM images of an intact cable bacterium filament (left)
and an extracted cable bacterium filament retaining the fiber sheath (right), respectively. For both cases, a
schematic of the cross-sections is shown. (B) Proposed mechanism of electron transport through cable
bacterium filaments. Filamentous multicellular cable bacteria perform centimeter-scale electron transportin a
process that couples the oxidation of an electron donor (H2S) in deeper sediment to the reduction of an electron

acceptor (most commonly Oz, but also NOs") near the surface. This figure was adapted from [46].

Remarkably, while all other known biological electron transport metalloproteins contain redox-
activeiron or copper metalloproteins [47], long-range electron transportin cable bacteriais believed

to involve unique sulfur-ligated nickel cofactors, located in the periplasmic bacterial fibers [48-50].

39



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

Finally, the most notable electroactive eukaryotes are yeasts, part of the Fungus kingdom, with S.
cerevisiae holding the spotlight [51]. Yeasts transfer electrons to diverse substrates in both aerobic
and anaerobic conditions, by secreting endogenous mediators [52] or by using specialized protein

appendages [53].

1.2.1. Extracellular electron transfer in bacteria

Electroactive bacteria share an untraditional organization of their electron transport chains. Using
Gram-negative bacteria as an example, bacterial electron transport chains are typically composed by
a set of membrane-bound electron carriers organized from low to high reduction potentials, thus

allowing a seamless flow of electrons to a specific terminal electron acceptor (Figure 1.4A).
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Figure 1.4. Respiratory chains of Gram-negative bacteria. (A) Electron transport chain for the cytoplasmic
reduction of Oz and fumarate in E. coli. SDH refers to succinate dehydrogenase and CCO to cytochrome ¢
oxidase. (B) Electron transport chain for a putative exoelectrogen. IMC refers to inner membrane cytochrome,
PPC to periplasmic cytochrome, PCC to porin-cytochrome complex and OMC to outer membrane cytochrome.
In both panels, NADHD refers to NADH dehydrogenase. The rose spheres located within the inner membrane
represent liposoluble electron-shuttles. The yellow spheres in the extracellular environment represent soluble
electron shuttles. The ATP synthase is represented in purple. For simplicity, the menaquinone pool (MQH>/MQ)

is not represented. This figure was adapted from [54, 55].

These electron carriers diffuse laterally in the membrane and interact transiently to promote a fast
exchange of electrons [56]. Alternatively, liposoluble electron-shuttles, such as quinones, can be
used to electronically connect these protein complexes [57]. The electron transfer along the
transport chain is accompanied by the generation of a transmembrane ion gradient that creates a
chemical imbalance in the form of a proton motive force. This force is used by the ATP synthase
complex to drive the synthesis of ATP [55]. Nevertheless, a traditional electron chain lacks the reach
needed to transport electrons to the cell exterior, and is not sufficient to warrant the survival of
microorganisms that dwell in anaerobic environments in which the available electron acceptors are

often scarce and insoluble. Hence, microorganisms that perform EET use dedicated electron transfer
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chains that bridge the gap between the inner membrane and the cell exterior (Figure 1.4B). In these
specialized metabolic pathways, an inner membrane associated NADH dehydrogenase catalyzes the
electron transfer from NADH to a menaquinone pool. Then, specific menaquinol oxidoreductases
receive electrons from the menaquinone pool and transfer them to periplasmic cytochromes. In
Gram-negative bacteria, electrons are transferred to cytochromes located in the outer membrane,
whichin turn are responsible for the reduction of the extracellular electron acceptors [58]. In Gram-
positive bacteria, the EET pathways are similar to those in Gram-negative bacteria, with the final steps
of EET being warranted by cytochromes embedded in the peptidoglycan layer [59]. Alternatively,
microorganisms lacking the required cellular organization to perform direct EET can use electron
shuttles, such as phenazines, quinones, flavins and even endogenous antibiotics [60], to bridge the
gap between the cell and the final electron acceptor, which can be specific substrates or electrodes
(Figure 1.4A). These redox mediators can be endogenous or exogeneous and diffuse freely between
cells and substrates in biofilms to maximize the efficiency of electron transfer processes [61]. Certain
Gram-negative bacteria, such as Geobacter and Shewanella, are capable of conjugating both

mediator- and cytochrome-dependent EET (Figure 1.4B).

1.3. Microbial electrochemical technologies

The unique metabolic features of electroactive microorganisms allow them to thrive in extreme
environments, using organic and inorganic compounds as terminal electron acceptors, some of
which are toxic or radioactive [62]. These features, as well as the biological components that enable
them, make interesting targets for microbial electrochemical technologies (MET), which include
bioenergy production in microbial fuel cells (MFC) [63-65], bioremediation stations for wastewater
treatment [62, 66], sustainable biorefineries for microbial electrosynthesis of green chemicals [67],
bioelectronic sensors [68-70] and several bionanotechnologies [71]. A remarkable example of these
technologies is the application of protein nanowires from electroactive bacteria in a recently
designed device that generates power from ambient humidity (Figure 1.5) [72]. This thin-film device
made from nanometer-scale protein wires harvested from the Geobacter sulfurreducens bacterium,
which are deposited between two gold electrodes, generates continuous electric power in an
ambient environment. The device produces a sustained voltage of around 0.5 V across a 7 um-thick
film, with a current density of around 17 pA cm. For reference, this current density would only be
sufficient to power microsensors, low-power LED indicators or other small-scale electronic devices.
The driving force behind this energy generation is a self-maintained moisture gradient that forms
within the film, when the film is exposed to the humidity that is naturally present in air. Additionally,
by connecting several devices linearly, one may scale up the voltage and current to power electronics
[72]. This method offers the promise of clean power for self-sustained systems by harvesting energy
from the environment. The exact mechanism for energy harvesting in the protein nanowire film has
not been elucidated completely, however, it is believed that water molecules in air either naturally
comprise ionized species [73-75], or are ionized when absorbed on the nanowire surface [72]. The

ionized clusters donate charge to the nanowire, supplying the closed-loop current flow driven by the
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voltage resulting from the moisture gradient. Finally, a dynamic absorption-desorption exchange of
water molecules at the interface provides a large reservoir for this continuous exchange of water

molecules to generate a sustained electric output.
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Figure 1.5. Protein nanowire device and electric output from ambient humidity. (A) TEM images of the purified
network (right panel) produced by the microorganism G. sulfurreducens (dark shape in the left panel). Scale bars
(100 nm).Below the TEM images, a diagram of the device is shown. (B) Typical current (I)-voltage (V) curves from
the device with ambient lighting (red) and in the dark (black), at an ambient relative humidity of 50%. (C)
Evolution of I (red) and Vo (black) from a nanowire device in the ambient environment (at a relative humidity of
50%). The device initially had a Vo of approximately 0.52 V (0-5 h). Connecting to a load resistor (R.
(resistor/inductor) =2 MQ) yielded a continuous and gradually stabilized I of about 110 nA for 20 h (red curve, 5-
25h). Then, Ruwas disconnected and Vo was recorded (indicated by the arrow at t =25 h). Vo gradually increased
to the initial value of 0.5 V (25-30 h), showing a self-recharging process. Reconnecting to R; yielded a repeated
continuous powering to the Ry (I is approximately 115 nA) - red curve (30-50 h). Disconnecting the R, yielded a
second self-recharging process (50-55 h), which brought Vo back to 0.5 V again. The inset shows the circuit
diagram, in which connections to terminals 1 and 2 correspond to I and Vo measurements, respectively. This

figure was reproduced from [72].

In other MET, living microorganisms can interact with electrodes to perform substrate oxidation
(anodic) or substrate reduction (cathodic) reactions, depending if they are electrotrophic or
exoelectrogenic. Exoelectrogens oxidize organic matter, releasing electrons that travel through an
external circuit, while generating electricity (Figure 1.6, MFC). Electrotrophs utilize provided
electrical current to drive the reduction of carbon dioxide or other chemicals into biofuels and other
useful compounds (Figure 1.6, microbial electrosynthesis cell). These configurations are the basis for

all MET, whose applications result from the intricate interplay between microbial physiology,
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electrochemistry and environmental engineering. The addition of different substrates in the anodic
or cathodic chambers can be used to tune the products of such technologies (Figure 1.6, microbial
electrolysis cell), while the presence of additional chambers creates an internal potential that may

drive reactions such as water desalination (Figure 1.6, microbial desalination cell).
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Figure 1.6. Examples of microbial electrochemical technologies. Electroactive microorganisms can colonize
either the anode (exoelectrogenic) or the cathode (electrotrophic) to perform substrate oxidation or reduction,
respectively. Substrate oxidation releases electrons that travel through an external circuit, which can be used to
either produce electricity or to promote additional reactions. Substrate reduction, which occurs after an
external power source provides electrons, can be used to turn carbon dioxide or other chemicals into biofuels
and other useful compounds. In MET, the cathodic and anodic chambers are usually separated by one or
multiple membranes, which allow the passage of protons and ions resulting from microbial metabolism, thus

creating ionic gradients that can be used for multiple purposes. This figure was adapted from [54].

Despite their undeniable potential and versatility, MET are mostly limited to lab-scale setups,
except for a few pilot-scale MFC [76] and U(VI) bioremediation stations [77]. Nevertheless, some

companies, such as Aquacycl (https://aquacycl.com/), iMetland (http://imetland.iot4water.com/)

and Nanoelectra (https://nanoelectra.com/), are starting to work on the development of sustainable

industrial-scale MET with applications in wastewater treatment, biosensing and production of
added-value products. Additionally, a peculiar example of a MFC setup that surpassed the lab-scale
is the one applied at the 2019 Glastonbury Music Festival [78]. This system was developed to

continuously power public toilet lighting using solely the urine of festival goers, with no harvesting
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circuitry or energy storage, showing the potential of these technologies as energy sources in
decentralized areas, such as refugee camps.

The development of different MET depends on a better understanding of their abiotic and biotic
components, which include the nature of the electrode materials [79, 80], the reactor design and
operating conditions [81], the medium or electrolyte composition [82, 83] and the type of microbial
catalyst [84]. From the biotic point of view, the efficacy of the electron transfer processes of the
selected microbial catalysts can be optimized through several strategies that include selective
adaptation [85], synthetic biology [86-92], and protein engineering (particularly of multiheme
cytochromes [93-95]), among others. For example, Yi and co-workers showed that appropriate
selective pressures in these microorganisms could lead to the development of new strains with
enhanced capability for current production in MFC [85]. In their work, a wild-type (WT) strain of G.
sulfurreducens was inoculated in a system in which a graphite anode was poised at -400 mV (vs
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 WT strain [85]. Jensen and co-workers used a synthetic-biology approach to
engineer a microorganism to increase its EET properties [96]. By inserting the porin-cytochrome
outer membrane MtrCAB complex of Shewanella oneidensis MR-1 into E. coli, they were able to
significantly increase the capacity of the latter to reduce metal ions and solid metal oxides (Figure
1.7) [96].

A —~ : B
Q mtrA strain
\CC-'”/ mtrA
NapC Fe*(aq)
Mtré
WT o Fe*(aq)
E. coli

NapC
Mt

[Fe2)/CFU (uM/(CFU*mL")

¥
\c:n/‘ mtrCAB

Figure 1.7. Engineering of a synthetic electron conduit in living cells. (A) Schematic of the engineered E. coli mtrA

WT ccm mtrA  mtrABC

and mtrCAB strains for soluble and extracellular metal reduction, respectively. NapC is a native E. coli inner
membrane tetraheme cytochrome, shown to be able to reduce MtrA [97, 98]. (B) Concentration of bulk a-Fe20O3
reduced by WT, ccm, mtrA, and mtrCAB strains, normalized by colony forming units (CFU). Error bars represent
the standard deviation between triplicates from separate starting cultures. The ccm control strain corresponds
to a WT strain carrying only the pEC86 plasmid, required for c-type cytochrome maturation. This figure was

reproduced from [96].
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The mtrCAB genes from S. oneidensis MR-1 encode for the periplasmic decaheme cytochrome MtrA,
the 28 strand P-barrel protein MtrB, and the outer membrane decaheme cytochrome MtrC, thus
establishing a porin-cytochrome complex capable of performing EET (Figure 1.7A) [99]. These genes
were selected as a potential minimal set required to create a synthetic electron conduit to allow E. coli
to reduce insoluble Fe(lll) oxides extracellularly. Additionally, in order to dissect the electron
transfer paths of this heterologous pathway and to separately investigate the role of MtrA and MtrC
in Fe(lll) reduction, MtrA was also expressed by itself (Figure 1.7A). In both cases, since the E. coli
cytochrome ¢ maturation (ccmABCDEFGH) genes required for heme insertion are not transcribed
under aerobic conditions, the m¢rA and mtrCAB plasmids were co-transformed with pEC86, a plasmid
containing ccmA-H under the constitutive tet promoter (Figure 1.7A) [100, 101]. As expected, the
results showed that the mtrCAB strain was the most efficient at reducing extracellular iron oxides
(Figure 1.7B) and proved that synthetic biology approaches may be used in different genetically
tractable, easily manipulated bacteria to create artificial electroactive microorganisms.

Other emerging technologies, such as the CRISPR-Cas9 system [102, 103], are expected to greatly
contribute to the development of engineered microorganisms with similar approaches, using those
with promising natural features as a chassis [104-106]. The highest current densities recorded to date
in MET come from mixed cultures that are usually dominated by 6-proteobacteria of the genus
Geobacter [17], making them the most often selected microbial catalyst for such applications.

1.4. Geobacterbacteria

Geobacter species are one of the primary agents in Nature for coupling the oxidation of organic
compounds to the reduction of insoluble Fe(Ill) and Mn(IV) oxides in soils and sediments, a process
of global biogeochemical significance that allows these bacteria to fill important niches in a variety
of environments [107, 108]. These bacteria are part of the Geobacteraceae family, which was
previously considered to be part of the Desulfuromonadales order in the &-subclass of the
Proteobacteria. This order was phylogenetically branched between the Desulfobacterales and
Desulfovibrionales orders, and consisted of the genus Geobacter and the sole species Pelobacter
propionicus [17]. However, a recent study proposed a reclassification of the &-proteobacteria and
Oligoflexia proteobacterial subclasses. This placed the Geobacteraceae family within a new order
termed Geobacterales, now part of the Desulfuromonadia class [109]. Presently, there are 21 classified
species of Geobacter bacteria [110], 12 of which have their genomes sequenced [110-117].

The first member of the Geobacter species to be isolated was Geobacter metallireducens, found in
1987 in the Potomac River Estuary, Maryland, USA, following the efforts of Derek R. Lovley and
Elizabeth J. Phillips [118-120]. This microorganism was the first bacterium shown to be capable of
coupling the oxidation of organic matter to the reduction of insoluble compounds in anaerobic
conditions, including iron, uranium, nitrate, gold, silver, mercury and chromate [23]. In 1994, a new
Geobacter strain capable of reducing iron, sulfur and carbon, while using either acetate or hydrogen
as electron donor, was isolated from sediments of a hydrocarbon-contaminated ditch near Norma,

Oklahoma, USA, and denominated G. sulfurreducens[121]. This bacterium was the first Geobacter with
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a fully sequenced genome [111], and for which a genetic manipulation system was developed [122].
These tools opened the venue for functional genomic and proteomic studies designed to understand
the bacterium’s metabolism, gene regulation and EET mechanisms, establishing it as the

representative model organism of this family of bacteria.

1.4.1. Geobacter sulfurreducens

G. sulfurreducens is mainly found in water sediments, under anaerobic conditions, and was initially
classified as a strict anaerobe microorganism [121]. However, the presence of several genes encoding
proteins typically involved in aerobic respiration or in protective mechanisms against oxidative
stress, such as multiple superoxide dismutases, hydrogenases, peroxiredoxins, rubrerythrins,
cytochrome ¢ peroxidases and a catalase, hinted towards the existence of oxygen toleration
mechanisms in this bacterium [111, 123-125]. This observation was supported by additional studies
that not only showed that the bacterium can tolerate Oz exposure up to 24 h, but that it can also use
this molecule as an electron acceptor under microaerobic conditions [126, 127]. These features
convey the bacterium with a competitive advantage, since in water sediments near the oxic-anoxic
interface, the Fe(ll) resulting from microbial extracellular reduction can be reoxidized to Fe(lll) and
pledge continuous EET processes [127]. Moreover, it has been shown that G. sulfurreducens activates
different mechanisms depending on the level of oxygen exposure [126, 128]. These include the
overexpression of pili to increase motility and allow an escape from oxygen-contaminated areas, or
of genes involved in cell encapsulation and biofilm production to decrease Oz exposure. Out of the
proteinsinvolved in potential oxygen toleration mechanisms, two diheme cytochrome c peroxidases
have been studied in detail: CcpA (gene ID number GSU2813) and MacA (GSU0466). The structures
of these proteins, which catalyze the reduction of hydrogen peroxide to water, have been

determined by X-ray crystallography (Figure 1.8).
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Figure 1.8. Structural features of cytochrome c peroxidases CcpA and MacA. (A) Surface representation of the
CcpA homodimer inthe oxidized form (PDB: 3HQ6 [129]). (B) Overlay of CcpA (blue) and MacA (pink, PDB: 4AAL
[130]) oxidized monomers. (C) Heme axial ligands of MacA in the oxidized (pink) and reduced (light pink, PDB:
4AAN [130]) forms. In the reduced form, the LP distal ligand His®?is detached. LP and HP stand for low- and high-

potential heme, respectively. This figure was reproduced from [131].
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As commonly found in other cytochrome c peroxidases, CcpA (Figure 1.8A) and MacA (Figure 1.8B)
are homodimers organized in two domains, each containing a heme group. These hemes possess
different axial coordination and reduction potential values. The heme located at the N-terminal is the
catalytical heme and is coordinated by two histidine residues in the oxidized form, having a low
midpoint reduction potential (LP heme). The heme located at the C-terminal is His-Met coordinated
and has a high midpoint reduction potential (HP heme). During catalytical activity, the reduction of
the HP heme leads to a structural rearrangement that triggers the dissociation of the LP heme distal
ligand (His*?), leaving the protein in a mixed valence state, while making the active site accessible for
the binding of hydrogen peroxide (Figure 1.8C).

Besides cytochrome c peroxidases, G. sulfurreducens codes for an unprecedent number of other c-
type cytochromes [111], superior to those observed in Desulfovibrio and Shewanella bacteria, also
known for relying on different cytochromes for respiration [132, 133]. In fact, out of the 3466
predicted protein-encoding open reading frames of the bacterium’s genome, 111 contain at least one
match to the c-type cytochrome motif that identifies heme groups (CXXCH, where X corresponds to
any amino acid) [111]. An independent analysis of the bacterium’s genome shows that the number of
cytochromes may be higher (at least 132 genes contain one CXXCH motif), even if contracted and
extended motifs observed in other c-type cytochromes are not considered [134-148]. If these types of
motifs are considered, the number can go up to 180, meaning that c-type cytochromes comprise 3-
5% of the bacterium’s genome. Additionally, more than 65% of these cytochromes contain more than
one heme group. Interestingly, due to the great number of heme-containing proteins expressed, G.
sulfurreducens cells have a pink to reddish color.

The incredible number of cytochromes coded by the genome of G. sulfurreducens highlights the
importance of electron transport for this microorganism and suggests that this bacterium possesses
electron transfer networks with high flexibility and apparent redundancy, which allows the reduction
of diverse acceptors in natural environments. In fact, no single gene deletion on the bacterium’s
genome was found to eliminate electron transfer to all electron acceptors, thus confirming the

complexity of its electron transfer networks [58].

1.4.2. Extracellular electron transfer pathways

The ability of G. sulfurreducens to reduce or oxidize extracellular insoluble compounds depends on
the strategic localization of multiple cytochromes in the different cell compartments, connecting
the cytoplasmic metabolism with the cell exterior. These cytochromes form complex networks with
different players, which will vary depending on the environmental conditions, working either in the
export orimport of electrons [149].

Considering a model in which the bacterium is using acetate as an energy source and ATP
generation is completely dependent on EET [150], this carbon substrate is initially converted into
acetyl-CoA and then oxidized to CO:through the Krebs cycle, while reducing NAD* to NADH [151,152].
The generated NADH molecule transfers electrons to the menaquinone pool via a proton pumping

NADH dehydrogenase [153], which in turn might reduce different quinol dehydrogenases,
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depending onthe reduction potential of the final electron acceptor [154]. The exact mechanisms that
lead to the expression of specific quinol dehydrogenases in response to this stimuli are still unknown,
however, they likely involve environmental sensing and signal transduction pathways that affect
gene regulation and protein synthesis, such as those promoted by the GSU0582 and GSU0935 heme-
containing signal transducers [155].

Quinol dehydrogenases link the central metabolism with periplasmic cytochromes

The genome of G. sulfurreducens encodes six putative quinol dehydrogenases in the bacterial inner

membrane, either in complex with other proteins or as single cytochromes. Out of these, ImcH, CbcL

and CbcBA have been shown to be required for the reduction of specific electron acceptors (Figure
1.9).
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Figure 1.9. Extracellular electron transfer pathways of G. sulfurreducens. The different c-type cytochromes
involved in the electron transfer pathways towards Fe(lll) oxides, Mn(IV) oxides, Fe(lll) chelates and electrodes
are represented, together with their putative electron flows. The c-type heme groups are represented in light
orange. The tricarboxylic acid (Krebs) cycle, the NADH dehydrogenase, the menaquinone pool and the ATP

synthase are all omitted for simplification. This figure was partially reproduced and adapted from [131].

The ImcH cytochrome contains 7 c-type heme groups and is homologous to the NapC/NirT/NrfH
family, possessing a conserved menaquinone-binding site (Figure 1.10) [156]. A mutated strain in
which the gene that codes for ImcH was deleted was unable to reduce Fe(lll) citrate, Fe(lll)-EDTA, and
Mn(IV) oxides, all of which contain a reduction potential above -100 mV [157]. In contrast, this strain
was able to reduce Fe(lll) oxides with reduction potentials below this value. The cytochrome CbclL,
also known as Cbcl or CbcY, is expected to hold 2 b-type heme groups in a transmembrane domain
composed by six a-helices, and 9 c-type heme groups in its periplasmic domain (Figure 1.10) [158].

This bc cytochrome complements the phenotype of ImcH, since a mutated strain in which the gene
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that codes for CbcL was deleted was unable to reduce low-potential electron acceptors, such as Fe(llI)
oxides and electrodes poised at -100 mV [159]. Recently, a third mutated strain, lacking the CbcBA
heterodimer, formed by CbcA and CbcB, ceased Fe(lll) reduction at -210 mV and was unable to

transfer electrons to electrodes poised in a redox window between -210 and -280 mV [160].

Figure 1.10. AlphaFold 2 models of the quinol dehydrogenases ImcH, CbcL and CbcBA. The surfaces of each
model are represented in light gray. The c-type heme groups are represented as red sticks. The putative binding
sites for the b-type hemes in CbcL and CbcBA are represented by red spheres, corresponding to the putative

axial histidine residues. The pLDDT scores of each model can be found in Figure 7.1.

The CbcBA heterodimer forms a chimeric bc cytochrome, with CbcA holding 7 c-type heme groups,
facing the periplasm, while CbcB is a transmembrane protein, composed by 4 a-helices and expected
to hold 2 b-type heme groups (Figure 1.10). This heterodimer is part of the Cbc5 complex, composed
by the CbcABCDE proteins [161].The remaining quinol dehydrogenase containing complexes - Cbc3
(CbcVWX), Cbc4 (CbcSTU) and Cbc6 (CbcMNOPQR) - have not been associated with particular
working reduction potential ranges, but they likely provide complementary pathways for EET [161].

G. sulfurreducens has been shown to grow on anodes poised between +0.4 and -0.3 V vs the
standard hydrogen electrode (SHE) with similar biomass growth, independently of the applied
potential [162]. These observations contrast with the those made on a similar study performed with
Shewanella putrefaciens, in which biomass growth was dependent on the anodic potential applied
[163, 164]. This shows that G. sulfurreducens is able to maintain a constant growth under different
reduction potential ranges by adjusting its metabolic pathways to balance energy conservation [165].
Remarkably, the bacterium is able to regulate the number and nature of inner membrane-bound
respiratory proteins under different thermodynamic conditions, by creating invaginations of the
inner membrane, designated intracytoplasmic membrane structures, which could increase the

extracellular electron flux [166].
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Altogether, the quinol dehydrogenases of G. sulfurreducens are expected to not only warrant the
electron transfer from the menaquinone pool to the periplasmic cytochromes, but also to be
involved in the generation of the proton gradient that ultimately drives the synthesis of ATP by ATP
synthase [58,116].

Periplasmic electron transfer is promiscuous and redundant

The periplasm of G. sulfurreducens is dominated by the highly conserved and multifunctional PpcA-
family of triheme cytochromes (Figure 1.11), which seamlessly links the electron transfer between the

inner and outer membrane components (Figure 1.9) [131,1671].

PpcA
GSU1996

Figure 1.11. Structures of periplasmic cytochromes of G. sulfurreducens. The solution structure of PpcA (PDB:
2LDO [168]) and the crystal structure of GSU1996 (PDB: 30V0 [169]) are represented as ribbon and surface, in
green and gray, respectively. The GSU1996 cytochrome has a 12 nm long modular structure with the hemes
distributed along four covalently linked domains (designated A-D). Each domain contains three hemes with a
disposition similar to those of the PpcA-family. The hemes in these cytochromes are numbered I, lll and IV, a
designation that derives from the superimposition of the hemes in cytochromes c; with those of the structurally

homologous tetraheme cytochromes c¢; [170].

These five cytochromes (PpcA-E) exhibit promiscuous interactions both among themselves and
with various redox partners [171], thus participating in several EET pathways [172-175], in contrast
with those of the inner and outer membranes, which can be associated with specific routes of
electron acceptor reduction. Additional periplasmic proteins may also play a role in this process,
while those containing alarge number of c-type heme groups, such as GSU1996 (Figure 1.11) [169], are
expected to work as electron biocapacitors, contributing to the enhancement of the electron-
storage capacity of the periplasm, thus assuring a continuous flow of electrons and concomitant
production of metabolic energy [176, 177]. Other cytochromes that might work as biocapacitors in
the periplasm of G. sulfurreducens are GSU0702 (35 hemes), GSU2210 (27 hemes), GSU2494 (15
hemes), GSU2495 (26 hemes), GSU2882 (18 hemes), GSU2883 (24 hemes), GSU2884 (27 hemes),
GSU2899 (23 hemes), GSU2912 (27 hemes) and GSU3218 (15 hemes), all of which apparently present
a linear modular structure, similar to that of GSU1996 (Figure 1.11), according to their predicted
AlphaFold 2 models deposited in the AlphaFold protein structure database [178, 179].

While the genome of G. sulfurreducens encodes for an unprecedent number of multiheme

cytochromes (more than 70), some of which containing a remarkably high number of c-type hemes
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(up to 35), a survey of prokaryotic genomes conducted in 2010 identified putative c-type
cytochromes capable of binding up to 46 hemes [180]. Six years later, Badalamenti and co-workers
sequenced the genome of the anaerobic Gram-negative bacterium Desulfuromonas soudanensis WTL
and found a gene coding a putative c-type cytochrome (DSOUD_0664) able to bind 69 hemes [181]. If
one considers rare extended heme binding motifs, such as CXsCH, CX4«CH and CXsCH, the
DSOUD_0664 cytochrome may be able to bind up to 77 hemes [181]. The current record holder
cytochrome, with 113 predicted heme-binding motifs, was found in an anaerobic methanotrophic
archaea [182]. These impressive numbers are only surpassed when supramolecular assemblies are
considered, such as that of the hydrazine dehydrogenase (HDH) of the anammox organism Kuenenia
stuttgartiensis, which assembles into a 1.7 MDa multiprotein complex containing an extended

electron transfer network of 192 c-type heme groups (Figure 1.12) [183].

Figure 1.12. Structure of the entire HDH assembly of K. stuttgartiensis. The supramolecular assembly (PDB: 6HIF
[183]) contains 24 copies of the HDH octaheme monomer arranged as an octamer of trimers (a3)s (in purple),
together with 12 copies of Kustc1130, which acts as an assembly factor (ingreen). This resultsin al.7 MDa (a3)sPw

complex with a cube shape of 150 x 150 x 150 A3. The 192 c-type heme network of HDH is represented on the right.

Extracellular reduction of electron acceptors is dependent on different types of cytochromes

Moving back to the current model for EET in G. sulfurreducens, once electrons reach the outer
membrane, electron transfer is ensured by porin-cytochrome complexes, cytochrome nanowires
and freely diffusing cytochromes, which can directly reduce extracellular electron acceptors (Figure
1.9). A thorough description of the properties of the five porin-cytochrome complexes of G.
sulfurreducens is provided in Chapter 2, while those of freely diffusing cytochromes are addressed in
Chapter 4.

Cytochrome nanowires are electrically conductive filaments made of polymeric assemblies of
cytochrome subunits and were first discovered in 2019, when the structure of the OmcS nanowire
from G. sulfurreducens, which can be reduced by all the PpcA-family cytochromes [184], was revealed

by cryogenic electron microscopy (cryo-EM, Figure 1.13) [185, 186].
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OmcZ OmcE

Figure 1.13. Cryo-EM structures of the cytochrome nanowires of G. sulfurreducens. The electrically conductive
filaments of OmcS (4 hexaheme subunits, PDB: 6EF8 [185]), OmcZ (3 octaheme subunits, PDB: 7LQ5 [145]) and

OmcE (5 tetraheme subunits, PDB: 7TFS [187]) are represented as surface, with their heme groupsin red.

On one hand, prior to this discovery, polymerization of c-type cytochromes had only been
observed in horse heart cytochrome solutions in the presence of ethanol, due to successive domain-
swapping of the C-terminal a-helix [188, 189]. On the other hand, filament formation by non-
cytoskeletal enzymes had been known for decades, having a wide-spread role in enzyme regulation
and biology [190]. An example of a bacterial enzyme that undergoes filamentation is the hydrogen-
dependent CO: reductase (HDCR, Figure 1.14) [191], which directly converts H2 and CO: into formic
acid, with a higher activity than any other known biological or chemical catalyst [192, 193]. The
minimum repeating unit of this oligomer is a hexamer consisting of two hydrogenases and a formate
dehydrogenase, bound around a central core of hydrogenase Fe-S subunits and two small bacterial
polyferredoxin-like proteins, whose C-terminal a-helices are responsible for the filament formation
(Figure 1.14) [191].

Recently, the structures of the OmcE and OmcZ nanowires have also been determined [145, 148,
187], expanding the range of cytochromes which naturally polymerize in G. sulfurreducens (Figure
1.13).
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0

Figure 1.14. Electron nanowire forms the central spine of the HDCR filament. The model of adodecameric HDCR
filament is shown in ribbon (top) and surface (bottom) representations, with each subunit colored differently.
The orange and yellow spheres represent the 228 [4Fe4S]-clusters, showcasing the central electron wire of the

HDCR filament. The W-bisPGD cofactors are represented as green sticks. This figure was reproduced from [191].

A structural survey of the deposited AlphaFold 2 models of the multiheme cytochromes of this
bacterium performed using the Dali [194], Foldseek [195] and PDBeFold [196] servers indicates that
(i) the GSU1787 and OmcP (GSU2913) tetraheme cytochromes likely assemble into OmcE-like
nanowires, (ii) the OmcJ (GSU0701), OmcT (GSU2503) and OmcU (GSU2501) hexaheme cytochromes
likely assemble into OmcS-like nanowires and that (iii) the GSU1334 octaheme cytochrome likely
assembles into OmcZ-like nanowires. This observation further supports the view that cytochrome
nanowires are essential for EET in G. sulfurreducens and that additional types of nanowires, with
distinct arrangements and properties, may also assemble from other cytochromes in this bacterium.

Thellist of naturally occurring cytochrome nanowires is expanding towards other branches of Life,
and itis now believed that these filaments are ubiquitous in prokaryotes, establishing a wide-spread
mechanism for long-range EET [197]. Remarkably, genes coding for putative cytochrome nanowires
have been found in Borg extrachromosomal elements of archaea [198, 199], which are giant genetic
elements (up to 1.1 million base pairs) that expand the metabolic capacity of these organisms [200].

While the five structurally characterized cytochrome nanowires have no folding similarity, they
contain a conserved heme packing, with alternating antiparallel and T-shaped arrangements (Figure
1.15). Moreover, these filaments present a low percentage of secondary structural elements, a
common feature that can be mainly attributed to the pressure of evolutionary selection, which
focuses on maintaining closely stacked heme arrangements for efficient electron transfer, rather

than on a conserved protein fold [197].
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Figure 1.15. Structural comparison of the four-heme arrays of different cytochrome nanowires. The matrix is
based on the pairwise RMSD comparison of 20 atoms between two arrays (five atoms per heme, including the
ironand the four surrounding nitrogen atoms). The resulting RMSD is shown in color, as indicated in the left bar.
Extreme RMSD values are highlighted by larger dot sizes to emphasize either very similar or very different heme
arrangements. The tetraheme cytochrome nanowires OmcE, AVECN (Archaeoglobus veneficus extracellular
cytochrome nanowire) and PCECN (Pyrobaculum calidifontis extracellular cytochrome nanowire), possess two
four-heme arrays along the filament structure, while the respective OmcS and OmcZ hexaheme and octaheme

cytochrome nanowires possess three different arrays. This figure was reproduced from [197].

The three cytochrome nanowires of G. sulfurreducens are distinct in their putative function, size
and morphology (Figure 1.13). Deletion of the genes encoding the OmcE and OmcS cytochromes
affected the reduction of Fe(lll) oxides, but not of soluble Fe(Ill) forms [161, 173, 201-208], whereas
OmcZ has been shown to be essential for the formation of conductive electrode biofilms and for the
cathodic corrosion of stainless steel (Fe®) [161,209-215].

The OmcE nanowire has a rise per subunit of 34 A with 6.1 subunits per turn, while OmcS has a rise
per subunit of 46.7 A with 4.3 subunits per turn. OmcE filaments’ thickness ranges between 3-6 nm,
whereas that of OmcS ranges between 5-7.5 nm. These two nanowire cytochromes differ in overall
appearance, thickness, internal protein fold, helical pitch and primary sequence, but their heme
motifs are superimposable (Figure 1.15). An additional feature shared by OmcE and OmcS is the
coordination of a heme in one subunit by a histidine residue from the following subunit, which
stabilizes the subunit’s interfaces and places all heme groups within 3-5 A, in a tightly packed
arrangement for efficient electron transfer [185-187].

The octaheme OmcZ cytochrome is initially produced by cells as a 50 kDa precursor, which is then
cleaved by the serine protease OzpA (OmcZ protease) into a nanowire-forming version of 30 kDa
[145]. This protease is suggested to act as a molecular switch that regulates the assembly of OmcZ
nanowires. The resulting 3-5 nm filaments contain a linear chain of hemes, with the exception of the
highly exposed heme VI, that is likely crucial for electron transfer events and provides OmcZ with a
distinctive z shape in cryo-EM images [145, 148]. Unlike the OmcE and OmcS nanowires, there is no

heme coordination between different subunits in OmcZ filaments, whose interfaces are alternatively
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stabilized by heme-heme and heme-aromatic stacking, as well as by hydrophobic and electrostatic
interactions [145].

Overall, the discovery of naturally occurring cytochrome filaments opened the venue for the
production of biobased, non-toxic electronics [216-218]. Consequently, the mechanisms underlying
their long-range conductivity, which might include coherent or non-coherent transport, such as
electron delocalization or electron hopping, have been under tight scrutiny [219-225]. However,
most conductivity studies on bacterial filaments are conducted on air-dried sample preparations,
assuming that their atomic structure is unchanged from solution, which cannot be the case, since
their native folding can only be maintained in a fully hydrated state [219, 220, 226-229]. Therefore,
Baquero and co-workers have questioned the physiological relevance of these conductivity
measurements [197]. Moreover, these authors stressed that conductivity measurements must be
performed with an experimental apparatus that perfectly aligns electrodes such that exposed hemes
at both ends of a hypothetical filament are in touch with the measuring system, which is highly
unlikely [148,197]. For example, OmcZ filaments have been stated to be 1000x-fold more conductive
than OmcS, despite their similar heme-heme packing [220]. Supposedly, the branched hemes in
OmcZ, with the solvent-exposed heme VI in each subunit, accounted for the higher-measured
conductivity [145, 148], but these differences might be exacerbated by the different heme-electrode
surface distances of the two cytochrome nanowires [148]. An additional issue raised by Baquero and
co-workers relates with the fact that the samples used in these measurements are often
contaminated with 3 nm filaments of extracellular DNA [187], previously reported to be conductive
[230], which might thwart their real conductivity [197]. Ultimately, the techniques currently used to
measure the conductivity of individual fully hydrated filaments have several technical limitations,

and there is an urgent need for the development of appropriate experimental tools for this purpose.
The pili-nanowire paradigm

The view that Geobacter bacteria require extracellular conductive appendages to perform long-
range electron transport was established almost 20 years ago [231]. These conductive extracellular
filaments were originally thought to be type IV pili, based on atomic force microscopy low-resolution
observations of dried samples and other additional studies [231-235]. In fact, mutations disrupting
type IV pili production disrupted Geobacter’s electron transport [231]. These thin filaments are 6-8
nm in diameter and have lengths of um, thus being able to connect bacteria with different cells,
surfaces and electron acceptors [236]. Their conserved aromatic residues have been argued to be the
main players behind their conductivity, by performing electron hopping via m-tt stacking [237]. While
this hypothesis contrasts with the general view that proteins are poor conductors [238], strategic
mutations in specific aromatic residues altered the apparent conductivity of these filaments [239].
Altogether, this view was established in the scientific community as the e-pili hypothesis [240]. The
preliminary computational models of the e-pili, together with an experimentally determined nuclear
magnetic resonance (NMR) structure of detergent-solubilized monomeric pilin, assumed that these

were built entirely from the PilA-N gene product, forming a continuous a-helix [237, 241, 242].
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However, a recently determined cryo-EM structure of the type IV pili of G. sulfurreducens (Figure
1.16A) shows features incompatible with these assumptions and with the model for electron
transport in e-pili (Figure 1.16B) [243].

PilA-N-C filament PilA-N chain
Cryo-EM NMR

Figure 1.16. Structural properties of the PilA-N-C pili. (A) Cryo-EM structure of the PilA-N-C filament (PDB: 6VK9
[243]). The ribbon and surface representation of the structure show the PilA-C chains (orange) positioned along
the PilA-N subunits (blue) to form the PilA-N-C heterodimer. (B) Partial melting of the PilA-N a-helix. Comparison
of the experimental structures obtained for a PilA-N chain within a PilA-N-C filament (blue) and for a detergent-
solubilized PilA-N chain (green, PDB: 2M7G [241]). The a-helix of the structure determined by cryo-EM (green) is
melted between the black lines, preventing the stacking of aromatic residues that has been believed to be the

basis for the pili filaments conductivity.

The PilA-N and PilA-C proteins assemble into a heterodimeric pili, in which the C-terminal residues
of PilA-N stabilize the copolymerization with PilA-C, positioning this protein along the outer surface
of the filament through electrostatic and hydrophobic interactions [243]. Importantly, as seen for all
other type IV pili whose structures have been reported to date [244-248], the N-terminal a-helix of
Geobacter’s filaments is partially melted, positioning the conserved aromatic residues such that
electron hopping is not possible (Figure 1.16B). Alternatively, it is believed that these pili assemble
and participate in ananowire translocation system similar to the one encountered in type Il secretion

pseudopili (or endopili) [246, 249] (Figure 1.17), as suggested by previous studies [214, 250, 251].
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Figure 1.17. Schematic models of PilA and cytochrome nanowire secretion. On the left, a past concept, in which
PilA nanowires (e-pili), composed of the monomeric PilA-N protein, are exported through an ATP-driven pilus
secretion machinery spanning the inner and outer membranes, is presented (see [252] for a Review). On the
right, a present model of pilus-facilitated OmcS nanowire secretion is presented [243]. In this model, the PilA-N-
C filaments do not conduct electrons, rather participating in the secretion of OmcS. Importantly, this model
implies that cytochrome nanowires might also play a role in periplasmic EET [184]. This figure was reproduced
from[253].

This model correlates the expression of the type IV pili with the cellular localization of Geobacter's
cytochrome nanowires [187,243], and explains many prior observations that mistakenly linked these
filaments with the bacterium’s conductive properties. Consequently, the pili-nanowire paradigm is
currently under strong debate [250, 254-263]. Undeniably, the functions of the OmcE, OmcS, OmcZ
and PilA-N-C filaments are deeply intertwined, as further illustrated by the fact that deletion of the
GSU1771 gene, which encodes a transcriptional regulator, triggered a 5- to 100-fold change in the

expression levels of all five of these genes [264, 265].

1.4.3. Electron harvesting pathways

The G. sulfurreducensbacterium is capable of exchanging electrons with electrode surfaces in both
directions [27,107, 266]. The mechanisms responsible for the electron transfer from the cell interior
to the cell exterior are generally established, but those of the opposite pathway are poorly
understood. This pathway should involve cytochromes placed at the same cell compartments to
allow electrons to reach the cytoplasm, alter the cytoplasmic NADH/NAD* ratios and drive the
bacterial metabolic processes towards the production of biofuel or desired chemical compounds
[67, 267, 268]. Nevertheless, to warrant directionality to the electron transfer in an opposite
direction, the pathway may not necessarily involve the same proteins. In fact, genomic and
proteomic studies carried out in current-consuming vs current-producing biofilms revealed that

there are specific electron transfer proteins for each direction [269-272]. For example, the OmcZ
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nanowire, which was showed to be essential for electron transfer to electrode surfaces, is not crucial
when electrons are supplied to cells or to drive the metabolic conversion of the terminal electron
acceptor fumarate to succinate [271]. An opposite observation was made for the GSU2515 and PccH
monoheme periplasmic cytochromes, which showed the two highest increased expression levels in
studies performed in electron-uptake biofilms [271]. Additional genes encoding redox-active
proteins showing higher transcript abundance in current-consuming cells were found, but in less
abundant amounts. Additionally, their cellular localization could not be predicted with confidence
[271].

The PccH cytochrome contains a unique fold with one His-Met coordinated c-type heme (Figure
1.18A) [273-275], and was suggested to be an electron transfer partner of GSU2515 in the periplasm of
the bacterium [276].

B Electrode

Outer
membrane

Gsu2515 @

PccH .
e

Periplasm '
Inner
membrane

Fumarate

Figure 1.18. Periplasmic cytochromes crucial for the electron harvesting pathways of G. sulfurreducens. (A)
Ribbon representations of the crystal structure of PccH (PDB: 4RLR [274], blue) and the AlphaFold 2 model of
GSU2515 (green). The c-type heme groups are shown as red sticks. For simplicity, the disordered N-terminal
domain of GSU2515 is omitted. The pLDDT score of the GSU2515 model can be found in Figure 7.1. (B) Schematic
representation of the putative electron transfer pathways involving GSU2515 (green) and PccH (blue) in biofilms
grown on graphite cathodes, using fumarate as terminal electron acceptor. The c-type heme groups are

represented as red squares. This figure was partially reproduced from [277].

This was later confirmed in a study in which GSU2515 was shown to transfer electrons to PccHin a
thermodynamically favorable reaction (Figure 1.18B) [277]. According to its AlphaFold 2 model, the
global fold of the GSU2515 cytochrome resembles those of the cytochromes cs [277], known for
having their heme groups placed in a highly hydrophobic core, thus possessing arelatively low heme

exposed surface area (Figure 1.18A) [278]. These results clarified which are the mechanisms of
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electron transfer in the periplasm of the bacterium in electron harvesting conditions, but additional
studies are required to identify the key players of this process in the inner and outer membranes of
the bacterium (Figure 1.18B).

1.5. Cytochromes - The chemistry of the key players in extracellular electron transfer

Primitive anaerobic bacteria transferred electrons from abundant mineral sources, including the
highly available soluble ferrous iron near active volcanic sites, to terminal acceptors, leading to the
fixation of carbon oxides, while generating organic matter [5]. However, with the increase of oxygen
concentration, and the concomitant decrease of the soluble iron availability, organisms had to
evolve not only to adapt to aerobic respiration, but also to develop strategies to obtain, transfer and
store iron in an efficient manner [7, 279, 280].

Presently, iron is the fourth most abundant element and the second most abundant metal (behind
aluminum) in the Earth’s crust [281]. The natural abundance of iron and its chemical versatility are the
basis for its natural selection for incorporation in biomolecules throughout Life’s evolutionary
stages [282]. Overall, organisms evolved to incorporate and utilize iron in their cellular pathways in
distinct ways, such as proteins’ cofactors, electron donors or electron acceptors. However, excess of
iron can lead to numerous conditions, mostly due to the formation of reactive oxygen species (ROS),
that damage membranes, proteins and nucleic acids, which can result in cell death [283-285].
Consequently, most aerobic organisms have evolved to safely acquire, transport and store iron
[286], while efficiently acting on ROS to prevent cellular damage [287].

Iron, with an atomic number of 26, is part of the first transition series of the Periodic Table,
characterized by having non-filled d orbitals, variable oxidation states, as well as a rich coordination
and organometallic chemistry [288]. This transition metal has been observed in ten different
oxidation states (from -4 to +7), although most of these are found in particular complexes and/or
under specific conditions [289]. The two most common iron states found at physiological conditions
are the ferrous (Fe?*) and the ferric (Fe?*) states, in which iron acts as an electron donor or acceptor,
respectively. The reduction potential of the Fe?*/Fe3* pair is tuned by several factors and ranges from
-700to+700 mV vs SHE, thus covering the entire biologically relevant range of reduction potentials
[290, 291]. These features make iron the ideal redox mediator for biochemical processes in living
organisms.

In heme proteins, the iron atom is covalently bound to four nitrogen atoms of a protoporphyrin IX
molecule (Figure 1.19). Porphyrins are heterocyclic macrocycle organic compounds composed of
four pyrrole subunits connected via methine bridges. These compounds contain 26 1t-electrons, 18
of which form a large, planar, circular conjugated system [292, 293]. Consequently, porphyrins have
a strong absorbance in the visible region of the electromagnetic spectrum, resulting in a strong,

purple red color in solution.
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Figure 1.19. Chemical structures of different heme groups. The structures for the a, b, ¢, d, [, m and o-type hemes
arerepresented using condensed structural formulas. The iron cation is represented by an orange sphere. Inthe
c-type heme structure, the IUPAC-IUB nomenclature for tetrapyrroles is represented [294]. The two covalently
attached cysteines, part of the CXXCH heme binding motif, and their respective sulfur atom, are colored green
and blue. The proximal axial ligand of the c-type heme (His residue) is colored in orange. In the m-type heme
structure, which is present in myeloperoxidases [295], the heme moiety is attached to three amino acids, one of
which forms a vinyl-sulfoniumion linkage with a methionine side-chain (red sulfur atom). X stands for any amino

acid. This figure was reproduced from [131].

Besides the covalent bonds formed with the four nitrogen atoms of the porphyrin, the iron atom
can also bind one or two axial ligands. These axial ligands are usually amino acids from the protein
and their nature greatly modulates the properties of the iron atom, together with the porphyrin
molecule substituents and the local heme environment. In fact, different kinds of porphyrins
associated with iron have distinct properties and classifications, resulting in three major types of
hemes, named a, b or c (Figure 1.19). The different porphyrin substituents, and hence the different
structural features of each type of heme, yield different visible spectroscopic signatures, with o-
bands at 605, 560 and 550 nm for hemes a, b and c, respectively, a feature that has been used to
classify different cytochromes [296]. Type a hemes contain a long hydrophobic tail of isoprene units
attached to the porphyrin and a formyl group instead of one of the methyl substituents (Figure 1.19).
Type b and c hemes have a similar structure, with the only difference being that in the latter the vinyl
groups form covalent thioether bonds with cysteine residues of the protein, in the conserved binding
motif CXXCH (Figure 1.19).
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Variations of the hemes described above were also identified but are much less frequent and
include hemes d[297], [[298], m[295] and 0 [299] (Figure 1.19).

Porphyrins are strong field ligands that place the energies of iron orbitals close enough, so that
small energy contributions from the axial ligands can generate sufficient ligand field strength to alter
the iron’s spin-state. The iron atom contains five 3d orbitals: two orbitals of higher energy (dZ, and
dZ, also known as the eg set of orbitals in Crystal Field Theory (CFT)) and three of lower energy (dxy, dx
and dy, also known as the tg set of orbitals in CFT) and is naturally high-spin outside an octahedral
coordination complex because the energies of these orbitals are degenerate [300]. However, in an
octahedral coordination complex, iron axial ligands with strong field (certain protein amino acid
residues) will result in alow-spin configuration, whereas weak field ligands (usually small molecules)
will result in a high-spin configuration. Thus, the nature of the axial ligands plays a crucial role in the
definition of the iron spin-state.

Porphyrin is a weak dibasic acid which loses two pyrrole N-protons upon coordination of iron, thus
becominga divalent anion. This complex, in whichironis coordinated by a negatively charged ligand,
significantly stabilizes its oxidized state and the reduction potential value of the Fe?"/Fe* pair is
shifted to -115 mV from the value of +771 mV for the aqueous species [301]. Compared to the nature
of the porphyrin substituents found in the different types of hemes, the impact of the axial ligands’
nature on the reduction potential values of the heme-containing proteins is substantially higher
[302-305]. Most heme-containing proteins are axially coordinated by two histidine residues, but
mixed coordination with histidine and other amino acids (such as cysteine, methionine, asparagine,
tyrosine and lysine) is also common. In addition, one of the heme axial positions can be transiently
vacant or occupied by small ligands [306, 307].

Histidine is agood electron donor and stabilizes the hemes’ oxidized state, resulting in lower heme
reduction potential values [308]. The opposite effect is observed when the iron is coordinated by a
methionine residue in the same position because the sulfur atom in the methionine side-chain is a
good electron acceptor and stabilizes the reduced state of the iron [309, 310]. Thus, typically, hemes
with His-His axial coordination have lower reduction potential values compared to those with His-
Met coordination.

In addition to the nature of the axial ligands, the heme reduction potential values can also be
modulated by other intrinsic and extrinsic factors, such as the heme puckering [311] and exposure to
the dielectric environment of the solvent [312], as well as the distribution of polar and charged
residues near the heme [313-315]. The unique coordination chemistry of iron in heme proteins
evolved throughout Life in such away that theiron properties can be modulated by selective changes
in the polypeptide chain and heme axial ligands to achieve maximum effectiveness in the proteins’
functions.

The flexibility of cytochromes’ functional properties has made them ideal and crucial components
of several biological processes, ranging from electron transfer to signal transduction events across
allkingdoms of Life, being found in mitochondria, chloroplasts, endoplasmic reticulum and bacterial

redox chains [316]. Cytochromes are commonly known as electron transport proteins that mediate
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the electron transfer between components in diverse respiratory chains. The different types of
cytochromes are named according to their heme type letter, which can be followed by anumber. This
number depends on some of its properties, such as the number of heme groups, optical or functional
properties, and the nature of its axial ligand. Furthermore, cytochromes can perform enzymatic
reactions with a multitude of purposes [317-319].

The combination of two or more heme groups in the same polypeptide chain or in multiple domains
has made cytochromes even more efficient and versatile. This is well illustrated by cytochromes with
enzymatic activity, such as peroxidase or fumarate reductase, in which a catalytic center is readily
supplied with electron(s) from heme(s) located inits vicinity [320, 321]. Multiheme cytochromes with
no catalytic activity, exclusively dedicated to electron transfer, are also advantageous compared to
monoheme cytochromes, particularly in the case of microorganisms subjected to considerable
environmental fluctuations. Multiheme cytochromes typically extend the proteins’ functional redox
potential range as a result of the different contributions of each of the heme reduction potential
values and heme-heme interactions between neighboring redox centers [322]. These cytochromes
generally have multiple bis-histidinyl c-type heme groups and can receive or donate multiple
electronsin a cooperative way, depending on the intrinsic properties of the neighboring hemes or of
heme-surrounding protonable centers. Nevertheless, there are examples of multiheme cytochromes
with mixed coordination c-type hemes, such as the mentioned GSU1996 cytochrome [169], or with
more than one type of heme, such as the mentioned CbcL quinol dehydrogenase [159, 323]. Finally,
multiheme cytochromes in which the heme groups seamlessly adopt a linear topology (such as
cytochrome nanowires), endow the microorganisms with the ability to perform long range electron
transfer, without the need for successive binding events, providing them with a competitive

advantage over other microorganisms [145, 185, 187].

1.6. Protein engineering of multiheme cytochromes

The abundance and relevance of multiheme cytochromes in electroactive bacteria, particularly in
Geobacter, make them the logical targets for rational protein engineering focusing on the tuning of
their redox properties, resulting inimproved forms of these electron transfer components. For this,
several techniques have been developed to characterize multiheme cytochromes, both functionally
and structurally [324-330]. These strategies have been useful to reveal the functional mechanisms
and key residues involved in the redox reactions of these proteins. The data obtained for the WT
cytochromes can then be conjugated with structural information and explored to design mutated
forms with optimal functional properties.

The main goal of multiheme cytochrome engineering is to improve the current production output
of electrogenic bacteria by either increasing the bacterium’s biomass formation or by optimizing the
bacterium’s EET mechanisms [93]. In the first case, cytochrome mutants with enhanced e/H*
mechanisms, contributing to increased membrane potential and ATP production, can be envisaged.
In the second case, the design of proteins with enhanced electron-transfer driving force for either

upstream or downstream partners, will contribute to the creation of bacterial cells with improved
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electron transfer capabilities. Since the redox properties of the heme groups of cytochromes can be
modulated considering different structural aspects, 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 residues, different strategies can be applied.

Over thelast15years, several studies performed on PpcA mutants have shown that the replacement
of residues that alter the heme solvent exposure might be explored to modify the functional
properties of the protein, however, the most promising substitutions involve charge alterations in

the vicinity of the heme groups [331-336]. A summary of these results is presented in Figure 1.20.
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Figure 1.20. Rational design of PpcA mutants. (A) Spatial location of the residues mutated in the PpcA solution
structure. The PpcA polypeptide chain (PDB: 2MZ9 [337]) is shown as a Ca ribbon in gray, with the heme groups
in red. The side-chains of V13 and F15 are represented in green (conserved residues found in the PpcA-family
cytochromes); K43,K52 and K60 in blue (positively charged lysine residuesin the vicinity of the hemes); and M58
in yellow (residue that controls heme III's solvent accessibility), all in stick drawings. (B) Apparent midpoint
reduction potentials of PpcA mutants. The mutants that retained their e/H* transfer capabilities are labeled in
green, while mutants for which the preferential pathway is disrupted are labeled in red. WT PpcA is labeled in

gray. These panels were reproduced from [93].

The rational principles behind these mutations are transverse and can be applied to other proteins
[338], constituting the first step towards the engineering of optimized Geobacter-mutated strains,
with optimal applicability in MET. The second step is to realistically evaluate the effect of these
mutated proteins in the bacterium’s electron transfer capabilities when incorporated into cells. In

2003, Lloyd and co-workers used a G. sulfurreducens strain with the ppcA gene knocked out to show
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that the bacterial growth with fumarate as an electron acceptor is not affected, while the growth rate
significantly decreased when Fe(lll) citrate was used as an electron acceptor [339]. The ability of the
bacterium to grow with Fe(lll) citrate was restored when PpcA was expressed in trans using a
complementation plasmid inserted by electroporation [339]. A similar strategy (Figure 1.21) can be
envisaged to probe the effects of the PpcA mutants, using either the G. sulfurreducens strain with the
ppcA gene knocked out [339] or, ideally, a G. sulfurreducens strain with all five cytochromes from the
PpcA-family knocked out [174], to allow a more straightforward interpretation of results caused by
the expression of the mutated forms of PpcA.

Site-directed mutagenesis
of known key residues

Charged residue
Hydrophaobic residue

Polar residue /_ﬁ

- J

Optimized application in MET
Knock-out Bacterial strain with

Amplification of gene of interest strain . . .
from bacterial genomic DNA multiple rationally optlmlzed
. ) . . . . mutated proteins
into complementation plasmid Selection of optimal bacterial mutants

Figure 1.21. Schematic picture 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 MET. This figure was

reproduced from [93].

After the production of the mutated strains, their viability must be evaluated by analyzing the
growth curves in the recommended standard bacterial media for G. sulfurreducens (NBAF [122]), so
they canlater be studied in media with different electron acceptors and their mutations evaluated in
terms of electron transfer efficiency and current production. However, a single mutation in a single
cytochrome should not cause significant changes per se in the electron transfer efficiency of the
bacterium. Therefore, after the impact and viability of a certain mutation are evaluated, other
mutated forms of cytochromes belonging to the same EET pathway must be inserted using a similar
methodology to improve the directionality of the electron transfer. For that purpose, the creation of
a“stripped-down” strain, trimming the redundant pathways of G. sulfurreducens, would constitute an
excellent vehicle for the implementation of this strategy [58, 93]. Based on our current knowledge of
the EET pathways, a simplified, controlled and clearly defined electron transfer chain at each

subcellular location can be envisioned (Figure 1.22).
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Figure 1.22, Simplified Geobacter EET pathways towards electrodes. The quinol dehydrogenase required for a
specific MET would depend on the applied electrode potential, while the periplasmic electron transfer could be
solely dependent on the highly abundant and versatile triheme cytochrome PpcA. Alternatively, other suitable
periplasmic cytochrome could also be selected, since the PpcA-family cytochromes have been shown not to be
essential for EET towards electrodes [175]. The final electron transfer steps would be dependent either on the
ExtABCD porin-cytochrome complex (see section 2.3.2) or on the OmcZ nanowire, which might also participate
in the periplasmic electron transfer. IM, OM and P stand for inner membrane, outer membrane and periplasm,

respectively. This figure was adapted from [131].

This approach would be labor-intensive and time-consuming due to the considerable number of
cytochromes expressed by G. sulfurreducens and substantial redundancy of the EET pathways [58].
Alternatively, as shown previously, one might use genetically tractable bacteria with no or few
cytochromes, such as E. coli, to engineer heterologous electron transport chains [96, 340].

Importantly, the development of optimized Geobacter-mutated strains through rational protein
engineering of multiheme cytochromes relies on the principle that the multiple protein components
of acertain EET pathway are not limiting electron transfer. While this has not been exactly confirmed
directly in G. sulfurreducens [341, 342], experimental values tied with a few theoretical assumptions
indicate that electron transfer through the MtrABC complex from S. oneidensis, which possesses a

similar organization of its EET chains, is not limiting [343-348].
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1.7. Objectives and thesis outline

The structural and functional characterization of the individual electron transfer components of
the EET pathways of Geobacter bacteria is a fundamental step towards the sustainable development
of improved mutated strains, with increased respiratory rates and optimal application in MET. The
work performed in this Thesis links the fundamental biophysical aspects of multiheme cytochromes
and other proteins linked to EET, allowing their rational modulation for different biotechnological
applications.

The goal of this Thesis was to biochemically characterize specific components of the EET pathways
of G. sulfurreducens, thereby contributing to the fundamental understanding of their properties and
the bacterium’s physiology. These targets were selected based either on their unique features or on
their relevant role in the EET pathways of the bacterium.

To properly engage the reader into the context and background of our research, this initial chapter
provided a state-of-the-art overview of electroactive microorganisms, their EET mechanisms and
how their components can be modulated to design optimal biotechnological applications.

Inthe second chapter, we make use of the AlphaFold 2 algorithm to gain insights into the structural
features and organization of the five porin-cytochrome complexes of G. sulfurreducens, establishing
guidelines that might be used for optimized cloning, expression and purification of these proteins,
while updating our general understanding of the function and architecture of these complexes.

The third chapter is focused on the characterization of ExtJ, a small periplasmic protein from the
putative porin-cytochrome complex ExtHIJKL, with no predicted cofactors, but yet linked to an EET-
dedicated protein complex.

Biophysical insights into the features of PgcA, a freely-diffusing cytochrome particularly relevant
for extracellular Fe(Ill) oxides reduction, are presented in detail in the fourth chapter. The unique
features of PgcA suggest that this protein forms a new class of cytochromes - microbial heme-
tethered redox strings.

In the fifth chapter, we characterized GSU0105, a triheme cytochrome with unprecedent structural
and functional features, which might work as a complementary player to the PpcA-family triheme
cytochromes in the promiscuous periplasmic electron transfer network.

The final chapter of this work contextualizes our findings, clarifies the ongoing studies and

establishes the foundations for the following steps towards developing sustainable MET.
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The findings of this chapter will form the basis for a manuscript to be submitted for publication:
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2. Unfolding the outer gates of extracellular electron transfer in Geobacter with AlphaFold

2.1. Summary

AlphaFold has delivered a revolutionary advance for protein structure prediction by using an
advanced machine learning approach that incorporates both genetic and structural database
searches. AlphaFold predicts protein structures that often rival those with experimental accuracy
and theincorporation of this tool within structural biology is contributing to the progress of the field.

In this chapter, AlphaFold is used to obtain crucial information about specific outer membrane
multiheme cytochromes and porin-cytochrome complexes. Previous structure prediction methods
typically failed to deliver reliable protein models for heme-containing proteins, especially in the
definition of the heme pocket(s), which in most cases can be confidently predicted by AlphaFold.

The predicted structures of the protein components of the outer gates of EET in G. sulfurreducens
reveal information about function, overall fold arrangement, heme axial coordination, heme spatial
disposition, as well as insights on the assembly of multiprotein complexes. Based on the obtained
models, an overview of the EET networks in the outer membrane of G. sulfurreducens is presented. In
addition, the data obtained can be further explored to define cloning, expression and purification
strategies to assist the production of these proteins for in vitro studies. Consequently, a description
of the rational used to clone different target proteins of this work is presented.

Overall, we show how AlphaFold might be used to shed light on the general understanding of EET

mechanisms in bacteria.

93



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

94



2. Unfolding the outer gates of extracellular electron transfer in Geobacter with AlphaFold

2.2.Introduction
2.2.1. The protein folding problem

Proteins perform an incredible multitude of functions within Life, from transporting molecules [1]
to the catalysis of metabolic reactions [2]. These versatile biomolecules were first described by
Gerardus J. Mulder in 1838 [3, 4] - who found that proteins were composed of smaller molecules
containing both amino and carboxylic functions, named amino acids - and have been one of the main
protagonists of chemical research in the past one hundred years. The early understanding that
protein’s function is determined not only by its amino acid composition, but also by the molecular
interactions between these residues - known as Anfinsen’s dogma or Thermodynamic Hypothesis [5,
6] - sparked the need of finding paths to understand these interactions and to determine the
tridimensional structure of these biomolecules. Ever since, several techniques have been developed
and applied to solve the structure of more than 225,000 proteins [7, 8], namely X-ray crystallography
[9,10], NMR [11,12] and cryo-EM [13, 14].

From early on in the field of structural biology, scientists posed the “protein-folding problem”
which consists on predicting the tridimensional structure of a protein based solely on its “one-
dimensional” sequence of amino acids [15, 16]. According to Levinthal’s paradox [17, 18], empirically
determining the native folded state of a molecule such as a protein, which contains a very large
number of degrees of freedom, would require an almost infinite amount of time using “brute force”
calculations, precisely due to the enormous number of possible protein conformations, which cango
up to 10%°° for a 150 amino acid protein [19]. Since 1994, in pursue of solving this complex problem,
scientists have been organizing the Critical Assessment of Protein Structure Prediction (CASP)
contest [20] with the intent of establishing the state of the art in protein structure determination.
Astonishingly, in CASP14, held in 2020, a group of scientists was able to develop a method capable of
predicting protein structures to near experimental accuracy in the majority of cases, with an all-atom
accuracy of 1.6 A [21].

AlphaFold 2, the artificial intelligence (Al) software developed by Google’s offshoot DeepMind, and
inspired on the original AlphaFold algorithm [22], released in 2018 during the CASP13 contest [23],
incorporates neural network architectures and training methods based on evolutionary, physical
and geometric constraints of protein structures (Figure 2.1) [12]. Briefly, the input file (a protein
sequence) is parsed and basic metadata is extracted for genetic and template search. Multiple
genetic databases (MGnify [24], UniRef90 [25], Uniclust30 [26] and BFD [21]) are searched using
JackHMMER [27] and HHBIits [28], while structural templates are retrieved from PDB [7] using
HHSearch [29], and aligned with Kalign [30]. The resulting multiple sequence alignments (MSA) and
structural templates are refined by the Evoformer stack (consisting of 48 blocks of neural networks
that exchange information between amino acid sequences and pairwise structural characterization
of the protein’s geometry [21]) and assembled as simplified abstract representations of protein

structures.

95



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

(et E LT S — RETST R e High
:i:) [oX) tr4 ‘g MSA g[@ - confidence
Genetic g @ [ XEEEEE —®—> representation —#- —
Y database % (s.ne) %
_search_ ROTTTY
MSA
Structure . jm})
K e o | 1%
Input sequence (8 blocks) ‘ B
s tr4ts tr4te i %
R {3+ _||representation| —» —» "|reprasentation| ——s- 3D structure
' ) (rr.e) {r.e)

-—

Templates

\_| Stuctre |4
database
CTED

[ « Recycling (three times) ]

Figure 2.1. Model architecture of AlphaFold 2. The arrows show the information flow. The array shapes are shown

”

in parentheses with letters “s” (number of sequences), “r’ (number of residues) and “c” (number of channels).

This figure was reproduced from [21].

These representations are then mapped to concrete 3D atom coordinates by a Structure module
that operates solely with heavy atoms (carbon, oxygen, nitrogen and sulfur). This module initially
predicts backbone frames and torsion angles, which are then applied to the corresponding amino
acid structures to construct atom coordinates with idealized bond angles and lengths. To resolve
remaining structural violations and clashes, the protein model predictions are relaxed using an
iterative restrained energy minimization procedure with the AMBER99SB force field, with increasing
harmonic restraints [31]. The final full energy minimization and hydrogen placement is performed
using the OpenMM simulation package [32]. In the end of this process, AlphaFold 2 executes the
described network multiple times by embedding the previous outputs as additional inputs, using a
“recycling” technique without significantly increasing the computational time of the process. This
step provides additional precision to the predicted models, whose final quality can be evaluated by
the per-residue estimate of confidence, pLDDT (predicted local distance difference test), which is
based on the IDDT-Ca metric [33].

From this point forward, for simplicity, “AlphaFold 2” will be referred to as “AlphaFold”, unless a

different version is specified.

2.2.2. The impact and applications of AlphaFold

After the release of AlphaFold, other research groups and Al companies developed alternative
protein structure prediction tools and complementary software that takes advantage of these
findings. RoseTTAFold, for example, emerged as a three-track neural network inspired by the
DeepMind framework, that simultaneously considers patterns in protein sequences, amino acid
interactions and putative protein folding arrangements [34]. Despite the substantially different
architectures of the two neural networks, RoseTTAFold achieves results comparable to those
obtained by AlphaFold. In other example, Meta Al, the Meta Platforms offshoot, designed a large
language model-based protein structure prediction method called ESMFold [35]. While ESMFold

does not meet the accuracy of AlphaFold and RoseTTAFold, it is an order of magnitude faster and is
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uniquely able to predict accurate structures for orphan proteins with limited sequence homologs.
This opened the venue for the prediction of more than 770 million protein structures, released on the
ESM Metagenomic Atlas (https://esmatlas.com/). Another recently developed tool, trRosettaX-

Single, uses an approach similar to ESMFold and is able to predict the structures of orphan proteins
with higher accuracy than AlphaFold, working specifically well in the prediction of structures of
designed proteins [36]. Similarly, ProGen emerged as atool to generate novel protein sequences with
predictable function [37]. OmegaFold, which also uses a protein language model to predict protein
structures, is now claiming to be the superior structure prediction tool for single-sequence input
[38]. Complementary to these tools, efforts are being made to accelerate the accurate prediction of
three-dimensional RNA structures [39] and to incorporate ligands and cofactors in protein models
[40]. All these developments in the field of protein and RNA structure prediction are expected to
greatly accelerate efforts to understand the building blocks of cells and their mechanisms, thus
enabling the implementation of faster and optimal drug discovery, and other technologies [41].
Since its inception, and as of February 2023, AlphaFold alone has been the focus of more than ten
thousand published works that highlight its versatility and suggest its use either in conjunction with
other structural biology tools [42] or to deconvolute specificinformation [43, 44].In 2021, DeepMind
published the results of applying AlphaFold to predict highly accurate structures for 98.5% of the
human proteome (20,000 proteins in total) [45]. One year later, the AlphaFold protein structure
database (https://alphafold.ebi.ac.uk/) was expanded to more than 200 million predicted protein

structures, covering hundreds of thousands of species and almost the entirety of the Uniprot
database [46]. In parallel, DeepMind released a model trained specifically for multimeric inputs of
known stoichiometry called AlphaFold-Multimer, which significantly increased the precision of
predicted multimeric interfaces over input-adapted single-chain AlphaFold, while maintaining high
intra-chainaccuracy [47]. This approachis stillunable to provide results as reliable as those produced
by AlphaFold, but several developments are expected to emerge in the upcoming years [48]. These
will not only enable the prediction of the correct geometries of protein complexes, but will also
improve the prediction of precise protein-protein and protein-peptide interactions [49-51]. Both
AlphaFold and AlphaFold-Multimer can be run through ColabFold, a free and accessible platform
that offers accelerated prediction of protein structures and complexes [52].

Taking advantage of these tools, in this chapter, we demonstrate how AlphaFold can be used to
depict the structural features of the five porin-cytochrome complexes located in the outer
membrane of G. sulfurreducens. The conserved structural analysis and the rationale presented are
transverse to almost all organisms and can be applied to several systems and different groups of

proteins, with special emphasis on multiheme cytochromes.

2.2.3. Structural insights on porin-cytochrome complexes

Electron transfer across the outer membrane of Gram-negative bacteria is achieved by different
mechanisms, involving self-produced redox mediators [53, 54] or outer membrane cytochromes

[55]. The latter can be attached to the outer membrane by lipid anchors, form porin-cytochrome
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fusions or be part of porin-cytochrome complexes for short-range electron transfer [56, 57].
Alternatively, these cytochromes can assemble into nanowires for long-range electron transfer [58].

Porin-cytochrome fusions are single proteins composed by a porin domain, in which the 3-strands
are wrapped around an N-terminal heme-containing domain that faces the periplasm (Figure 2.2)
[59]. The exact mechanisms by which these proteins transfer electrons to extracellular electron
acceptors have not been clarified. The most likely hypothesis requires soluble iron to diffuse within
the barrel in order to be reduced or oxidized by the periplasmic facing heme-containing domain.
Examples of porin-cytochrome fusions are the Cyc2 from Acidithiobacillus ferrooxidans [60] and the
cytochrome 572 from Leptospirillum ferrooxidans [61], both containing a single c-type heme. Recent
studies have shown that these proteins may form oligomers [62], a feature that is common in porin-

like proteins [63].

Figure 2.2. Bacterial porin-cytochromes. The models of the Cyc2 porin-cytochrome fusion from A. ferrooxidans
and of the PioAB porin-cytochrome complex from Rhodopseudomonas palustris TIE-1 were generated with
AlphaFold [21]. Their heme groups were inserted using a dedicated PyMol script (see section 2.6.1). The pLDDT
scores of each model can be found in Figure 7.2.The structure of the MtrABC porin-cytochrome complex from
Shewanella baltica (PDB: 6R2Q [56]) is also represented. The heme groups are represented as red sphere-type
sticks.

Porin-cytochrome complexes commonly require two or three proteins to be assembled, and are
capable of reducing insoluble metals. Two-component porin-cytochrome complexes are formed by
a porin-like protein that crosses the outer membrane, and by a cytochrome that is embedded within
the -strands of the porin-like protein. These cytochromes are long enough to directly bridge the
periplasm of the bacterium with the extracellular environment. Examples of two-component porin-
cytochrome complexes are the PioAB complex from the non-sulfur bacterium Rhodopseudomonas
palustris TIE-1[64] (Figure 2.2) and the MtoAB complex from the chemolithoautotrophic bacterium
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Sideroxydans lithotrophicus ES-1 [65], both composed by a decaheme cytochrome (PioA and MtoA,
respectively) and a porin-like -barrel protein (PioB and MtoB, respectively). Three-component
porin-cytochrome complexes are the most common, containing two cytochromes that bridge the
gap between the periplasm and the cell exterior. One example of this type is the MtrABC complex of
Shewanella baltica (Figure 2.2), whose structure has been experimentally determined [56].

The genome of G. sulfurreducens contains five putative gene clusters that code porin-cytochrome
complexes [66]. Out of these, OmabcB, OmabcC and EXtEFG likely assemble into three-component
systems, whereas ExtABCD and ExtHIJKL encode four and five proteins, thus possibly constituting
new types of porin-cytochrome complexes. The functional and structural features of each of these
complexes are described on the following sections. The pLDDT average scores and respective color

code of the models presented in this chapter may be found in section 7.1.

2.3.Results and discussion
2.3.1. OmabcB and OmabcC

The OmabcB and OmabcC complexes were the first putative porin-cytochrome assemblies
identified in G. sulfurreducens and are widely distributed across phylogenetically diverse bacteria
[67]. The exact role of these complexes in EET is unclear, since conflicting data emerged from several
techniques and growth conditions over the years [67-71]. In fact, it was this apparent variability and
lack of specificity that paved the way for the discovery of alternative pathways that catalyze electron
transfer across the outer membrane, including the existence of additional porin-cytochrome gene
clusters [66, 72]. The OmabcB and OmabcC gene clusters encode three proteins each, with different

structural properties.
OmaB and OmacC

OmaB (GSU2738) and OmaC (GSU2732) are identical 28 kDa octaheme c-type cytochromes
composed by 231 residues, including a 24-residue signal peptide that locates them at the periplasm.
Tobetter visualize the structural properties of these multiheme cytochromes, their AlphaFold model
was enriched with c-type hemes, which were placed in silico using a dedicated PyMol script that
restrains each heme group to a position in which the distances to the cysteine and histidine residues
of aspecific CXXCH heme-binding motif are locally optimal (see section 2.6.1). The final model shows
a curved structure mainly composed by a-helices and random coil secondary structural elements
(Figure 2.3).
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Figure 2.3. Structural features of cytochromes OmaB/C. The AlphaFold model of OmaBC is represented as
surface (light salmon) and ribbon (gray). The hemes are represented as red sticks. The N-and C-terminal regions
of the protein are identified. The roman numerals indicate the hemesin their order of attachment to the CXXCH

motifs in the polypeptide chain. The Fe-Fe distances between the adjacent porphyrin rings are indicated.

The 8 hemes are considerably exposed, axially coordinated by two histidine residues and
distributed along the three protein domains. The N- and C-terminal domains contain 3 c-type hemes
with different spatial organizations and Fe-Fe distances ranging between 10 and 13 A, which facilitate
electron tunneling and ensure an efficient electron transfer [73]. The central domain contains two
hemes in a T-shaped conformation, which usually increases structural stability [74]. The Fe-Fe
distances between the hemes of this domain and those of the N- and C-terminal domains are higher
than17.5A, and their minimum edge-to-edge distances are slightly over 15 A.

Since the edge-to-edge distances of adjacent porphyrins in multiheme cytochromes have been
observed to lay typically within a 14 A distance [73], the heme organization observed in the OmaB/C
putatively hampers an efficient electron transfer. Therefore, in practice, the structure of these
proteins should be slightly more packed that what is predicted by AlphaFold, meaning that the
flexible protein stretches that connect the three domains should have a tighter arrangement that
brings the heme groups closer together. The lack of consistent structural homologs for these
proteins results in alow average pLDDT score (Figure 7.3). After searches for structural homologs of
the OmaB/C cytochromes in the PDB database [7, 8], using the Dali [75], FoldSeek [76] and PDBeFold
[77] servers, the only hit was a bifunctional enzyme from the yeast Candida glabrata THI6 [78],
involved in thiamin biosynthesis, which lacks heme groups and is therefore unsuitable for structural
comparison.

AlphaFold has been shown to be able of sampling different protein ensembles and conformational
states by tuning certain parameters, thus conferring high plasticity to the structure determination
process of sequences with alow number of homologs [79-83]. An explicit proof of this concept is the
fact that the OmaB/C model obtained by running AlphaFold on ColabFold (Figure 2.3) is quite
different from the one deposited on the AlphaFold protein structure database (Figure 2.4).
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Figure 2.4. Relative arrangement of OmaB/C domains predicted by AlphaFold. The superposed models were
generated resorting to ColabFold (orange) or retrieved from the AlphaFold protein structure database (blue).
The protein backbones are represented as cartoons and the hemes as sticks. The N- and C-terminal regions of
the protein are identified. The roman numerals indicate the hemes in their order of attachment to the CXXCH

motifs in the polypeptide chain.

Specifically, although the overall fold and heme arrangement is maintained, the relative position of
the domains differs significantly, thus affecting the distances between the heme groups. This data
supports the hypothesis that the structure can be considerably tighter when in complex with the

remaining proteins of the respective porin-cytochrome complexes.
OmbB and OmbC

As for the OmaB and OmacC proteins, OmbB (GSU2739) and OmbC (GSU2733) are identical
transmembrane B-barrel porins composed by 403 residues, including a 24-residue signal peptide,
accounting for a total molecular weight of 42.9 kDa. DeepTMHMM [84] predicts that OmbB/OmbC
contain 22 transmembrane motifs, which is in agreement with the structural model predicted by
AlphaFold (Figure 2.5).

Extracellular environment 22 B-strands

Periplasm Polar Non-polar
Figure 2.5. Structural features of the OmbB/C transmembrane f-barrel porins. The AlphaFold model of the

OmbB/C proteins is represented as a blue cartoon on the left. The polar and non-polar residues on the right are

colored blue and orange, respectively.
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The N-terminal of porins usually faces the periplasm and can be used as a spatial reference for
relative orientation of these proteins [85]. Consequently, one can define which side of the porin is
facing either the periplasm or the cell exterior (Figure 2.5). Typically, in porins, the non-polar
residues face outward to interact with the non-polar lipids of the outer membrane, whereas the polar
residues face inwards, into the center of the porin [86]. The B-strands of OmbB/C randomly alternate
between polar and non-polar residues and do not exactly replicate the mentioned pattern, but do

create a pore with a 35 A diameter where OmaB/C are expected to dock (Figure 2.5).
OmcB and OmcC

The components of the OmabcB and OmabcC porin-cytochrome complexes that are expected to
face the extracellular environment are the OmcB (GSU2737) and OmcC (GSU2731) dodecaheme c-
type cytochromes. These proteins are the only distinctive elements of these complexes, a feature
that might be explained by the increased selective pressure to which these proteins are subjected due
to the large number of putative interacting partners and variable extracellular conditions. OmcB and
OmcCarelarge 82.3kDaand 85.7 kDa cytochromes, composed by 744 and 768 residues, respectively,
including anidentical 23-residue signal peptide. These proteins share an overall sequence identity of
66% and their AlphaFold models possess an RMSD of 0.8 A across 580 residues, demonstrating their
high structural homology (Figure 2.6).

“Staggered cross” heme core
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Figure 2.6. Structural features of the OmcB and OmcC dodecaheme c-type cytochromes. The AlphaFold models

@4

of the OmcB and OmcC are shown as ribbon (both in gray) and surface (orange and blue, for OmcB and OmcC,
respectively). In these models, the hemes are represented as red sticks. The N- and C-terminal regions of the
proteins are identified. The “staggered cross” formation of the heme core is displayed on the right side, for
OmcB (orange) and OmcC (blue). The roman numerals indicate the hemes in their order of attachment to the

CXXCH motifs in the polypeptide chain.

The heme core of both proteins is conserved, with hemes displayed along a large surface area for

electron exchange (Figure 2.6). This heme arrangement is similar to the one observed in MtrC from
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S. baltica, which was classified as a “staggered cross” formation [87]. OmcB/C contain two sets of four
parallel hemes, bridged by two pairs of hemes that are perpendicular to those sets. The iron-iron
distances between adjacent hemes are lower than 14 A, meaning that OmcB/C possess the necessary
heme arrangement for continuous and efficient electron transfer.

A puzzling feature of the OmcB/C cytochromes is the C-terminal domain, absent of c-type heme
groups, and mainly composed by a-helices (Figure 2.6). A search for homologs of OmcB/C showed
that they share homology with several multiheme cytochrome c nitrite reductases. These enzymes
catalyze the six-electron reduction of nitrite to ammonia as one of the key steps in the biological
nitrogen cycle [88], participating in the anaerobic energy metabolism of dissimilatory nitrate
ammonification [89]. Cytochrome c nitrite reductase (Ccnr) is a functional dimer, with 10 close-
packed c-type heme groups, two of which containing an unusual lysine-coordinated high-spin heme,
forming the active sites [90]. The heme core of this enzyme is remarkably similar to the one formed
by the hemes VIII-XIl of OmcB/C, which lay closer to the C-terminal domain that is structurally
homologous to the fold of cytochrome c nitrite reductase (Figure 2.7).

Figure 2.7. Structural homology between Ccnr and OmcB/C. The monomers of the Ccnr dimer (PDB:1QDB [90])
are colored in green and purple. The 5 c-type hemes of each monomer are represented as spheric sticks in
salmon. The lysine residue coordinating the catalytic heme (hemel) is highlighted in gold. The right panel shows
the superposition of OmcB’s hemes VIII-XII (blue) and the hemes of Ccnr’s green monomer (salmon). The roman

numerals indicate the hemes in their order of attachment to the CXXCH motifs in the polypeptide chain.

Nevertheless, despite the considerable structural similarities, there is no experimental evidence
that supports arole for OmcB/C in nitrite reduction. Furthermore, according to the model predicted
by AlphaFold, the inexistence of a lysine-coordinated high-spin heme hampers a putative catalytical

role for these proteins.
OmabcB and OmabcC assemble into MtrABC-like porin-cytochrome complexes

After digging into the structural properties of each component of the OmabcB and OmabcC
complexes, we used AlphaFold-Multimer to determine a model of these heterooligomers, to gain
insight on their organization and geometry. Apart from providing information on the overall folding

of the complex, AlphaFold-Multimer can also be used to understand the relative orientation of the
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complexes by determining which proteins are facing the periplasm or the extracellular environment.
In addition to signal peptide sequence-based predictions, the position of the OmaB/C and OmcB/C
proteins relative to the OmbB/C porins can be used as reliable hints for definition of their cellular
localization. AlphaFold-Multimer predicts that OmabcB and OmabcC assemble into MtrABC-like
porin-cytochrome complexes, with the octaheme OmaB/C embedded inside the OmbB/C porin, and
the dodecaheme OmcB/C bulging towards the extracellular environment (Figure 2.8).

MtrABC

OmabcC

EX

oM

Figure 2.8. AlphaFold-Multimer models of OmabcB/C complexes. The surface of the models is shown, with the
heme groups represented as red sphere-type sticks. For comparison, the crystal structure of the MtrABC porin-
cytochrome complex from S. baltica (PDB: 6R2Q [56]) is also represented. EX, OM and P stand for cell exterior,

outer membrane and periplasm, respectively.

The OmabcB and OmabcC complexes contain a 20-heme arrangement in which electrons move
across 140-150 A. These values are considerably lower than what is observed for the electron pathway
in MtrABC (185 A) [56], in which the 20 hemes are arranged more linearly, thus spreading across a
greater distance (Figure 2.8).

As postulated, the individual structures of the OmaB/C cytochromes change considerably upon
assembly with the other proteins from the respective complexes, such that in these cases the Fe-Fe
distances between all pairs of adjacent hemes are lower than 15A. These proteins fit within OmbB/C,
but their C-terminal domains protrude out of the porin, towards the extracellular side of the
complex. This might imply that OmbB/C can directly reduce extracellular acceptors. The opposite is
observedinthe MtrABC complex, in which MtrA protrudes slightly fromthe periplasmic side of MtrB,
having a higher surface area for interaction with putative periplasmic partners. The heme chains of
OmaB/C are perpendicular to the membrane, likely to prevent non-specific reduction of liposoluble
exogenous molecules such as oxygen, which could result in the generation of ROS and consequent
cellular damage due to lipid peroxidation [56].

In contrast with the models of OmaB/C, the structures of the extracellular OmcB/C cytochromes
are identical in the individual and in-complex predictions. Interestingly, the OmbB/C models do not

possess extended surface loops on the extracellular side of the membrane, as observed for MtrB.
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These loops contain a uniform negative charge that likely assists the docking of extracellular
catalytic domains, by preventing the negatively charged lipopolysaccharides from binding to the
external surface of the membrane embedded porin-cytochrome complexes [56, 91]. This question
has to be addressed for the case of Geobacter. The structural features of OmabcB and OmabcC
complexes are globally comparable to those of MtrABC, but encompass localized differences that
might imply differentiated functions.

2.3.2.ExtABCD

The extABCD gene cluster is essential for electrode and soluble metal reduction [66]. An engineered
G. sulfurreducens strain lacking the other four outer membrane porin-cytochrome complexes
(extABCD*) was shown to grow faster and produce greater current density than the WT bacterium
[92]. This increased performance was attributed to the additive effects of denser cell packing close
to the electrode, higher metabolic rates per cell and increased electron transfer rates due to
simplified, streamlined EET pathways [92]. This interesting gene cluster encodes four proteins with

different structural properties.
ExtA

ExtA (GSU2645) is a 37.8 kDa periplasmic dodecaheme c-type cytochrome composed by 310
residues, including a 32-residue signal peptide. The AlphaFold model of ExtA (Figure 2.9) shows that
the protein contains an elongated structure composed of a-helix and random coil elements, with 12

c-type hemes displayed across a 90 A distance with alternating parallel and T-shaped arrangements.

Figure 2.9. Structural features of ExtA. The AlphaFold model of ExtA (residues 72-310) is represented as surface
(light green) and ribbon (gray). The N- and C-terminal regions of the protein are identified. The hemes are

represented as red sticks. For simplification, the N-terminal region of ExtA (residues 33-70) is not represented.

The N-terminal region of ExtA is composed by a 40-residue long and apparently flexible tail, which
is not predicted to form any transmembrane motifs [84], and might be relevant for the assembly of
the putative ExtABCD porin-cytochrome complex. The 12 hemes of ExtA are bis-histidynil
coordinated and highly exposed to solvent (as expected for a ratio of 22 residues/heme), suggesting
that they likely have considerably negative reduction potential values. Interestingly, heme VIII

contains a rare CXsCH heme binding motif. After searches for structural homologs of ExtA, the only
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hit was amembrane-associated cytochrome from the archaea Ignicoccus hospitalis [93], whose heme
arrangement is not conserved with that of ExtA. A closer analysis of the structure shows that the
protein can be divided in three tetraheme domains connected by small linkers, each containing 80

residues and two pairs of parallel hemes that are anti-parallel to each other (Figure 2.10).

Figure 2.10. Structural conservation of tetraheme domains of ExtA. The heme groups of the three tetraheme
domains of ExtA are represented in green, yellow and red. The surfaces of the three domains are represented in

light gray.

This relative arrangement of the four hemes differs from those encountered in the tetraheme
cytochromes c3[94], STC [95], OmcE [96] and flavocytochrome ¢ [97], suggesting an unprecedented
heme core architecture for each domain of ExtA. In this disposition, each pair of parallel hemes is
exposed in opposite faces of the protein, thus maximizing the total heme solvent exposure. The
particular structural organization of ExtA makes this cytochrome a suitable candidate for the
application of the strategy previously described for the GSU1996 dodecaheme cytochrome (Figure
1.11), in which each of the four individual triheme domains was separately produced to assist the

complete thermodynamic characterization of the protein [98].
ExtB

ExtB or OmbW (GSU2644) is composed by 394 residues, including a 26-residue signal peptide,
accounting for a total molecular weight of 44.2 kDa. DeepTMHMM [20] predicts that ExtB contains
22 transmembrane motifs. This is consistent with the AlphaFold model of ExtB, which shows that the
protein forms a typical B-barrel porin structure, with 22 anti-parallel B-strands (Figure 2.11).

The protein is structurally homologous to the OmbB/C proteins, with a RMSD of 0.97 A across 233
atom pairs of the two models, despite only sharing 18% of pairwise sequence identity (Figure 2.11).
Likewise, the distribution of polar and non-polar residues is conserved, as well as the pore diameter
size (35A).
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Extracellular environment 22 B-strands

ExtB
OmbB/C

Periplasm Polar Non-polar

Figure 2.11. Structural features of ExtB transmembrane 3-barrel porin. The left panel shows the superposed
AlphaFold models of the ExtB and OmbB/C proteins, represented as blue and purple cartoons, respectively. The

polar and non-polar residues on the right are colored blue and orange, respectively.

ExtC

ExtC or OmaW (GSU2643) is an 18.5 kDa pentaheme c-type cytochrome composed by 155 residues,
24 of which correspond to a signal peptide. The AlphaFold model of ExtC shows that the protein is
composed by a-helical structures and random coil elements that fold around 5 c-type bis-histidynil

coordinated hemes, which spread across a 40 A distance (Figure 2.12).

Figure 2.12. Structural features of ExtC. The AlphaFold model of ExtC is represented as surface (white) and
ribbon (gray). The hemes are represented as red sticks. The N- and C-terminal regions of the protein are
identified. The roman numerals indicate the hemes in their order of attachment to the CXXCH motifs in the
polypeptide chain. The Fe-Fe distances between the adjacent porphyrin rings are indicated.

The 5 c-type hemes are surface exposed and positioned such that the edge-to-edge distances
between adjacent hemes are lower than 14 A, allowing for fast and efficient intramolecular electron

transfer. A search for homologs showed that ExtC possesses a unique folding.
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ExtD

ExtD or OmcW (GSU2642) is a 26.2 kDa hexaheme c-type cytochrome composed by 229 residues,
including a 24-residue signal peptide. AlphaFold has particular difficulties in predicting a reliable
model for ExtD. In fact, in an extent greater than what is observed in the OmaB/C models, AlphaFold
shows great variability in predicted models for ExtD, with consistently low average pLDDT scores
(<60, Figure 7.4). Ranging from tighter and compact, to more relaxed and elongated models, the
predicted foldings consistently place the hemes too close together, resulting inincompatible clashes
(Figure 2.13).

ColabFold 1

Figure 2.13. Extended and compacted models of the ExtD hexaheme cytochrome. The backbone of the predicted
models is represented as ribbon. The hemes are represented as red sticks. The N- and C-terminal regions of the

different models of the protein are identified.

Additionally, in seek of models with higher reliability, the ESMFold algorithm [35] was used to
predict the structure of ExtD. However, low average pLDDT scores were also obtained (Figure 7.4).
Furthermore, as expected, no structural homologs were found after a search in different databases.
Nevertheless, and despite the inconsistencies in the predicted AlphaFold models, consistent
structural features can be emphasized. The protein is mainly composed by a-helices and random coil
elements, while all models predict two 3-sheets forming a 3-strand at the C-terminal domain (Figure
2.13). Additionally, based on the number of histidine residues (12), it is conceivable to assume that all
6 hemes are bis-histidynil coordinated. While two of those histidines are consecutive in the protein
sequence (His”” and His'’8), they might still work as heme distal ligands, considering the relative

position of the axial ligands in tetraheme cytochromes from Desulfovibrio species [99,100].
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Interestingly, ExtD contains 22 proline residues, which accounts for 10% of the protein, spreading
across the entire structure. The structurally disruptive nature of these residues might be an

additional parameter that hinders the prediction of reliable models for this protein.
ExtA is excluded from the ExtBCD porin-cytochrome complex

The fact that the extABCD gene cluster encodes a number of proteins that is higher than those
observed on the three-component porin-cytochrome complexes, was an initial indication that this
putative porin-cytochrome complex would either have a novel and unique organization, or that,
alternatively, one of its components is co-expressed but not assembled into the protein complex. In
fact, after several AlphaFold-Multimer model predictions with the different combinations of the
ExtA-D proteins, we observed that ExtB, ExtC and ExtD form a transmembrane porin-cytochrome

complex, while ExtA does not assemble with these proteins (Figure 2.14).

“Contracted” “Extended”
ExtD A ExtD
80 A
ExtBCD EX
oM
Y
P

Figure 2.14. AlphaFold-Multimer models of the ExtBCD complex. The surface of the models is shown, with the
heme groups represented as red sphere-type sticks. EX, OM and P stand for cell exterior, outer membrane and

periplasm, respectively.

Based on these predictions, we believe that ExtA is part of the group of periplasmic cytochromes
that bridges the electron transfer between the inner and outer membranes. On one hand, this leaves
anopen questionregarding the structural and functional relevance of the intrinsically disordered 40-
residue N-terminal tail. On the other hand, ExtBCD forms a small porin-cytochrome conduit, with a
structural arrangement similar to other complexes.

AlphaFold-Multimer predicts that ExtC is embedded inside ExtB, while ExtD protrudes towards the
cell exterior (Figure 2.14). Upon assembly, the foldings of ExtB and ExtC are similar to those predicted
for their individual cases, whereas that of ExtD presents the same inconsistencies encountered in the
models of the individual protein. This feature hinders the prediction of a reliable ExtBCD model,
however, one can affirm that like in the MtrABC and OmabcB/C complexes, the hemes of ExtC are
perpendicular to the membrane, with ExtB working as an insulator that prevents the formation of
ROS [56] (Figure 2.14). Nevertheless, ExtC does not protrude from either side of the porin, as

observed in other complexes, meaning that either the periplasmic partners, or ExtD, will require
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close surface contacts for efficient electron transfer. Additionally, and despite the unclear
conformation of ExtD, the overall heme arrangement of ExtBCD will only allow electron transfer
events across a distance of 70-90 A, which is considerably smaller than those found on the structure
of MtrABC (185 A) and the models of OmabcB/C (140-150 A). Nonetheless, this was somewhat
expected given their architecture and higher number of heme groups.

2.3.3. EXtEFG

The extEFG gene cluster is essential for Fe(lll) citrate reduction, as strains lacking this cluster were
only able to reduce 65% of WT levels [66]. This gene cluster is part of G. sulfurreducens’ hydrogenase
family transcriptional unit, which includes a homolog of the YedY family of periplasmic proteins
involved in repair systems of oxidized proteins in £. coli [101]. Additionally, this transcriptional unit
also encodes an NiFe hydrogenase, similar to the bidirectional Hox hydrogenases used to recycle

reducing equivalents in cyanobacteria [102-104].
ExtE

ExtE or OmbV (GSU2726) is composed by 431 residues, including a 21-residue signal peptide,
accounting for a total molecular weight of 45 kDa. The AlphaFold model of ExtB contains 22
transmembrane motifs, in agreement with the prediction of DeepTMHMM [84], showing a typical 3-
barrel porin structure, structurally similar to those of OmbB/C and ExtB (Figure 2.15). In fact, their
superposed structures possess an RMSD between 320 atom pairs of -1 A (Figure 2.15). Consequently,
the distribution of polar and non-polar residues is conserved, as well as the pore diameter size (35 A).

Extracellular environment 22 B-strands

ExtB
OmbB/C

Periplasm

Figure 2.15. Structural features of ExtE transmembrane fB-barrel porin. The left panel shows the superposed
AlphaFold models of the ExtE, ExtB and OmbB/C proteins, represented as yellow, blue and purple cartoons,

respectively. The polar and non-polar residues on the right are colored blue and orange, respectively.
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ExtF

ExtF or OmaV (GSU2725) is an 18.4 kDa pentaheme c-type cytochrome composed by 157 residues,
24 of which correspond to a signal peptide. The AlphaFold model of ExtF shows that the protein is
composed by a-helical structures and random coil elements that fold around 5 c-type bis-histidynil

coordinated hemes, which spread across a 40 A distance (Figure 2.16).

ExtF-ExtC

Figure 2.16. ExtC and ExtF are structural homologs. The ExtF cytochrome is shown as a blue surface
representation with a gray ribbon. The ExtF hemes are colored red. The ExtC hemes are colored gray. The N-and
C-terminal regions of the protein are identified. The roman numerals indicate the hemes in their order of

attachment to the CXXCH motifs in the polypeptide chain.

These features are quite similar to the ones that were observed in the model of ExtC, with which
ExtF presents a pairwise sequence identity of 43.6%. In fact, by superposing the two models, one can
verify that the heme arrangement and protein folding are conserved in both proteins, even though
the positions of hemes I and IV are slightly different (Figure 2.16). As for ExtC, the 5 c-type hemes of
ExtF are surface exposed and displayed such that the edge-to-edge distances between adjacent
hemes are lower than 14 A, allowing for fast and efficient intramolecular electron transfer. A search

for homologs showed that ExtC and ExtF possess a unique folding.
ExtG

ExtG or OmcV (GSU2724) is a cytochrome composed by 691 residues, whose mature form is
predicted to contain 661 residues and 13 c-type hemes, according to its number of CXXCH heme
binding motifs. However, a closer analysis of its amino acid sequence shows that there are 20 CH pairs
of residues, which might indicate a higher number of heme binding sites, via unconserved heme
binding motifs. In fact, the resulting AlphaFold model of ExtG shows that this cytochrome contains a
remarkable variability of heme binding motifs, and that it might actually contain 20 c-type hemes,

accounting for a total molecular mass of 79.9 kDa (Figure 2.17).
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Figure 2.17. ExtG contains multiple non-canonical heme binding motifs. The AlphaFold model of ExtG is shown
as a surface representation, with the two distinctive domains colored as green and blue. The heme groups are
represented as red sphere-type sticks. The insets show examples of each type of non-canonical heme binding
site found in ExtG. For clarity, the structure was rotated in some of the examples. The residues involved in heme
ligation and the respective heme groups are represented as sticks. The residue numbering was performed
according to the sequence of the mature protein (with no signal peptide). The N- and C-terminal regions of the
protein are identified. The roman numerals indicate the hemes in their order of attachment to the respective

heme binding motifs in the polypeptide chain.

The structure of ExtG can be divided into two decaheme domains (Figure 2.17). One is L-shaped,
while the other is linear and elongated, with both mainly containing «-helices and random coil
elements. While 13 of ExtG’s 20 hemes contain the classical CXXCH heme binding motif, hemes XX
(CX3CH), XVII (CX4CH), VI/X (CXsCH), lII/VIII (CXsCH) and XIV (CXisCH) are covalently attached to less
typical heme binding motifs. Untypical or non-canonical heme binding motifs have been observed in
other cytochromes and usually require dedicated heme maturation systems [105-108]. For example,
in trypanosomes and related organisms, the covalent heme attachment occurs via a single thioether
bond (AXXCH or FXXCH motifs) [109, 110], while a “contracted” heme binding motif (CKCH) was
observed in a tetraheme protein from a hydrazine synthase apparatus of the annamox bacteria K.

stuttgartiensis [111]. Moreover, other rare heme binding motifs include the CXXCK motif found in the
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cytochrome c nitrite reductase from Sulfurospirillum deleyianum [90] and Wollinella succinogenes
[112], CX3CH in the tetraheme cytochrome c: from Desulfovibrio gigas [113], CX4+CH in the tetraheme
cytochrome cs from Desulfovibrio vulgaris Hildenborough [114], CX1CH in the OmcZ cytochrome
from G. sulfurreducens [115, 116], CX1sCH in the octaheme cytochrome MccA from W. succinogenes
[117], and CX17CH in other MccA-family proteins [118]. In addition, other studies have shown that the
heme incorporation system of E. coli is capable of maturing c-type cytochromes with artificial
CCXXCH, CCXCH, CXCCH, CXXCHC and CX2sCH heme binding motifs [119]. Considering this, ExtG
contains an unprecedent variety in the number and nature of non-canonical heme binding motifs.
These features alone likely make ExtG the most unique cytochrome of Geobacter, out of those who

have been described to date. A structural homology search found no structural homologs for ExtG.
Arrangement of the putative ExtEFG porin-cytochrome complex

The extEFG gene cluster encodes two cytochromes and one -barrel porin, as observed for the
OmabcB/C and MtrABC porin-cytochrome complexes. Since there is strong evidence that ExtG
encodes 20 hemes instead of the initially predicted 13, we may affirm that the sum of the number of
hemes of ExtF and ExtG makes EXtEFG the complex with the highest number of heme groups in G.
sulfurreducens. Furthermore, the heme to amino acid ratio is considerably higher in ExtEFG (1:40)
when compared to the OmabcB/C (1:47) and MtrABC (1:48) complexes. Nevertheless, this ratio is
higher in ExtBCD (1:30), despite the much lower number of c-type heme groups (11).

To investigate how this complex assembles, we resorted to AlphaFold-Multimer and inserted the
predicted heme groups in silico, as described previously. The first predicted model shows that ExtF

is located within ExtE, while protruding towards the extracellular side of the porin (Figure 2.18A).

EXtEFG

EX

oM

Figure 2.18. AlphaFold-Multimer models of the ExtEFG complex. The surfaces of the ExtEFG (A and C, from two
different AlphaFold predictions) and ExtEF (B) models are shown, with the heme groups represented as red
sphere-type sticks. The N- and C-terminal regions of ExtF are identified in the different models. EX, OM and P

stand for cell exterior, outer membrane and periplasm, respectively.

The heme organization of ExtF is disrupted in this prediction, since hemes IV and V are isolated in

the C-terminal region of the protein, far apart from hemes I, at Fe-Fe distances incompatible with

113



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

electron transfer (21.5 A between hemes Il and IV). The fact that the N-terminal of ExtF is located on
the extracellular side is another indication that the model is unreliable. Upon prediction of the ExtEF
complex, without the presence of ExtG, ExtF is located within ExtE, with the N-terminal facing the
periplasmic side, as observed in the other porin-cytochrome complexes (Figure 2.18B). In the first
prediction of the ExtEFG model (Figure 2.18A), ExtG is wrapped around ExtF, while adopting a
structural organization that does not resemble the structure of the cytochrome alone. This affects
the overall disposition of the heme groups and results in several clashes between the different
cofactors. In general, the structural model of ExtG within EXtEFG is excessively condensed and not
realistic (Figure 2.18A). Due to the several issues encountered in the ExtEFG modelinitially predicted
by AlphaFold-Multimer, with low pLDDT scores (Figure 7.5), we sampled a different conformation of
the complex. In this prediction (Figure 2.18C), while the average pLDDT scores are still not optimal
(Figure 7.5), the N-terminal of ExtF is facing the periplasm and the protein is embedded further in
ExtE, similarly to ExtC in the ExtBCD complex. Additionally, the hemes are closely packed and there
isan acceptable interface between ExtF and ExtG. Moreover, ExtG shows no internal clashes between
the different heme groups and has a more elongated structure. In this prediction, ExtG wraps into a
tilted “U” shape, indicating that while maintaining a contact with ExtF, this cytochrome might behave
as a flexible cytochrome wire, adopting different conformations during extracellular electron
acceptor reduction. These observations indicate that ExtEFG might possess the longest extension

towards the extracellular environment (up to 160 A, if a fully stretched ExtG is considered).

2.3.4. ExtHIJKL

The extHIJKL gene cluster is unique in G. sulfurreducens, not only due to its number of components,
butalso dueto their intrinsic nature. Ina G. sulfurreducens strainin which ExtHIJKL was the only porin-
cytochrome complex being expressed, the bacterium was able to reduce Mn(IV) oxides at a rate
equivalent to that of the WT bacterium, highlighting the role of this complex in the reduction of this
extracellular electron acceptor [66]. This complex is also important for the reduction of selenite and
tellurite to less-toxic elemental selenium and tellurium [120-122], and for growth on anodes poised at
intermediate redox potentials (-150 mV vs SHE) [123].

ExtH

ExtH (GSU2940) is a 45.8 kDa rhodanese-like lipoprotein composed by 468 residues, 29 of which
correspond to a lipoprotein signal peptide. Rhodanese proteins are thiosulfate sulfurtransferases
found in all three domains of Life, and can be involved in diverse processes, including cyanide
detoxification [124], Fe/S clusters formation [125], sulfur metabolism [126], extracellular reduction
of metal sulfides [127], as well as intracellular transport [128] and regulatory pathways [129].
Generally, rhodaneses catalyze the transfer of a sulfur atom from thiosulfate to cyanide by cycling
between two distinct forms, the free enzyme and a covalent enzyme-sulfur intermediate,
characterized by a persulfide bond (R-S-SH) at the sulfhydryl group of the catalytic cysteine residue

[130]. These enzymes act as carriers for reactive sulfur atoms by forming persulfide intermediates,
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playing a crucial role in sulfur traffic by delivering sulfur as an unharmful chemical species to
biosynthetic pathways.

Structurally, rhodanese-like domains have an extensive variability, observable at different levels,
including sequence, active site loop length, presence or absence of a critical catalytic cysteine
residue, and overall domain arrangement [130]. The tertiary structure of these proteins is usually
composed by two domains with very similar folds, displaying an o/ topology, with a central parallel
five-stranded [3-sheet surrounded by a-helices [131]. These domains can be found in combination
with other protein domains, as single or tandem scaffolds. Depending on their folding and overall
structural organization, rhodanese-like proteins might be classified into four different groups [130]:
i) single domain proteins, ii) tandem-domain proteins, iii) multidomain proteins, and iv) elongated
active-site loop proteins.

The AlphaFold model of ExtH shows that the protein contains two tandem domains with an o/
topology and a cysteine residue located in an active-site loop with the amino acid sequence CRAGNA
(Figure 2.19), placing it into the group Il of the rhodanese-superfamily [130].

Azobacter
vinelandii

A. vinelandii (C

G. sulfurreducens (C

1 QTHH)
RAGNA)

Domain 1 (Catalytical)

c Domain 2 (Inactive) 301

Figure 2.19. ExtH is a group Il rhodanese-like protein. (A) AlphaFold model of ExtH. The structure of ExtH is
represented as ribbon, with Domains1and2 coloredinred and blue, respectively. The remaining of the structure
is colored gray. (B) Structural conservation of the rhodanese-like fold of ExtH. The structure of ExtH is
superposed with that of the rhodanese of Azobacter vinelandii (PDB: 1EOC [131]), which is represented in green.
Forsimplification, the unconserved and disordered N- and C-terminal stretches of ExtH are not represented. The
inset highlights the active-sites of the two rhodaneses, with the catalytical cysteine residues represented as

sticks.

Upon a search for homologs in different databases, multiple structures of rhodanese-like proteins
emerge as closely related structural homologs. A superposition of ExtH with a rhodanese from
Azobacter vinelandii [131] shows that the overall folding of the proteins is highly similar, including
their active-sites (Figure 2.19). While the rhodanese from A. vinelandii only contains one cysteine
residue, which is located in the active-site of the catalytic domain, ExtH contains an additional
cysteine in the supposedly inactive domain. This can be an indication that ExtH actually contains two
catalytical domains, however, rhodaneses with inactive domains containing loops with cysteine

residues have been described before [132]. Finally, the main difference between these structures is

115



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

the additional C-terminal extension that ExtH possesses, which might serve for anchoring the protein
either on the ExtHIJKL complex or directly in the outer membrane of G. sulfurreducens.

Extl

Extl (GSU2939) is composed by 406 residues, including a 26-residue signal peptide, accounting for
a total molecular weight of 42.6 kDa. DeepTMHMM [84] predicts that the protein contains 16
transmembrane motifs. This is consistent with the AlphaFold model of Extl, which shows that it

assembles into a typical 3-barrel porin structure (Figure 2.20).

Extracellular environment 16 vs 22 B-strands

Periplasm Extl OmbB/C

Figure 2.20. Structural features of the Extl B-barrel porin. The left panel shows the AlphaFold model of the Extl
protein, represented as agreen cartoon. The right panel shows the superposed AlphaFold models of the Extl and

OmbB/C proteins, represented as green and blue cartoons, respectively.

While OmbB/C, ExtB and ExtE form similar B-barrel porins with 22 transmembrane motifs, Extl only
contains 16 3-strands, despite possessing approximately the same number of residues as the porins
of the other four porin-cytochrome complexes of G. sulfurreducens. Consequently, although the
same distribution of polar and non-polar residues is observed, the pore diameter size is significantly
smaller (27 A). The residues which are not involved in the B-sheet formation either protrude from the

extracellular side of the porin envelope or are clustered within the porin channel (Figure 2.20).
Ext)

Ext] (GSU2938) is an 8.2 kDa periplasmic protein composed by 104 residues, 23 of which
correspond to a signal peptide. Ext) has no predicted cofactors and unlike ExtH, it has not been
associated with any particular family of proteins. The AlphaFold model of Ext] shows that the protein
contains 6 B-sheets within a B-barrel fold with a Greek-key topology, one isolated a-helix and an

elongated random coil C-terminal (Figure 2.21).
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Riboflavin synthase
(trimer)

Figure 2.21. Structural homology of Ext] with riboflavin synthase-like B-barrel proteins. The AlphaFold model of
ExtJ is shown as a gray cartoon. The N- and C-terminal regions of the protein are identified. The structures of the
lumazine protein from Photobacterium leiognathi (PDB: 3DDY [133]) and the riboflavin synthase from Brucella
abortus (PDB: 4GQN [134]) are represented as cartoons, superposed with Ext). The lumazine protein is colored
blue, while the three monomers of the riboflavin synthase functionally active trimer are colored orange, red and
green. The disordered C-terminal stretch of ExtJ was removed from the superposed structures, for

simplification.

Upon a structural search for homologs, multiple structures of domains within subunits of large
ATPases/synthases or ribosomal assemblies, together with riboflavin synthase-like 3-barrel proteins,
emerge as closely related structural homologs of ExtJ. Although the structural similarity between ExtJ
and specific domains within subunits of ATPases/synthases or ribosomal assemblies is interesting,
based on the small size of Ext] and its predicted location in the periplasm, the protein is unlikely to be
associated with ATP synthesis or ribosomal assembly. Riboflavin synthase-like B-barrel proteins
include the riboflavin synthase and lumazine enzymes, which might be conceptually more realistic
functional homologs of ExtJ. The superposition of their structures with Ext] shows a clear structural
homology (Figure 2.21), while raising questions about the possible mechanisms of ExtJ, considering
that it does not contain the tandem-domain configuration found on those enzymes. Additionally,
riboflavin synthase is usually active as a trimer [135], which would require Ext] to undergo
oligomerization. However, trimer formation in riboflavin synthases is usually promoted by a C-
terminal a-helix [136-138], which is lacking in ExtJ, meaning it would have to oligomerize through a
different mechanism. Furthermore, another relevant question that raises relates to the relationship

between the putative function of Ext] and the assembly of the ExtHIJKL porin-cytochrome complex.
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ExtKL

ExtK (GSU2937) is a35.9 kDa pentaheme c-type cytochrome composed by 324 residues, 25 of which
correspond to a signal peptide that localizes the protein in the periplasm. ExtL (GSU2936) is a
hypothetical protein composed by 98 residues, with no predicted signal peptide, and a total
molecular mass of 11.2 kDa. The AlphaFold models of these proteins show that ExtK contains a
globular domain formed mostly by a-helices, and two long -sheets protruding from the remaining
of the protein, while ExtL contains a rather unique structure, with only two pairs of antiparallel 3-
strands (Figure 2.22).

149 I

Figure 2.22. Structural features of the cytochrome ExtK and the hypothetical protein ExtL. The AlphaFold
models of ExtK and ExtL are represented as ribbon, in gray and orange, respectively. The heme groups are
represented as red sticks. The N- and C-terminal regions of both proteins are identified. The heme core of ExtK
shows the axial histidines of each heme represented as gray sticks with heteroatom coding. The residue
numbering was performed according to the sequence of the mature protein (with no signal peptide). The bold
roman numerals indicate the hemes in their order of attachment to the respective heme binding motif's in the

polypeptide chain.

The five heme groups of ExtK are located within one half of the globular domain. The heme core is
formed by four parallel hemes (hemes |, l1I-V), and an additional heme (heme II) that is perpendicular
to this group. The four hemes (hemes I, llI-V) are bis-histidynil coordinated, whereas heme Il has no
candidates for the distal position, meaning that this position might be vacant and that this heme is
likely pentacoordinated. While most of the axial histidine residues are located in the globular domain
of ExtK, the distal histidine of heme V (His?**) is provided by the C-terminal domain. The hemes are
arranged such that the Fe-Fe distances between adjacent hemes are below 15 A to promote efficient
electron transfer [73].

Considering that ExtL is encoded by the gsu2936 gene within the extHIJKL gene cluster, it is rather
puzzling that it has no predicted signal peptide, which would lead to the protein being located in the
cytoplasm ofthe bacterium. Furthermore, it has been suggested that ExtK and ExtL may formasingle

protein, since the hypothetical TGA stop codon that separates their genes might actually encode a
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rare selenocysteine amino acid [66, 122, 139]. These evidences, together with the unique AlphaFold
model of ExtL, prompted us to make a prediction of the AlphaFold model of the joint ExtKL protein.
The resulting model shows that ExtL merges smoothly with the C-terminal B-sheet of ExtK (Figure
2.23).

C/U300

ExtK, .. - 300-327 -

1-299

Figure 2.23. Structure of the ExtKL tandem cytochrome. The AlphaFold model of the ExtKL protein is
represented as ribbon. The ExtK and ExtL proteins are colored in gray and orange, respectively. The additional
28 amino acids corresponding to the genome section that links both genes are colored blue. The heme groups
are represented as red sticks. The cysteine residue used alternatively in the position of the selenocysteine is

represented as sticks with heteroatom coding.

The resulting ExtKL cytochrome contains 425 amino acids and a total molecular mass of 50.2 kDa,
which accounts for the polypeptides encoded by the extK and extL genes, the five c-type heme
groups, and an additional 28 amino acids corresponding to the genome section that links both genes
(Figure 2.23). Due to the inability of AlphaFold to make predictions using rare amino acids, such as
selenocysteine, the model of ExtKL was alternatively estimated using a cysteine residue in the
position of U3°° (Figure 2.23).

The C-terminal domain of ExtKL, formed by the joint B-strands of ExtK and ExtL, contains two sets
of parallel B-strands connected head to rear, parallel to each other, forming two layers in a sandwich
mode. In addition, it contains an isolated B-strand that is isolated from the B-sandwich. To gather
insights not only on this domain, but on the overall folding of ExtKL, a search for homologs was
employed. Surprisingly, a remarkably similar periplasmic pentaheme cytochrome from the Gram-

negative Thermochromatium tepidum bacterium emerged from this search (Figure 2.24).
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ExtKL
GSU2801

Figure 2.24. Structural homologs of ExtKL. The AlphaFold models of ExtKL and GSU2801, together with the
crystal structure of the cytochrome css: from T. tepidum (TTcss2, PDB: 5ZE8 [140]), are shown as ribbon, in gray,
purple and light green, respectively. Their heme cores and axial ligands are represented in red, blue and orange,

respectively.

Although this cytochrome is not predicted to contain a selenocysteine residue, the overall fold and
heme arrangement is homologous to that of ExtKL, which further supports the tandem arrangement
of ExtK-L as a single protein. Similar to ExtKL, in cytochrome css: from T. tepidum (TTcss2), hemes 1, IlI-
V are bis-histidynil coordinated, whereas heme Il lacks a distal ligand. Interestingly, the cysteine
residue used to emulate the U in ExtKL, is located at a 5-6 A distance of heme II, suggesting a
synergistic function between the selenocysteine residue and this high-spin heme. Chen and co-
workers suggested that TTcss; might participate in sulfite metabolism, not only due to its conserved
heme arrangement compared to a sulfite reductase from W. succinogenes, but also because of the
presence of a cysteine residue (C?*!) near heme Il [140]. These observations correlate well with the
fact that other protein from the ExtHIJKL complex, ExtH, is also likely involved in sulfur metabolism.

Regarding the C-terminal domain formed by B-strands, it can be classified has animmunoglobulin-
like domain based oniits structural homology. In fact, Ig-like domains consist of a 2-layer sandwich of
7-9 antiparallel B-strands, arranged in two [-sheets with a Greek key topology [141, 142], and are
known to be involved in protein-protein and protein-ligand interactions [143], or to act as catalysts
of oligomerization [144]. Therefore, this domain might be important for promotinginteractions with
putative partners of ExtKL or, alternatively, be relevant for the putative oligomerization of this
cytochrome.

The genome of G. sulfurreducens also contains a structural homolog of ExtKL, GSU2801, which
despite only sharing 25% of sequence identity, has an AlphaFold model that aligns with that of ExtKL
with a RMSD of 1.1 A over 111 atom pairs (Figure 2.24). While this local RMSD is a testament to the
protein’s homology, their structures show different features in the N-terminal cytochrome domain.
Moreover, GSU2801 is slightly bigger than ExtKL (462 vs 425 residues) and it does not contain a
selenocysteine or corresponding cysteine residue near the U/C3%° position, but the heme cores of the

two proteins are conserved, with a pentacoordinated heme Il (Figure 2.24).
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It is likely that these two pentaheme cytochromes originated from a gene duplication event, with

ExtKL either gaining the selenocysteine residue or GSU2801 losing it over time.
ExtHIJKL does not assemble into a typical porin-cytochrome complex

The AlphaFold models of the five proteins encoded by the extHI/KL gene cluster strongly suggest
that only four proteins are actually expressed by this cluster. Consequently, the AlphaFold-Multimer
simulations of the complex were performed considering that ExtK and ExtL assemble into a singular

protein. The resulting AlphaFold-Multimer model of the ExtHIJKL complex is shown on Figure 2.25.
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Figure 2.25. AlphaFold-Multimer model of the ExtHIJKL complex. The surface of each protein is shown, with the
heme groups of ExtKL and the active site of ExtH represented as red and orange sphere-type sticks, respectively.
The left inset shows the putative establishment of a disulfide bridge between Extl and ExtJ). The right inset shows
the interacting surface of ExtH and ExtKL. The roman numerals indicate the hemes in their order of attachment
to the respective heme binding motifs in the polypeptide chain. The Cindicates the putative catalytical cysteine
of the CRAGNA active loop of ExtH.

The resulting assembly of the four-protein complex, with a total of 1300 residues, raises several
questions. Using Extl as a spatial reference, which has been experimentally shown to be locatedin the
outer membrane of G. sulfurreducens [122], AlphaFold-Multimer predicts that both ExtH and ExtKL
are on the extracellular side, whereas Ext] is interacting with Extl in the periplasmic space. While the
structures of all four proteins are similar to their respective individual models, their relative position
and interacting surfaces do not match subcellular location predictions performed with LocTree
[145]. These predictions indicate that ExtJ and ExtKL are periplasmic proteins, whereas ExtH is
predicted to be an extracellular lipoprotein. A genomic scan across 18 different Desulfuromonadales
strains showed that in extHI/KL gene clusters, more than 50% of the strains contain a different
extracellular protein, each with less than 40% identity to ExtH [66]. This remarkable variability is

more likely to occur in extracellular components than in periplasmic redox proteins, due to the
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typically higher rates of gene transfer and replacement of domains in proteins which are exposed to
electronacceptors and the external environment, thus supporting the view that ExtH is extracellular.
Furthermore, other studies have shown that Extl plays an important role in selenite and tellurite
reduction, not only by participating in the uptake of these compounds, but also by affecting the
localization of ExtH in the cell [121,122]. These results are strong indicators that Extl and ExtH interact
in vivo, assembling into a protein complex in which ExtH is facing the extracellular environment.
These observations might explain why Extl contains such a unique folding when compared with the
B-barrel porins of the other porin-cytochrome complexes of G. sulfurreducens.

Despite the predicted subcellular localization of ExtKL, the presumed interaction between this
cytochrome and ExtH is sensical, since both proteins have structural and functional features that
align with the putative reduction of compounds such as selenite and tellurite [121, 122]. In fact,
AlphaFold consistently places ExtH close to ExtKL in different AlphaFold-Multimer predictions.
Nevertheless, this would require a sophisticated mechanism, in which both ExtH and ExtKL are
secreted towards the extracellular environment, while maintaining the integrity of the complex and
assuring an electron flow consistent with the complex’s ability to reduce Mn (IV) oxides [66].
Curiously, either in the ExtHJKL or ExtHKL models, while the putative selenocysteine residue of
ExtKL and the active site of ExtH are not close enough to strongly support a cooperative mechanism,
heme I of ExtKL is found 13.5 A apart from the active site of ExtH (Figure 2.25).

Finally, the AlphaFold-Multimer modelindicates that Ext] interacts with Extl throughiits disordered
C-terminal tail, likely by establishing a disulfide bridge between its C-terminal cysteine and a cysteine
residue from Extl (Figures 2.25 and 7.6). Further insights into the putative role of ExtJ in the ExtHJKL
complex are discussed in Chapter 3. Overall, and as predicted by its unique constituting proteins, the
ExtHIJKL porin-cytochrome complex is unique in its organization and might very likely be the most

versatile in G. sulfurreducens.

2.4. Using structural models to optimize protein production

The structural and functional information retrieved from the analysis of the AlphaFold models of
the proteins that are part of the porin-cytochrome complexes of G. sulfurreducens can be used to
envision the most efficient approach for the cloning and heterologous expression of these proteins.
Since AlphaFold emerged halfway through the development of this Thesis, the next sections will
showcase not only the protein constructs that were designed prior to its emergence, but also those
which were rationally designed using the information provided by this computational tool. The
constructs containing the proteins of the OmabcB/C porin-cytochrome complexes, ExtC and ExtF

were already available in the laboratory.

2.4.1. “Blind” protein-cloning

Prior to the emergence of AlphaFold, we used the information provided by bioinformatic tools that
performed sequence analysis, such as SignalP [146], DeepTMHMM [84], LocTree [145] and ProtParam

[147], to infer which parts of the genes of the proteins of interest should be cloned in order to obtain
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the simplest version of the protein, while maintaining function and solubility, and also to envision
purification strategies, based on the predicted stability, hydrophobicity, molecular mass and global
net charge. Theregions initially selected for protein cloning for each of the target proteins are shown
in Table 2.1.

Table 2.1. List of residues of the target proteins to clone. The * indicates the proteins whose constructs were
already available in the laboratory. All c-type cytochromes were cloned into a pVA203 vector [148], a pUC-
derivative containing the lac promoter and the OmpA signal peptide sequence from E. coli [149], while the
remaining proteins were cloned into a pET-28a(+) vector (Novagen), with an N-terminal His-tag and a thrombin

cleavage site.

Target protein Residues to clone Target protein Residues to clone
ExtA (GSU2645) 32-310 ExtG (GSU2724) 31-691

ExtB (GSU2644) 27-420 ExtH (GSU2940) 30-468
ExtC (GSU2643)* 25-155 Extl (GSU2939) 27-406
ExtD (GSU2642) 25-229 Ext] (GSU2938) 24-104

ExtE (GSU2726) 22-431 ExtK (GSU2937) 26-324
ExtF (GSU2725)* 25-157 ExtL (GSU2936) 1-98

With this information, we used restriction-free (RF) cloning [150, 151] to prepare custom plasmids
containing our proteins of interest. This polymerase chain reaction (PCR) technique provides a
simple, universal method to precisely insert a DNA fragment into any desired location within a
circular plasmid, independent of restriction sites, ligation, or alterations in either the vector or the
gene of interest. RF cloning encompasses two PCR reactions. In the first reaction, the gene of interest
is amplified from genomic DNA, resulting in a PCR fragment that contains both the gene of interest
and regions complementary to a target plasmid. This fragment is commonly referred to as
megaprimer, and is inserted into the target plasmid upon a second PCR reaction. The detailed PCR
protocols and the list of primers used for each case can be found in section 2.6.2.

In case of an unsuccessful PCR reaction, there are several variables that may be tested, namely the
reaction buffer, the amount of primer and/or bacterial genome, as well as the addition of dimethyl
sulfoxide (DMSO).

The Phusion High-Fidelity DNA polymerase is provided with two buffers, termed HF and GC. HF
buffer should be used as the default for high-fidelity amplification, as the error rate of Phusion DNA
polymerase is lower in these conditions. However, GC buffer can improve the performance of DNA
polymerases on certain templates, such as GC-rich DNA or DNA with complex secondary structures.
This rational is valid for any PCR reaction and is a good starting point for the optimization of the
process. Additionally, one may use DMSO to overcome these issues. DMSO is an organosulfur
compound with a high polarity and dielectric constant, that binds to the major and minor grooves of
template DNA trough hydrogen bonds, thus destabilizing the double helix structure [152]. Similarly,

DMSO is also efficient in the disruption of putative primer secondary structures, thus leading to
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lower annealing temperatures [153]. Commonly, for a typical PCR experiment, 3-10% DMSO can be
added to the PCR mix, depending on the GC content, reaction type and quality of DMSO, but one
should optimize these percentages by varying them in 2% increments. Another important point
relates with the variation of the relative amount of primer and template DNA, which will influence the
number of binding events between these components and affect the efficiency of the reaction. On
one hand, higher primer concentrations have shown to increase unspecific priming when applied to
complex mixtures, such as genomic DNA, while increasing the probability of primer dimer formation
[154]. On the other hand, lower primer concentrations might attenuate amplification rates on the
later cycles of the PCR reaction due to inefficient annealing [155]. Both variables were varied across
the trials performed during cloning of the different protein targets.

Inthe second PCR reaction, the resulting megaprimer is inserted into the target plasmid. As for the
first PCR reaction, the nature of the reaction buffer and the addition of DMSO are good starting
points for the optimization of an unsuccessful reaction. Nevertheless, in this step of the RF cloning
protocol, the most common parameters that are optimized are the applied annealing temperatures
and extension times. These parameters can also be optimized in the first reaction, although this is not
so common. Alternatively, one can resort to touchdown PCR, a method that is typically used to
decrease off-target priming and increase the specificity of the amplification reaction [156]. The
optimized detailed PCR protocols for each vector obtained using RF cloning can be found in section
2.6.2. All proteins were successfully cloned using RF cloning, except for ExtH, whose plasmid was
later acquired from GeneCust.

Prior to the release of AlphaFold, an N-terminal Strep-tag with a Tobacco Etch Virus (TEV) cleavage
site and appropriate flexible linkers [157-159], were inserted in each of the cytochrome targets (ExtA,
C,D,F,GandK). The tags were inserted into the target plasmids using a strategy based on the Q5 Site-
Directed Mutagenesis kit from New England Biolabs. This kit is designed for rapid and efficient
incorporation of insertions, substitutions and deletions into double stranded plasmid DNA. The first
step of the protocol is a simple exponential amplification of the target plasmid using specifically
designed primers and a master mix formulation. The second step involves incubation with a unique
enzyme mix containing a polynucleotide kinase [160], a DNA ligase [161] and Dpnl [162]. Together,
these enzymes warrant rapid circularization of the PCR product and removal of the template DNA.
The final step involves a transformation in competent cells for final plasmid maturation, as for any
other cloning process. The detailed protocols and the list of primers used for each case can be found

in section 2.6.3.

2.4.2. AlphaFold-guided protein cloning

The structural information provided by AlphaFold prompted us to redesign some of the target
protein constructs. Considering that ExtA contains an N-terminal tail with no predicted heme axial
ligands and that the cytochrome is arranged in three identical tetraheme domains, four new
constructs were designed using either the Q5 Site-Directed Mutagenesis strategy or RF cloning
(Table 2.2).
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Table 2.2, List of AlphaFold-guided constructs. “MM” stands for molecular mass, which was calculated from the
total number residues resorting to Protparam [147] plus 616 Da for each heme group [163]. “ST” and “HT” stand
for Strep-tag and His-tag, respectively. “TEV” stands for TEV cleavage site. The 1-28 stretch of the ExtKL
constructs corresponds to the genome section that links both genes (GSU2937 and GSU2936). The ExtB-ExtC

construct was purchased from GeneCust in the form of a pETDuet-I plasmid (Novagen) [164].

Construct Residues cloned MM (kDa) Heme groups
ST-TEV-ExtAz3-z10 73-210 33.8 12
ExtA Domain1 73-154 11.8 4
ExtA Domain 2 157-229 10.4 4
ExtA Domain 3 236-310 10.8 4
ExtB-ExtC 27-420 +25-155 69.4 5
ST-TEV-ExtKae-285+315-324 26-285 +315-324 35.1 5
ST-TEV-ExtKaze-285+p+315324 26-285 +315-324 35.2 5
ST-TEV-ExtK26-285+pp+315-324 26-285 +315-324 35.3 5
ExtKL 26-324 +1-28 +1-98 50.2 5
ExtKL U300C 26-324 +1-28 +1-98 50.2 5
ExtKLU300C-HT 26-324 +1-28 +1-98 51.1 5

Additionally, several constructs were designed for ExtK and ExtKL (Table 2.2). Initially, we designed
three constructs of ExtK without the B-strands protruding from the globular heme-containing
domain, while maintaining the C-terminal stretch that provides the axial ligand for heme V (Figure
2.22). The only difference between the three constructsis either the absence or presence of different
prolinelinkers connecting the N-and C-terminal stretches of the protein (Table 2.2). Additionally, the
ExtKL constructs were designed to contain the full-length protein, as AlphaFold provided strong
evidence that the ExtK-ExtL tandem is a single protein (Figure 2.23).

Selenocysteine residues are cotranslationally inserted into nascent polypeptide chains in response
to the UGA codon, whose normal function is to terminate translation [165]. To decode UGA as a
selenocysteine residue, organisms developed insertion machineries that allow the incorporation of
this uncommon amino acid at specific UGA codons, through a process that requires a cis-acting
selenocysteine insertion sequence (SECIS) element [166]. Specifically, in E. coli, this mechanism
involves (i) a release factor 2 (RF2) protein, (ii) a selenocysteine-dedicated elongation factor, (iii)
unique tRNA species acylated with a serine residue, which is latter converted to a selenocysteine, and
(iv) several accessory factors, such as SelB, and a SECIS element with a UGA-Nu-SelBbr sequence, in
which Nu represents 11 nucleotides of random nature and SelBbr represents the SelB binding region
(GGUUGCAGGUCUGCACC) [1671.

Based on this information, and considering that the extKL gene does not possess the required
sequence for selenocysteine incorporation, this selenocysteine residue was mutated to a cysteine

(U300C) in an additional construct (Table 2.2). While the U300C construct will allow expression of

125



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

the protein in E. coli without additional requirements, there are specific protocols for selenocysteine
incorporation in this microorganism that might be implemented in the future [168]. To facilitate the
purification of the mutated cytochrome, a His-tag was inserted in the C-terminal of the protein.

Finally, considering that ExtC is embedded within the ExtB porin, and to test for the validity of an
unconventional approach to obtain a partial porin-cytochrome ExtBC complex, we acquired a
pETDuet-1-ExtB-ExtC vector from GeneCust. These vectors simplify dual expression by allowing
cloning of two genes in the same plasmid. These plasmids contain two multiple cloning sites (MCS),
each preceded by a T7 promoter, a lac operon and a ribosome binding site. The first MCS contains
ExtC with a OmpA signal peptide [149] and a N-terminal Strep-tag followed by a TEV cleavage site,
whereas the second MCS contains ExtB with a pelB signal peptide [169]. The localization of
cytochromes in the periplasm during protein overexpression in E. coli, ensured by the presence of
the OmpA and pelB signal peptides, is essential for cytochrome maturation, since this process is
performed after the separate transport of apoproteins and heme groups into the periplasmic space
[170].

2.4.3. Preliminary expression tests of target proteins

Following the cloning of the target proteins, we performed expression tests on some of the
cytochrome constructs, including the ExtB-C tandem, as well as of ExtJ, since the B-barrel porins and
ExtH were not our main targets. For that, different strains of competent E. coli cells were transformed
with the target cytochrome-containing pVA203 plasmids. Since E. coli is unable to synthesize
cytochromes ¢ under aerobic growth conditions [171, 172], all these strains contained the pEC86
plasmid encoding the c-type cytochrome maturation gene cluster and a chloramphenicol resistance
marker [163]. In the case of Ext] and the ExtB-C tandem, since pET vectors require the presence of a
lysogenized DE3 phage fragment encoding the T7 RNA polymerase [164, 173, 174], only the DE3-
containing E. coli strains were transformed with these plasmids. After bacterial transformation,
different protein expression variables were tested, namely the temperature, shaking speeds, and
incubation times in the absence and presence of different concentrations of isopropyl [-D-
thiogalactoside (IPTG), the protein expression inductor. The detailed conditions which were tested
are summarized in section 2.6.5.

Overall, the expression tests performed with the cytochrome targets showed that high
concentrations of IPTG decrease the amount of mature protein, likely because cells are unable to
incorporate hemes at a rate equivalent to the production of apoprotein. Similarly, expression
conditions in which cytochrome production was more efficient, often lead to incorporationin either
inclusion bodies or spheroplasts. This effect was slightly mitigated with lower shaking speeds, under
growth at lower temperatures, or by not inducing protein expression, relying solely on the intrinsic
basal expression levels of the pVA203 plasmids.

In general, finding the optimal expression conditions of cytochromes c in a soluble form in E. coli
requires a fine tuning of several parameters. The best expression conditions determined for each of

the cytochrome targets is summarized in Table 2.3.
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Table 2.3. Optimized expression conditions for the cytochrome targets and ExtJ. The “*” indicate the cases in
which constructs of cytochromes containing a N-terminal Strep-tag with a TEV cleavage site were used. “OD”
refers to the approximate optical density at 600 nm. The indicated shaking speeds were applied either after
addition of IPTG, or during the entire bacterial growth, in cases in which IPTG was not added. In those cases, the

OD values represent the stage at which the cells were harvested.

Protein construct Strain Condition
ExtA* BL21 (DE3) OD 1.5,10 uMIPTG, 30 °C, overnight, 160 RPM
ExtA D1 BL21 (DE3) OD1.5,10 uMIPTG, 30 °C, overnight, 160 RPM
ExtAD2 BL21 (DE3) OD1.5,10 uM IPTG, 30 °C, overnight, 160 RPM
ExtA D3 BL21 (DE3) OD1.5,10 uMIPTG, 30 °C, overnight, 160 RPM
ExtB-ExtC Tuner (DE3) 0D 0.8,50 uM IPTG, 25 °C, overnight, 160 RPM
ExtC* C41(DE3) OD1.5,50 uM IPTG, 30 °C, overnight, 160 RPM
ExtD* C41(DE3) 30 °C, overnight, 160 RPM
ExtF* C43 (DE3) OD1.5,50 uM IPTG, 30 °C, overnight, 160 RPM
ExtG* Tuner (DE3) 30 °C, overnight, 160 RPM
Ext) BL21 Star (DE3) 0D 0.8,1mMIPTG, 37°C, 4 h,180 RPM
ExtK* BL21 (DE3) 0D 1.5,20 uMIPTG, 30 °C, overnight, 160 RPM
ExtKze-285+315324* Tuner (DE3) 0OD1.8,30°C
ExtKL U300C Tuner (DE3) OD1.8,30°C

The summarized expression conditions result in soluble protein in the cases of ExtA and its
tetraheme domains, ExtD, Ext] and ExtK(L) variants. Initial bioinformatic predictions did not provide
indications that ExtC and ExtF were insoluble, which led to several efforts in order to obtain these
proteins in their soluble form. However, AlphaFold clearly shows that both ExtC and ExtF are likely
insoluble, since they dock within their respective B-barrel porins. This is another example of how
AlphaFold can provide important information and prevent frustrating attempts during the
production of target proteins. The overexpression of ExtB-C using a pETDuet-1 vector was
unsuccessful, likely because induction of the T7 promoter, even at low concentrations of IPTG,
disrupts the production of mature ExtC, while producing low amounts of ExtB.

Additionally, ExtG is likely found in an insoluble form because E. coli is unable to handle the
uncommon heme binding motifs that this cytochrome possesses [119], leading to either apoprotein
accumulation or production of aberrant forms of the protein. This implication will either require that
ExtGis producedinS. oneidensis[175,176], or that the non-canonical heme binding motifs of ExtG are
mutated to shorter forms that can be recognized by the E. coli c-type heme maturation machinery.
This second approach was successfully applied to overexpress OmcZ in E. coli, which contains a
CX1:CH heme binding motif [115].
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2.5. Conclusions

Despite the tremendous impact that AlphaFold is having and will have for a long time in the field of
structural biology and drug discovery, as a consequence of its remarkable accuracy in the prediction
of structural models for the majority of proteins, there are still limitations and challenges that need
to be circumvented in order to have completely reliable methods for structural prediction and to
investigate protein-protein and protein-ligand interactions [177].

AlphaFold is unable to sample multiple protein conformations and structural dynamics, which are
essential features of protein function [178-180]. Therefore, all structural models predicted by
AlphaFold are prone to contain errors [181, 182], meaning that each case must be thoroughly
evaluated based on the structural confidence parameters that are provided and on the intrinsic
features of the system in study [183]. Therefore, all interpretations made in this chapter must be
considered and used carefully to take conclusions on the overall structural organization of the porin-
cytochrome complexes of G. sulfurreducens. For this reason, the structural models of the individual
proteins and protein complexes predicted in this chapter can be found with AlphaFold’s pLDDT color
code and respective average scores in section 7.1.

Considering that AlphaFold is incapable of modelling any non-proteinaceous ligands or cofactors,
the unreliability of the structural models of proteins whose functions are highly dependent on those
“exogenous” molecules, such as cytochromes, only increases. While promising approaches for
complementation of structural prediction softwares are arising [40, 184, 185], there is still a
challenging path to pave not only in this department, but also on the prediction of protein complexes
[48, 186, 187]. In this chapter, we were able to go around this limitation by inserting c-type hemes in
silico, taking advantage of the positions of the cysteine and histidine residues of the heme binding
motifs. However, this process limits heme distortion and the orientation of the propionate groups,
which are very flexible and typically establish hydrogen bonds with surrounding residues, affecting
thelocal structure [188,189].

Notwithstanding the mentioned limitations of AlphaFold, the structural models of the proteins of
the porin-cytochrome complexes of G. sulfurreducens provided valuable information that is
supported by structural homology observations. These models indicate that the five porin-
cytochrome complexes contain different structural organizations that might explain their different
phenotypes. The B-barrel porins OmbB/C, ExtB and ExtE contain 22 transmembrane [3-strands and
are structural homologous, while Extl only contains 16 transmembrane motifs. Extl is known to be
involved in selenite and tellurite uptake [121, 122], while the other porins have not been linked to
assimilation functions.

The structural models of multiheme cytochromes enriched with c-type hemes allowed us to
identify conserved heme arrangements, uncommon heme binding motifs, and potential targets for
biochemical deconstruction strategies that may accelerate their thermodynamic characterization.
Our AlphaFold predictions strongly suggest that ExtK and ExtL form a single protein, structurally

homologous to an already characterized bacterial pentaheme cytochrome.
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In addition to all these structural and functional insights, AlphaFold was used to optimize the

constructs of some of the protein targets, resulting in an extensive library of constructs that lays the

foundation for the thorough study of the porin-cytochrome complexes of G. sulfurreducens (Table

2.4).

Table 2.4. List of constructs available in the laboratory. “HT” and “ST” stand for His-tag and Strep-tag,

respectively. “TEV” and “TR” stand for TEV and thrombin cleavage site, respectively. "ExtKn” refers to the protein

without part of the C-terminal domain. The constructs marked with a“*” were already available in the laboratory.

Protein Plasmid Composition
ExtA pVA203 OmpA +32-310
ST-TEV-ExtA pVA203 OmpA +ST +TEV +32-310
ST-TEV-ExtA7.210 pVA203 OmpA +ST +TEV +73-210
ExtA D1 pVA203 OmpA +73-154
ExtA D2 pVA203 OmpA +157-229
ExtA D3 pVA203 OmpA +236-310
ExtB pET-28a(+) HT + TR +27-420
ExtB +ST-TEV ExtC pETDuet-1 pelB +27-420 + OmpA + ST + TEV + 25-155
ExtC* pVA203 OmpA +25-155
HT-TEV-ExtC* pVA203 OmpA +HT + TEV +25-155
ST-TEV-ExtC pVA203 OmpA +ST + TEV +25-155
ExtD pVA203 OmpA +25-229
ST-TEV-ExtD pVA203 OmpA + ST+ TEV +25-229
ExtE pET-28a(+) HT + TR +22-431
ExtF* pVA203 OmpA +25-157
ST-TEV-ExtF pVA203 OmpA + ST + TEV + 25-157
ExtG pVA203 OmpA +31-691
ST-TEV-ExtG pVA203 OmpA +ST +TEV +31-691
ExtH pET-28a(+) HT +TR +30-468
Extl pET-28a(+) HT+TR +27-406
Ext) pET-28a(+) HT + TR + 24-104
Ext) C81STOP pET-28a(+) HT + TR +24-103
ExtK pVA203 OmpA +26-324
ST-TEV-ExtKn pVA203 OmpA + ST + TEV +26-285 + 315-324
ST-TEV-ExtKn:p pVA203 OmpA +ST+TEV +26-285+ P + 315-324
ST-TEV-ExtKn+pp pVA203 OmpA +ST+TEV +26-285 + PP + 315-324
ExtKL pVA203 OmpA +26-324 +1-28 +1-98
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Table 2.4. Continued.

Protein Plasmid Composition
ExtKL U300C pVA203 OmpA +26-324 +1-28 +1-98
ExtKL U300C - HT pVA203 OmpA +26-324 +1-28 +1-98 + HT

OmaB/C* pET-22b(+) pelB +24-232 + HT
OmaB/C* pVA203 OmpA +24-232
OmaB/C* pCK32[190] OmpA +24-232
OmbB/C* pET-28a(+) HT + TR +24-403

OmcB* pVA203 OmpA +23-744

OmcC* pVA203 OmpA +23-768

The expression tests of the cytochrome targets show promising routes for the production of these
proteins, despite their apparently low yields, that will likely imply the preparation and growth of
considerable amounts of bacterial media. For the purpose of this Thesis, the main protein target of
the porin-cytochrome complexes which we focused on was ExtJ, whose structural and functional

details are discussed in the next chapter.
Additional cytochrome targets

In search for additional targets that might be involved in the final steps of EET in G. sulfurreducens,
the AlphaFold model of PgcA, a 511-residue triheme cytochrome that reduces Fe(lll) oxides [191],
revealed a fuzzy arrangement with three monoheme cytochrome domains linked by unstructured
stretches (Figure 2.26).

Figure 2.26. AlphaFold model of PgcA. The first (green), second (orange) and third (blue) cytochrome domains
of PgcA arerepresented asribbons. The proline-threonine disordered stretches are colored gray. Residues 1-260

are omitted, for simplification. The complete model of PgcA may be found in section 4.3.1.

The fact that each cytochrome domainis completely isolated makes this protein an excellent target
for the biochemical deconstruction strategy that was applied to GSU1996 [98] and suggested for
ExtA. The characterization of the three cytochrome domains of PgcA is discussed in Chapter 4, being
another remarkable example of how useful AlphaFold model predictions can be in the study of

multiheme cytochromes.
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2.6. Materials and methods
2.6.1. Protein targets and putative porin-cytochrome complexes model prediction

The individual AlphaFold models of the target proteins were either retrieved from the AlphaFold
protein structure database [21, 46] or produced using the AlphaFold2_MMSeqs2 GitHub ColabFold
notebook [52]. All AlphaFold-Multimer models were produced using the same notebook. To sample
for additional protein conformations of certain protein targets, the num samples and is training
options of the AlphaFold2_Advanced GitHub ColabFold notebook were used. The num samples
option enables sampling of diverse structures by iteration through aseries of random seeds, whereas
is training enables dropout during structure inference, which activates the stochastic part of the
model and can result in different predictions [52]. Additionally, a model for ExtD was also produced
using the ESMFold GitHub Google Colab notebook [35].

In the case of the cytochrome models, the c-type hemes were fitted in PyMol 2.5.2 [192] using local
alignments and libraries of c-type hemes, containing the corresponding cysteine residues for the
covalent binding of the heme vinyl groups and the proximal axial histidines for Fe coordination.
These libraries were built by retrieving these residues and the corresponding c-type heme group
from the structure of the OmcF cytochrome (PDB: 3CU4 [193]). Side-chain packing optimization and
all-atom energy minimization protocols were not employed (see section 7.4).

The quality of individual models was evaluated based on the per-residue estimate of confidence
produced by AlphaFold, designated pLDDT, which is based on the IDDT-Ca metric [33]. Additionally,
intraand inter-predicted alignment error (PAE) scores produced by AlphaFold were used to evaluate
the quality of the relative position of proteins in complexes [52]. The interactive analysis of these
values was performed using PAE Viewer [194]. The final models were analyzed and represented in
UCSF ChimeraX 1.4 [195], without the corresponding signal peptides, as predicted by SignalP 6.0
[146].

2.6.2. RF cloning of the target proteins

The proteins of the ExtABCD, ExtEFG and ExtHIJKL porin-cytochrome complexes, except for ExtC,
ExtF and ExtH, were cloned using RF cloning [150, 151]. All c-type cytochromes were cloned into a
pVA203 vector [148], while the remaining proteins were cloned into a pET-28a(+) vector (Novagen),
with an N-terminal His-tag and a thrombin cleavage site. The primers used were designed using the

RF cloning website and their sequences are listed in Table 2.5.
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Table 2.5. Sequences of the RF cloning primers used to produce the vectors containing the genes of the proteins
of interest. The DNA sequences specific for the pVA203 or pET-28a(+) vectors, and for the different protein

genes, are highlighted in blue and green, respectively. The primers forward (fw) and reverse (rv) were purchased

from Invitrogen.

Primer DNA sequence (5’ - 3’)
ExtA_fw GCTACCGTTGCGGCCGCCAGTGAAAAGAGCGGCGCC
ExtA_rv CTTGTCGACGGAGCTCGAATTCATCAGCGCTGACGAACCGG
ExtAD1 fw TTTCGCTACCGTTGCGGCCGCCACGGTCACCCAGTGCGGC
ExtADI_rv AGCTTGTCGACGGAGCTCGAATTCACATCCGGACAATGGAGTGC
ExtAD2_fw TTTCGCTACCGTTGCGGCCGCCACGAAGAAGCTCCAGGACT
ExtAD2_rv AGCTTGTCGACGGAGCTCGAATTCAGATCTGCTTCGGCTTGTGG
ExtAD3 fw TTTCGCTACCGTTGCGGCCGCCGGAGCGCGGACCTGCGGT
ExtAD3 _rv AGCTTGTCGACGGAGCTCGAATTCAGCGCTGACGAACCGGCGG
ExtB_fw CTGGTGCCGCGCGGCAGCGTTGATCTGGGGATCAGTTCC
ExtB_rv GGTGGTGGTGGTGGTGCTCGAGTTACCTGCGAAACGCATAGG
ExtD _fw CGCTACCGTTGCGGCCGCCGGCAACGCGTCCTCTCCC
ExtD_rv GCTTGTCGACGGAGCTCGAATTCAACGAACGATTGTCGGATGACA
ExtE_fw CTGGTGCCGCGCGGCAGCGCTGACGTGGCGGTGGAT
ExtE_rv GGTGGTGGTGGTGGTGCTCGAGTCATTTCGCCGCTCCTTTGC
ExtG_fw CGCTACCGTTGCGGCCGCCATCGACCCGACAACCGG
ExtG_rv GCTTGTCGACGGAGCTCGAATTCACCACGTCATGCTTCTCGT
ExtH_fw CTGGTGCCGCGCGGCAGCTGCGGTGGCGGGGGCTAT
ExtH_rv GGTGGTGGTGGTGGTGCTCGAGCTAGCAGCCACCGCCACC
Extl_fw CTGGTGCCGCGCGGCAGCGGTCCCCGGATCACCTTT
Extl_rv GGTGGTGGTGGTGGTGCTCGAGCTAGAAAAGGAGCTGGAGCTG
Ext)_fw CTGGTGCCGCGCGGCAGCGCCGGCTCCTTCTCGG
Ext)_rv GGTGGTGGTGGTGGTGCTCGAGCTAGCAGCCCTGGAGAGC
ExtK_fw GCTACCGTTGCGGCCGCCGAAAAGGCGGGCATCGGC
ExtK_rv CTTGTCGACGGAGCTCGAATTCATCAGCCATCGGGGATCGA
ExtKL_fw GCTACCGTTGCGGCCGCCGAAAAGGCGGGCATCGGC
ExtKL_rv GGTGGTGGTGGTGGTGCTCGAGCTACTTGCCCTTGGCGCT
ExtL fw CTGGTGCCGCGCGGCAGCATGCCGGTGCCCCAGC
ExtL_rv GGTGGTGGTGGTGGTGCTCGAGCTACTTGCCCTTGGCGCT
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The standard PCR mix used in the first PCR reactions of the RF cloning protocol contained a
standard reaction buffer (either HF of GC, both from Thermo Fisher Scientific), 0.2 mM dNTPs
(Thermo Fisher Scientific), 0.5 uM of each custom-designed primer, 50 ng of G. sulfurreducens
genomic DNA (previously extracted and available in the laboratory) as template, and one unit of
Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific), for a final volume of 50 pL. The
PCR cycling conditions used for the amplification of the genes of interest from bacterial genome are
indicated in Table 2.6.

Table 2.6. PCR cycling conditions for the RF cloning of the target proteins. The annealing temperatures for each
pair of primers were calculated using the Tm calculator from Thermo Fisher Scientific. The extension times were
calculated according to the DNA polymerase’s manufacturer indication of 15-30 seconds/kb. These values are
indicated in Table 2.7.

PCR stage Temperature (°C) Time (s)
Initial denaturation 98 30
Denaturation 98 8
Annealing x30 see Table 2.7 20
Extension 72 see Table 2.7
Final extension 72 600
Final hold 16 -

The size and purity of the megaprimers were analyzed by 1% agarose gel electrophoresis stained
with GreenSafe Premium (NZYTech). After confirming that megaprimers contained the correct size,
they were purified using the NZYGelpure kit (NZYTech) to remove remaining components of the first
PCRreaction, and quantified ina NanoDrop spectrophotometer ND-1000 (Thermo Fisher Scientific).

The standard PCR mix used in the second PCR reaction of the RF cloning protocol contained a
standard reaction buffer (either HF of GC, both from Thermo Fisher Scientific), 0.2 mM dNTPs
(Thermo Fisher Scientific), 50 ng of target plasmid, 0.4 units of Phusion High-Fidelity DNA
polymerase (Thermo Fisher Scientific), and megaprimer in an amount such that there was a 20:1
megaprimer:plasmid ratio in the final 20 uL mixture. The PCR cycling conditions used for the
insertion of the megaprimers are identical to those used in the first PCR reaction. However, in order
to achieve a successful amplification of the genes of interest and to guarantee their insertion into the
target vectors, several variables of the RF cloning protocol described above were specifically
optimized for each case. Touchdown PCR was applied as an alternative PCR method, with a stepwise
decrease of 1°C between 80 and 60 °C, across 20 cycles. The detailed conditions used for each target

protein are described in Table 2.7.
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Table 2.7. Optimization of the RF cloning protocol conditions for each target protein. HF and GC refer to the PCR
mix buffer used in each condition. The temperatures and times indicated refer to the annealing temperatures

and extension times used for each PCR program, respectively.

Protein RF cloning (PCR conditions)
Is*PCR: HF, 0.5 uM primers, 50 ng template, 68 °C,20 s
ExtA (GSU2645)
2"¢PCR: HF, 50 ng target plasmid, touchdown PCR, 105 s
1s*PCR: HF, 0.5 uM primers, 50 ng template, 64 °C,10 s
ExtA D1
2" PCR: HF, 50 ng target plasmid, 2-step PCR (72°C), 120 s
15t PCR: HF, 0.5 uM primers, 50 ng template, 64 °C,10 s
ExtA D2
2" PCR: HF, 50 ng target plasmid, 2-step PCR (72 °C), 120 s
13t PCR: HF, 0.5 uM primers, 50 ng template, 72°C,10 s
ExtAD3
2" PCR: HF, 50 ng target plasmid, 2-step PCR (72°C), 120 s
15t PCR: HF, 0.5 uM primers, 50 ng template, 65°C, 25 s
ExtB (GSU2644)
2" PCR: HF, 50 ng target plasmid, 2-step PCR (72°C), 130 s
1s*PCR: HF, 0.5 uM primers, 50 ng template, 68 °C,15s
ExtD (GSU2642)
2"¢PCR: HF, 50 ng target plasmid, 2-step PCR (72°C),100 s
13 PCR: HF, 0.5 uM primers, 50 ng template, 64 °C,40 s
ExtE (GSU2726)
2" PCR: GC, 50 ng target plasmid, 7% DMSO, 2-step PCR (72°C),170 s
Is*PCR: HF, 0.5 uM primers, 50 ng template 63 °C,40 s
ExtG (GSU2724)
2" PCR: HF, 50 ng target plasmid, 2-step PCR (72 °C), 130 s
ExtH (GSU2940) The pET-28a(+)-ExtH plasmid was acquired from GeneCust
1s* PCR: HF, 0.5 uM primers, 50 ng template, 64 °C,40 s
Extl (GSU2939)
2"YPCR: GC, 50 ng target plasmid, 7% DMSO, 2-step PCR (72°C),170 s
1s*PCR: HF, 0.5 uM primers, 50 ng template, 66 °C, 20 s
ExtJ (GSU2938)
2" PCR: HF, 50 ng target plasmid, 3% DMSO, 2-step PCR (72°C),140 s
IS*PCR: HF, 0.5 uM primers, 50 ng template, 66 °C, 20 s
ExtK (GSU2937)
2" PCR: HF, 50 ng target plasmid, 3% DMSO, 2-step PCR (72°C),140 s
1St PCR: HF, 0.5 uM primers, 50 ng template, 65°C, 40 s
ExtKL
2" PCR: GC, 50 ng target plasmid, 7% DMSO, touchdown PCR, 150 s
13t PCR: HF, 0.5 uM primers, 50 ng template, 66 °C, 20 s
ExtL (GSU2936)

2" PCR: HF, 50 ng target plasmid, 3% DMSO, 2-step PCR (72°C),140 s

After the second PCR reaction, the final PCR products were incubated with one unit of Dpnl

(Thermo Fisher Scientific) for 2 hat 37 °C for template DNA digestion, followed by a20-minute period
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at 80 °C for enzyme inactivation. E. coli DH5a cells were transformed with the resulting products
using the heat-shock method [196], and plated for selection at 37 °C in Luria-Bertani (LB) medium
supplemented with either ampicillin (100 ug/mL) or kanamycin (30 ug/mL), for pvVA203 and pET-
28a(+) constructs, respectively. Proper controls were performed. The resulting colonies were
screened by colony PCR [197,198], using primers complementary to either the pVA203 or pET-28a(+)
plasmids, and a Taq DNA polymerase (VWR). The results were analyzed by agarose gel
electrophoresis and the colonies with PCR products of the correct size were grown overnight at 37 °C
in liquid LB, supplemented with the corresponding antibiotic. Plasmid extraction and purification
was performed with the NZYMiniprep kit (NZYTech). Finally, the presence of the desired gene

sequence in the final constructs was confirmed by DNA Sanger sequencing performed by STAB VIDA.

2.6.3. Insertion of affinity-tags in cytochrome constructs

In order to facilitate the purification process of the cytochrome targets, their plasmids were
modified to contain either a N-terminal Strep-tag (with a TEV cleavage site and appropriate flexible
linkers) or a C-terminal His-Tag. These tags were inserted into the target plasmids using a strategy
based on the Q5 Site-Directed Mutagenesis kit from New England Biolabs. The primers used were

designed using the NEBaseChanger website and their sequences are listed in Table 2.8.

Table 2.8. Sequences of the NEBaseChanger primers used to produce the cytochrome vectors containing
affinity tags. The gene sequences corresponding to the inserts, including the flexible linkers (AMASA and GS,
blue), the Strep-tag (WSHPQFEK, orange), the His-tag (HHHHHH, purple), and the cleavage site for TEV protease
(ENLYFQS, green) are highlighted. The pVA203_rv primer was used for all cases in which a N-terminal Strep-tag

was inserted. The primers were purchased from Invitrogen.

Primer DNA sequence (5’ - 3’)
ExtA_fw GAAAAATCCGGAGAAAACCTGTATTTTCAGTCTAGTGAAAAGAGCGGCGCCGTG
ExtC_fw GAAAAATCCGGAGAAAACCTGTATTTTCAGTCTGCGCGCTATCGGCTGCCC
ExtD fw GAAAAATCCGGAGAAAACCTGTATTTTCAGTCTGGCAACGCGTCCTCTCCC
ExtF fw GAAAAATCCGGAGAAAACCTGTATTTTCAGTCTATGCTTTCGAAGGAATCGAGCCTGCC
ExtG_fw GAAAAATCCGGAGAAAACCTGTATTTTCAGTCTATCGACCCGACAACCGGCAG
ExtK fw GAAAAATCCGGAGAAAACCTGTATTTTCAGTCTGAAAAGGCGGGCATCGGCTG
ExtKL fw CATCATCATCACTGAATTCGAGCTCCGTC
ExtKL_rv ATGATGGCTGCCCTTGCCCTTGGCGC
pVA203_rv GAATTGAGGATGACTCCATGCGCTAGCCATTGCGGCGGCCGCAACGGTAGC

The standard PCR mix used in the PCR reactions contained HF buffer (Thermo Fisher Scientific),
0.2 mM dNTPs (Thermo Fisher Scientific), 0.5 uM of each custom-designed primer, 10 ng of target
plasmid and one unit of Phusion High-Fidelity DNA polymerase (Thermo Fisher Scientific), for a final

volume of 50 uL. A 2-step thermocycling PCR protocol with 30 cycles was used for these amplification
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reactions, in which the extension and annealing steps were merged, using a temperature of 72 °C for
aperiod of 140 seconds. Following this step, the resulting PCR products were incubated with one unit
of Dpnl (Thermo Fisher Scientific) for 2 h at 37 °C for template DNA digestion, followed by a 20-
minute period at 80 °C for enzyme inactivation. The undigested products were purified using the
NZYGelpurekit (NZYTech) to remove remaining components of the first PCR reaction and Dpnl, and
quantified in a NanoDrop spectrophotometer ND-1000 (Thermo Fisher Scientific).

The pure PCR products were incubated with one unit of T4 polynucleotide kinase (Thermo Fisher
Scientific) and T4 DNA ligase (Thermo Fisher Scientific), in T4 DNA ligase buffer (Thermo Fisher
Scientific) containing 10 mM MgClz, 10 mM dithiothreitol (DTT) and 0.5 mM ATP, for 1 hour at 30 °C,
followed by an incubation period of 10 minutes at 65 °C. After enzymatic treatment, E. coli DH5a cells
were transformed with the resulting products using the heat-shock method [196], and plated for
selection at 37 °C in LB medium supplemented with ampicillin (100 ug/mL). Proper controls were
performed. The resulting colonies were screened by colony PCR, as described in the previous

section.

2.6.4. Production of the truncated ExtA and ExtK constructs

The truncated versions of ExtA and ExtK were cloned by applying the Q5 Site-Directed Mutagenesis
strategy. Residues 32-72 were truncated from the ST-TEV-ExtA construct, whereas residues 286-314
were deleted from the ST-TEV-ExtK construct. In the case of ExtK, two additional constructs were
designed, with linkers composed by one or two proline residues. The primers used were designed
using the NEBaseChanger website and their sequences arelisted in Table 2.9. The PCR master mix and
cycling conditions, as well as the remaining steps of the protocol, were identical to the ones used in

theinsertion of the affinity tags in the cytochrome constructs, described in the previous section.

Table 2.9. Sequences of the NEBaseChanger primers used to produce the truncated ExtA and ExtK cytochrome
vectors. The gene sequences corresponding to the “P” and “PP” linkers are colored orange. The primers were

purchased from Invitrogen. "ExtKn” refers to the protein without part of the C-terminal domain.

Primer DNA sequence (5’ - 3’)
ExtA73210_fw ACGGTCACCCAGTGCGGC
ExtAzs210_rv AGACTGAAAATACAGGTTTTCTCCGGATTTTTCG
ExtKn_fw AATCACGCGGGCCACTCGATC
ExtKn_rv GGCGGCCTTGGCCATGCC
ExtKn+r_fw GAATCACGCGGGCCACTCGATC
ExtKn:p_rv GGGGCGGCCTTGGCCATGCC
ExtKn+pr_fw CCGAATCACGCGGGCCACTCGATC
ExtKn:pp_rv CGGGGCGGCCTTGGCCATGCC
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2.6.5. Protein expression tests

In order to optimize the expression conditions of some of the cytochrome constructs (see Table
2.3), different strains of competent E. coli cells (BL21 (DE3), C41 (DE3), C43 (DE3), JCB7123, ]M109,
SF110 and Tuner (DE3)) containing the pEC86 plasmid [163], were transformed with the target
cytochrome-containing pVA203 plasmids using the heat-shock method [196]. In the case of Ext] and
the ExtB-C tandem, different £. coli strains (BL21 (DE3), BL21 (DE3) pLysS, BL21 Star (DE3), C41 (DE3),
C43 (DE3), Rosetta 2 (DE3) pLysS and Tuner (DE3)) were transformed with these plasmids. After
bacterial transformation, different protein expression variables were tested, namely the
temperature (25,30 and 37 °C), shaking speeds (100,160,180 and 200 RPM), and incubation times (4
h, 8 h or overnight) in the absence and presence of different concentrations of IPTG (10, 20, 50 and
100 uM).

To test for the different expression conditions, aliquots of bacterial medium were taken using a
weighted correction for the normalization of the cell pellets. These aliquots were harvested and
resuspended either in 50 pL of water for whole-cell analysis or in 50 uL of NZY Bacterial Cell Lysis
Buffer with lysozyme and DNase I (NZYTech) for analysis of the soluble fraction. In either case, the
samples were mixed in a 1:1 ratio with SDS loading buffer, incubated for 10 minutes at 100 °C and
loaded into either 12.5 or 15% acrylamide/bis-acrylamide SDS-PAGE in a Tris-tricine buffer [199]. The
gels were stained for heme detection using 3,3’,5,5 -tetramethylbenzidine (TMBZ, Thermo Fisher
Scientific) [200] and/or BlueSafe (NZYTech).
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3
Dissecting a porin-cytochrome complex:

Structural characterization of ExtJ

The findings of this chapter will form the basis for a manuscript to be submitted for publication:

T. M. Fernandes, D. M. Pedro, A. Viegas, C. Mota, A. J. M. Barbosa, L. Morgado and C. A. Salgueiro,
Dissecting a porin-cytochrome complex: Structural characterization of ExtJ, In preparation, 2025
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3. Dissecting a porin-cytochrome complex: Structural characterization of ExtJ

3.1. Summary

ExtJ is an 8 kDa periplasmic protein with no predicted cofactors, that is part of the putative porin-
cytochrome complex ExtHIJKL, which is crucial for Mn(1V), selenite and tellurite reduction, as well as
for growth on anodes poised at intermediate redox potentials (-150 mV vs SHE).

In this chapter, we present a biochemical and structural depiction of ExtJ, which marks the first
experimental characterization of a protein from a porin-cytochrome complex of G. sulfurreducens.
Ext) forms homodimers in vitro by establishing a disulfide bridge between the C-terminal cysteine
residues of each monomer, as shown by size-exclusion chromatography analysis and site-directed
mutagenesis studies.

NMR and circular dichroism studies showed that the protein contains five B-sheets within a 3-barrel
fold with a Greek-key topology, framed by an isolated a-helix and an elongated random coil element
at the C-terminal of the protein. This folding is structurally conserved with those of domains foundin
riboflavin synthase and homologs. A series of biophysical experiments and computational methods,
including microscale thermophoresis, small-angle X-ray scattering, AlphaFold model predictions
and all-atom molecular dynamics simulations, were employed to unequivocally show that the ExtJ
dimerization is solely promoted by the formation of the intermolecular disulfide bridge. >N NMR
relaxation experiments show that each monomer of the homodimer is tumbling in solution almost
independently, within an equivalent rotating frame.

A detailed analysis of the structure of ExtJ and those of the homologous flavin-binding proteins,
together with their functional mechanism, show that Ext] contains the required structural
arrangement for the binding of molecules analogous to riboflavin. Nevertheless, NMR biomolecular
interactions studies show that ExtJ does not bind flavin mononucleotide (FMN). Moreover, Ext] does
not interact with PpcA, the most abundant cytochrome of the periplasm of G. sulfurreducens,
indicating that it does not function as a recognition or anchoring domain for the PpcA-family
cytochromes, in the context of the ExtHIJKL porin-cytochrome complex. Alternatively, based on
AlphaFold-Multimer predictions of the ExtHIJKL porin-cytochrome complex, we suggest that the C-
terminal cysteine of ExtJ might establish a covalent disulfide bridge with a cysteine of the Extl porin
through a redox-linked mechanism. This mechanisminvolves the dissociation of the Ext] homodimer
and concomitant formation of a transient complex with Extl, hindering the import or export of small

molecules through this porin.
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3. Dissecting a porin-cytochrome complex: Structural characterization of ExtJ

3.2. Introduction

The composition of the extHI/KL gene cluster, encoding a rhodanese protein (ExtH) together with
a B-barrel porin (Extl), a pentaheme c-type cytochrome likely functioning as a selenite reductase
(ExtKL) and a riboflavin-like protein (ExtJ), makes it the most versatile and unique porin-cytochrome
complex not only from G. sulfurreducens, but, to the best of our knowledge, among all those
described in bacteria to date.

This complex is crucial for Mn(IV), selenite and tellurite reduction [1-4], as well as for growth on
anodes poised at intermediate redox potential values (-150 mV vs SHE) [5]. This functional versatility
isadirect consequence of the distinct nature of the proteins of this complex, which work together to
perform various roles in the cell during EET. Therefore, to pinpoint the exact mechanisms that allow
ExtHIJKL to perform such various roles, a long-term multidisciplinary approach will be required, in
which the interactions between the different proteins of the complex will have to be studied and
analyzed, both in vitro and in vivo. While part of this work has been conducted in vivo [1-5], there are
no in vitro studies that focus on the study of the individual and stringent properties of each protein.

In this chapter, a structural and functional characterization of Ext] is presented. This protein was
selected amongst those of the ExtHIJKL complex due to several factors, including its cellular location
and solubility, small molecular weight, and the absence of cofactors or complex amino acids, which
together with the overall lack of functional information, make this protein an interesting target. For
this, the ext/ gene was amplified from genomic DNA and inserted into a pET-28a(+) expression vector
containing an N-terminal His-tag with a thrombin cleavage site (Figure 3.1), using RF cloning (see
sections 2.4.1and 2.6.2).

%@ 10 20 30

MGSSHHHHHHSSGLVPREGSAGSFSGKVVKVDGEKVTVKAEKVPAWAKKGA
40 " os0 60 70 80
HVQASGGMPTI VEVKGDEVVLKFGKAKAAKI KTDSSMTISESAGDALQGEC

Figure 3.1. Amino acid sequence of the pET-28a(+)-ExtJ construct. The N-terminal affinity tag is highlighted in
light gray. The 6x His-tag and thrombin recognition site residues are highlighted in green and orange,

respectively. The thrombin cleavage site is marked by the scissors. The C-terminal cysteine is highlighted in blue.

Using a combination of biophysical techniques, we show that Ext] forms homodimers in vitro,
promoted by the establishment of an intermolecular disulfide bridge. The protein’s folding is
structurally conserved with those of proteins that bind flavin-like compounds, hinting that ExtJ
might be implicated in the binding of such compounds in the periplasm of the cell. Based on the
structural conservation of ExtJ, interaction studies with putative ligands, and AlphaFold-Multimer
simulations of the ExtHIJKL porin-cytochrome complex, different functional roles are proposed and

discussed for this small periplasmic protein.
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3.3.1. Amino acid sequence analysis

As mentioned in Chapter 2, ExtJ is a 104 amino acid protein with a 23-residue signal peptide,
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Geomonas terrae 59%

Geomonas edaphica 59%
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GSU2938 (ExtJ) Geobacter sulfurreducens

Figure 3.2. Amino acid sequence alignment of Ext) with homolog sequences from different bacteria obtained

from a Protein BLAST analysis. The sequences were aligned with Clustal Omega [6] and their pairwise identity

(%) relative to the mature sequence is indicated. Residues are colored by sequence similarity (dark green 100%,

green 80-100%, light green 60-80% and white <60% similarity). The orange line in the Ext] sequence identifies

the predicted signal peptide cleavage site.
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According to the ExPASy ProtParam tool [7], this accounts for a total molecular mass of 8247 Da
and a basic isoelectric point of 9.3, which can be mainly attributed to the high number of lysine
residues. The protein subcellular localization prediction system LocTree 3.0 [8] expects that Ext] is
located in the periplasm.

A Protein BLAST [9] search with the RefSeq Select protein sequences database and the default
blastp algorithm retrieves 23 sequences (out of a total of 26, from which the ones from multispecies
were excluded) with moderate (35-60%) and high (>60%) sequence similarity (Figure 3.2). These
homolog sequences were identified in species from several protobacteria genus, and the MSA shows
that there are several conserved residues across all 23 homolog proteins (residues in dark green). To
the best of our knowledge, none of these proteins has been characterized to date and, therefore, no
inferences can be made about the putative function of Ext] based on the information available for
these homologous proteins.

However, upon search for structural homologs in the PDB database [10, 11] using the AlphaFold
model of the protein and the Dali [12], FoldSeek [13] and PDBeFold [14] servers, multiple structures
of domains within subunits of large ATPases/synthases or ribosomal assemblies, together with
riboflavin synthase-like proteins, emerge as closely related structural homologs of ExtJ, despite only

sharing 10 to 20% of sequence identity (see section 2.3.4).

3.3.2. Ext) forms homodimers in vitro

To pursue a structural and biophysical characterization of ExtJ, the protein was heterologously
expressed in E. coli BL21 Star (DE3) cells and purified by two chromatographic steps. The first step
was a Ni-NTA affinity chromatography, which removed most of the contaminants, while the second
step was a size-exclusion chromatography (SEC). The SEC elution profile of the protein fractions
resulting from the Ni-NTA chromatography showed two intense peaks at 12 and 14 mL (Figure 3.3).
The SDS-PAGE gel analysis of these peaks using a loading buffer without a reducing agent showed
that both peaks contained the same migration profile - one band at 20 kDa and another at 10 kDa.
The protein product of the ExtJ construct has a molecular mass of 10 kDa (Figure 3.1), according to
the ExPASy ProtParam tool [7]. Furthermore, it contains a highly accessible C-terminal cysteine
residue (Cys®), likely suitable for the establishment of a putative intermolecular disulfide bridge
(Figures 2.21and 3.1). Consequently, it is reasonable to assume that Ext) may be forming homodimers
in vitro via Cys®. This hypothesis was tested, in a preliminary stage, by running a SEC with the
previously used conditions, but in the presence of a reducing agent (1 mM DTT). In this case (Figure
3.3), asingle peak was observed, corresponding to pure ExtJ, as shown by the SDS-PAGE analysis and
later confirmed by MALDI-TOF-MS. In a second stage, the codon encoding the putative residue

responsible for the homodimer formation (Cys?8!) was substituted by a stop codon.

159



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

1.0+ 2 (l
|- .
] |
" a X O\ | i“
0.8 « ¥ 3 ‘.3 [}
8 | S -Sem, ‘\l )‘1 .
N 7 e (1 bl pe e
‘T 0.6+ | R T || sv&
£ \ S*= 1| ha.
S = (1
< (1 |l
E 044 . . (11
& 20 kDa [ (11 A
< | T
{1 £y
0.2+ 10kDa B A [ | ||
(1]
0.0 v T v “;I‘A,\"‘ NLVl T
0 5 10 15 20 25

Volume (mL)

Figure 3.3. Ext) homodimer formation. The SEC elution profiles of Ext) WT in the absence and presence of a
reducing agent 1mM DTT) are represented in blue and orange, respectively. The SEC elution profile of ExtJ C81*
inthe absence of areducing agent is represented in green. The SECs were run in aSuperdex™ 75 Increase 10/300
GL molecular exclusion column (Cytiva), equilibrated with 100 mM sodium phosphate buffer pH 8. The colour
scheme of the SEC elution profiles is maintained throughout the different elements of the figure. The SDS-PAGE
gelsshown on the inset were run with loading buffers without reducing agent. The “S” represents the sulfur atom

of the Cys® responsible for the homodimer formation. The “*” marks the mutation of Cys®!in the Ext] protein.

The ExtJ C81* protein was purified without addition of reducing agents and its SEC elution profile
(Figure 3.3) shows a single Gaussian peak corresponding to pure monomeric protein, confirmed by
the SDS-PAGE analysis. Therefore, it was unequivocally confirmed that Ext] WT forms homodimers
in vitro by establishing a disulfide bridge between different protein molecules in solution via a highly
accessible C-terminal cysteine residue.

Overall, the final protein expression yields of Ext] C81* (35 mg of protein per liter of cell culture)
were considerably higher than those obtained for Ext) WT (10 mg of protein per liter of cell culture).
This difference may be related with the prevention of homodimer formation in the Ext) C81* protein,
which provides higher stability to ExtJ both in vivo during protein expression and in vitro during
protein purification. Following the purification of ExtJ, a structural characterization was conducted

using NMR and circular dichroism (CD) spectroscopies.

3.3.3. Preliminary structural characterization of Ext)

NMR is an excellent technique for attaining information about the structure and dynamics of
proteins. The small molecular mass of Ext] makes it an excellent target for NMR due to the fast
rotational correlation time (tc) and consequently short T2 relaxation time of the molecule. The 1D 'H-
NMR spectrum of a protein can provide preliminary relevant structural information. In fact, the
spectrum of monomer ExtJ (Figure 3.4), acquired in the presence of DTT, shows that the protein is

properly folded, as the resonances of the backbone amide region (7-10 ppm) are well dispersed.
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Figure 3.4. 1D 'H-NMR spectrum of Ext] WT. The spectrum was acquired at 25 °C with a 1 mM protein sample,
prepared in 32 mM sodium phosphate buffer pH 6 (100 mM of final ionic strength) with1 mM DTT. The typical

spectral regions for the different amino acid backbone and side-chain signals are highlighted.

The only exception is the intense signal at around 8.2 ppm, which likely corresponds to the amino
acid residues of the N-terminal affinity tag, that may be flexible and disordered. Furthermore, the
spectrum also shows the existence of resonances typical of specific residues, such as Trp?°, located
at around 10.5 ppm (Figure 3.4). Nevertheless, this information is insufficient to provide a detailed
structural picture of the protein. Therefore, the protein was isotopically labeled in *C and N, and the
assignment of its backbone resonances was obtained using NMR multidimensional experiments,
including 2D 'H, ®N-HSQC and 3D HNCO [15], 3D HN(CA)CO [16], 3D HNHA [17], 3D HN(CO)CACB[18]
and 3D HNCACB [19] (Figure 3.5). All spectra were acquired at pH 6 to minimize solvent exchange of
labile protons and maximize the number of resonances and information.

The 2D 'H, BN-HSQC of Ext] - which is often called the protein’s fingerprint since it reflects the
chemical nature and local environment of every amino acid residue, except for prolines, which do not
possess a backbone amide proton - was used as a starting point for the assignment of the protein
backbone resonances [20]. 3D HNCO and 3D HN(CA)CO spectra were employed as complementary
experiments to sequentially identify the *CO of a given amino acid and its predecessor, while the 3D
HNCACB and 3D HN(CO)CACB spectra were used to identify the 13C« and 13C; of the corresponding
residues (Figure 3.6). This information enabled the identification of most spin systems based on their
typical chemical shifts [21-23], which were complemented with the Hs chemical shifts provided by

the analysis of the 3D HNHA spectrum.
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Figure 3.5.2D H, N-HSQC spectrum of Ext] WT. The numbers correspond to the amino acid residues of mature
ExtJ, excluding the N-terminal affinity tag. The spectrum was acquired at 25 °C with 1 mM of protein prepared in
32 mM sodium phosphate buffer pH 6 (100 mM of final ionic strength) with1mM DTT.

The only resonances which were not assigned were those of the residues of the N-terminal affinity
tag. The 2D 'H, SN-HSQC spectrum of monomer ExtJ confirms the conclusions taken upon analysis of
the 1D 'H-NMR spectrum of the protein (Figure 3.5). In Figure 3.6A, representative strips of the 3D
HN(CA)CO and 3D HNCACB spectra show the sequential assignment of the stretch of residues from
Asp®to Val', illustrating the procedure used for the complete assignment of the protein’s backbone.

In a preliminary stage, prior to structure calculation, the chemical shifts of the 'HN, 'Hq, 1*Cq, 1*Cg,
BCO and N nuclei were further analyzed with the CSI 3.0 [24] and Talos+ [25] softwares to predict
the secondary structural elements of Ext] (Figure 3.6B). The results indicate that Ext) is composed by
five or six B-sheets and one a-helix. The relative position of these secondary structural elements
differs slightly between the two predictions, however, globally, the two methods have similar results.

An independent analysis of the secondary *C« and *Cp chemical shifts, calculated relative to two
distinct datasets of reference chemical shifts - the set of standard BMRB chemical shifts [22, 23] and
a set of sequence corrected random coil chemical shifts [26] - yielded similar results (Figure 3.6B).

Overall, these results correlate well with the AlphaFold model of ExtJ (Figure 2.21).
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Figure 3.6. NMR sequential assignment and structural features of ExtJ. (A) Strips from the 3D HN(CA)CO and 3D
HNCACB spectra show the sequential assignment of the 2CO (orange), *C« and Cp (blue) nuclei of the stretch
of residues from Asp™ to Val'¢. (B) Secondary structural prediction of ExtJ). The a-helix and (3-sheet secondary
structural elements are colored inblue and green, respectively. The pure chemical shift-based predictions of the
CSI 3.0 [24] and Talos+ [25] softwares are shown on top. The secondary C chemical shifts plotted against the
amino acid residue numbers of ExtJ, calculated using either the set of standard BMRB chemical shifts [22, 23] or
a set of sequence corrected random coil chemical shifts (RCCS) [26], are shown below. In both cases, a 1-2-1
weighting function for residues (i —1) —i - (i + 1) was applied to the raw data to reduce noise and highlight regular

secondary structure elements [27].
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To better visualize the predictions derived from the NMR data, we resorted to Rosetta CS [28-30],
which constructs chemical shift-based de novo protein models. The resulting model is highly similar
to the one predicted by AlphaFold, with an overall RMSD of 0.9 A (Figure 3.7).

AlphaFold Rosetta CS Superposition

Figure 3.7. Structural models of ExtJ. The a-helix secondary structural elements are colored orange and red in
the AlphaFold and Rosetta CS models, whereas the 3-sheet secondary structural elements are colored blue and
green, respectively. The superposition of both models, with a global RMSD of 0.9 A, respects the same color
coding. Residues 72-81 were trimmed of the Rosetta CS model to improve the convergence between the

experimental chemical shifts and the structure calculation.

The slight differences found between these models and those made upon direct analysis of the
backbone chemical shifts are likely related with external factors that affect the observed chemical
shifts of the residues, which hinders their accurate secondary structure determination [31].

Following a preliminary structural analysis of the WT protein, the impacts of the C81* mutation and
the 20 amino acid N-terminal affinity tag in the structure of Ext) were evaluated. The mutated version
of the protein conveniently results in higher expressionyields while not requiring the use of reducing
agents, which further simplifies its manipulation and preparation, making it a more suitable target
for future studies. Therefore, Ext) WT and Ext] C81* were produced with no N-terminal affinity tag,
after inclusion of a thrombin-based affinity tag cleavage step and an additional Ni-NTA affinity
chromatography between the first and second purification steps, as described in section 3.5.3. After
that, four different forms of the protein (Ext) WT and Ext] C81* with (T) and without (U) the N-
terminal affinity tag) were analyzed and compared by NMR and CD spectroscopies. 2D 'H, ®N-HSQC
were acquired for the four versions of Ext) and the signals of each amino acid residue were assigned
(Figure 3.8).
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Figure 3.8. Structural impact of the C81* mutation and the N-terminal affinity tag. The 2D 'H, SN-HSQC of the four
versions of Ext] are represented on top. The spectra of Ext) WT with (T) and without (U) the N-terminal affinity
tag are represented in black and red, respectively. The spectra of ExtJ] C81* with (T) and without (U) the N-
terminal affinity tag are represented in green and blue, respectively. The differences in the combined chemical
shifts observed for evaluation of the effect of the C81* mutation and the N-terminal affinity tag on the ExtJ’s
global structure are represented as bar graphs in green and red, respectively. The black lines on these graphics
represent the cut-off values calculated for each case, according to [32]. The residues marked by an “*” represent

the 'H-BN W?¢, Q** and Q”’ side-chain signals.
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Most of the resonances were assigned upon visual inspection relative to the 2D 'H, ®N-HSQC
spectra of Ext) WT T, due to the small or inexistent chemical shift difference between the proteins,
while the remaining resonances were unequivocally attributed upon analysis of 3D H, SN-TOCSY-
HSQC and 3D 'H, ®N-NOESY-HSQC spectra. The combined chemical shifts of each protein were
compared to those of Ext] WT T and the results are shown on Figure 3.8. The mutation of the C-
terminal Cys® residue only affects the local region of the C-terminal without having an impact on the
protein’s global structure. The removal of the N-terminal affinity tag resulted in structural
differences on the N-terminal of the protein, as expected, but surprisingly on the C-terminal, as well.
This observation might be a consequence of a close spatial disposition between the N-and C-terminal
regions. Nonetheless, overall, one can consider that the global structure of ExtJ is not affected by the
removal of the N-terminal affinity tag.

CDis another excellent technique for rapidly evaluating the secondary structure features, folding,
binding and thermodynamic properties of proteins, thus complementing the NMR data presented
above. The Ext] WT samples used for the CD studies were prepared with 1 mM -mercaptoethanol,
which was found to be sufficient to ensure that the protein was in its monomer form without
compromising the CD signal significantly. The far-UV CD spectrum of ExtJ (Figure 3.9) mainly shows
features of B-sheet secondary structural elements, with a typical maximum at 196 nm and a minimum
at 215 nm. The CD spectra of the four versions of Ext] at 25 °C were deconvoluted using BeStSel [33-
35] in order to determine if there are significant differences in their percentages of secondary
structural elements (Table 3.1). The deconvolution was performed using the data between 200 and
250 nm, thus discarding the values below 200 nm, which presented measured voltages above 600V
[36]. The results show that Ext] accounts for more than 50% of folded secondary structural elements,
while having around 40% of disordered elements. The results obtained by CD agree with those
obtained by NMR and with the computational models of the protein, since according to the BeStSel
deconvolution, Ext) possesses above 30% of B-sheet secondary structural elements and 10-15% of a-
helices and turns. The slight incoherencies found between the CD data and the remaining results can
be linked with intrinsic technical limitations of the CD spectral deconvolution method, which has
problems dealing with the different orientations (paralell or anti-paralell), number and size of -
sheets that resultin different torsion angles of the peptide bond and necessarily different CD spectra
[36].

To monitor the thermal stability of ExtJ, a characterization of the temperature-induced unfolding
was carried out with all constructs. The spectra obtained (Figure 3.9) showed that in all cases, the
secondary structural elements of Ext) undergo significant changes during temperature variation.
The ellipticity at 196 nm progressively decreased with temperature due to the loss of B-sheet
secondary structural elements. Concomitantly, a new spectral minimum at 200 nm, typical of
random coil elements, unveiled at temperatures above 75 °C. The decrease in ellipticity of the CD
signals at 196 nm with temperature of the four versions of Ext] were fitted to the model presented in

section 3.5.5.
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Figure 3.9. Far-UV CD spectral features of Ext]. The left panels show the monitorization of the thermal stability
of the different Ext] versions. The spectra were acquired between 10 °C (blue) and 94 °C (red). The orange
spectra (72-84 °C) highlight the spectral variation resulting from the conformational transition between 3-sheet
secondary structural elements to random coil elements, upon sample heating. On the right panels, the thermal
unfolding profiles of the different Ext] versions are shown. The mean residue ellipticity [6] at 196 nm is
represented as a function of temperature (spheres). The solid line represents the fitting of the model presented

insection 3.5.5 to the experimental data.

Ext] WT T has a midpoint of unfolding transition of 75.1 + 0.4 °C and an enthalpy of unfolding (AH)
of 47.6 + 3.1kcal/mol. This AH value is in the order of magnitude observed for other model monomer

proteins [37], indicating that Ext] is stable in the experimental conditions used.
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Table 3.1. Secondary structural elements of Ext] determined by BeStSel and AlphaFold. The percentages of
secondary structural elements of ExtJ are presented for the deconvolution of the spectra before and after the
temperature ramp, at 25 °C, for the four different versions of Ext). The normalized root mean square deviation
(NRMSD) values between the experimental and calculated data are presented. “T” and “U” correspond to the N-

terminal tagged and untagged versions of the proteins, respectively.

BeStSel - 25 °C (before temperature ramp)

Secondary structural elements (%)

Protein o-helix B-sheet Turn Random coil NRMSD
EXY WTT 14.5 35.1 12.3 38.1 0.0094
Ext) WTU 12.9 35.7 12.6 38.8 0.0101
Ext] C81* T 16.9 21.6 14.4 47.1 0.0090

Ext) C81*U 12.8 36.1 12.1 39.0 0.0089

BeStSel - 25 °C (after temperature ramp)

Secondary structural elements (%)

Protein a-helix B-sheet Turn Random coil NRMSD
Ext) WTT 6.5 38.5 13.6 41.4 0.0184
Extj WT U 11.8 34.3 13.5 404 0.0163

Ext) C81* T 11.5 37.7 11.9 38.9 0.0167
Ext] C81*U 11.0 35.0 13.0 41.0 0.0124
AlphaFold models
Secondary structural elements (%)

Protein o-helix B-sheet Turn Random coil NRMSD
ExXt)WTT 6.0 35.0 4.0 55.0
Extj WT U 7.2 42.2 4.8 45.8

Ext)jC81* T 6.1 354 4.0 54.5
Ext) C81*U 7.3 42.7 4.9 45.1

Importantly, the CD spectra acquired at 25 °C before and after the temperature ramp are highly
similar (Table 3.1), indicating that Ext) recovers most of its secondary structural elements after a
temperature denaturation, upon cooling down.

The CD spectra deconvolution and thermodynamic parameters calculation of the four proteins
(Table 3.1 and Figure 3.9) are in line with the results obtained by NMR. Overall, these results
demonstrate that Ext) C81* T, for its higher expression yield and simplified purification protocol -
without the need of reducing agents and N-terminal affinity tag cleavage - can be used for future

studies regarding ExtJ’s structure and function.
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3.3.4. NMR solution structure and relaxation experiments of ExtJ

Following the preliminary structural characterization of ExtJ, the solution structure of the protein
was determined. Initially, side-chain resonances were assigned through the combined analysis of 3D
'H, B N-TOCSY-HSQC and 3D (H)CCH-TOCSY experiments [20]. 3D 'H, >N-TOCSY-HSQC correlates the
resonances of all side-chain protons with their respective backbone NH group [38], whereas 3D
(H)CCH-TOCSY is used to identify side-chain *C resonances within a certain *C spin system [39].
While most of the resonances were successfully assigned using these experiments, we resorted to 3D
BC-NOESY [38, 40] and 3D “N-NOESY [38, 40, 41] experiments not only to identify unassigned side-
chain proton resonances, but also to define distance constraints for solution structure
determination. These experiments allow the identification of all protons within a 5-6 A distance of a
certain BCH or SNH group, respectively. Therefore, during side-chain assignment with these spectra,
one must carefully determineif a certain cross-peak corresponds to either anintra-residue side-chain
resonance or to an inter-residue through-space dipolar correlation (NOE effect).

The use of the mentioned 2D and 3D NMR experiments led to the near-complete assignment of the
TH (99.1%), BC (97.1%) and N (98.8%) NMR resonances of Ext) (Table 7.1).

The automated NOE assignment and structure calculations of Ext] were carried out with the
standard protocol in CYANA 3.98.13 [42, 43], implemented within the novel machine-learning based
method ARTINA [44], using the NMRTist platform [45]. In this platform, only the protein sequence of
ExtJ without the N-terminal affinity tag and all the mentioned 2D and 3D spectra were provided. The
ARTINA approach uses convolutional neural networks for cross-peak detection [46], FLYA
automated chemical shift assignment [47], and CYANA for automated NOE assignment and structure
calculation. This final step comprises 7 cycles of NOESY-cross-peak assignment and structure
determination, followed by a final structure calculation. In total, 8 x 100 conformers are calculated
for a given input data set using 30,000 torsion angle dynamics steps per conformer. All chemical
shifts were manually checked and compared with our assignment. The resultant 20 conformers with
the lowest final target function value were water-refined in the AMPS-NMR server [48] and chosen to

represent the solution structure of ExtJ (Figure 3.10).
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Figure 3.10. Solution structure of ExtJ. The twenty superposed lowest-energy NMR structures are represented
by the backbone atoms (C’, C« and N) on the left, and as ribbon models on the right. The N- and C-terminus are

labeled. The B-strands are colored blue, whereas the a-helices are colored orange.

The final NMR ensemble was calculated based on 1412 NOE distance restraints and superposes with
an average pairwise backbone and heavy atom RMSDs of 1.84 + 0.45 and 1.92 + 0.41 A, respectively.
These values are affected by the local low resolution of the C-terminal region, which is highly flexible
and lacks NOE restraints. Indeed, an independent pruned alignment between residues Ala'-Glu’? has
an average pairwise backbone and heavy atom RMSDs of 0.14 + 0.02 and 0.49 + 0.05 A, respectively.

The structure statistics are shown in Table 3.2.
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Table 3.2. NMR and refinement statistics of Ext) monomer structure. The statistics obtained for an independent

pruned alignment between residues Alal-Glu”? are presented within brackets.

Distance constraints
Total NOE
Intra-residue (Ji —j|=0)
Inter-residue
Sequential (|i-j|=1)
Medium-range (1<[i-j|<5)
Long-range (|i-j|=5)
Hydrogen bonds

Torsion angle restraints

Structure statistics
CYANA target function
Distance restraint violations > 0.2 A
Maximal distance restraint violation
Angle restraints violations > 5 A

Maximal angle restraint violation

Ramachandran statistics
Most favored regions
Additionally allowed regions
Generously allowed regions

Disallowed regions

Average pairwise RMSD
Backbone

Heavy atom

1412
306

400
125
581
26
126

0.67 +0.02 A2
0
0.09+0.02A
0
1.89+0.18°

81.8%
16.8%
1.4%
0.0%

1.84 +0.45A (0.14 £ 0.02 A)
1.92+0.41A(0.49+0.05A)

The solution structure of ExtJ is in excellent agreement with the AlphaFold and Rosetta CS models

(Figures 3.7 and 3.10), comprising a five-stranded B-barrel framed by a single a-helix. The B-barrel

consists of antiparallel strands organized in a Greek-key topology (B1, Ser3>-Asp'?; B2, Lys®-Lys'; s,

Thr#-val*; B4, Glu**-Lys®3; and s, Ser®’-Ser™), which are separated by either turns, random coil

stretches (Ala?’-Pro*°) or an a-helix (au, Lys>¢-Lys®!), located between the 4 and 35 strands. Moreover,

CYANA predicts that ExtJ contains an additional B-strand formed by residues His**-Ala®, within the

long random coil stretch formed by residues Ala?°-Pro*?, in at least 6 out of the 20 lowest energy

conformers. This observation is in line with our secondary structure prediction results (Figure 3.6).
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Nevertheless, this strand is not defined in the final structural assemble, indicating that there might

be local dynamics or conformational heterogeneity in this region of the protein. >N NMR relaxation

experiments were used to determine the Ti, T2 and HetNOE relaxation parameters of monomer ExtJ,

and to characterize the dynamic properties of the protein in solution by probing the timescale of the

backbone motions. The N NMR relaxation experiments were acquired at 500 and 600 MHz (Figure

3.11) to account for conformational exchange and future order parameter (S?) calculations [49].
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Figure 3.11. ®N relaxation parameters of Ext]. The N longitudinal T:and transverse T relaxation times, together

with the PN HetNOE are represented for data acquired at 500 (orange) and 600 (blue) MHz, with a monomer

sample. The same parameters are shown for dataacquired at 500 MHz (green), with adimer sample. In all panels,

the solid straight lines and the presented values represent the average Ti, T> and HetNOE parameters at the

respective magnetic fields. The secondary structural elements of ExtJ are highlighted by gray boxes.
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Relaxation data were obtained for all residues, except Pro?* and Pro*°. The average values for the
N Ty, T2and HetNOE relaxation parameters at 500 MHz are 498 + 6 ms, 175+ 2 msand 0.909 + 0.008,
respectively. As expected, the average values for the N T1 (612 £ 20 ms) and T2 (158 + 2 ms) relaxations
respectively increase and decrease with an increase in the magnetic field strength (600 MHz) [50].
Overall, there is a good correlation between the relaxation data and the determined solution
structure of ExtJ (Figures 3.10 and 3.11). While the overall differences in the T: values of the different
residues are not significant, agreater variability was observed in the T-and HetNOE data (Figure 3.11),
from which features of the protein dynamics can be extrapolated. Most residues located in defined
secondary structural elements exhibit high rigidity, with motions in the pus-ms timescale, reflected by
boththe HetNOE values close to the theoretical maximum and the lower T2 values [51, 52]. In contrast,
the C-terminal stretch of Ext) shows fast mobility, in the ps-ns timescale, exhibiting low HetNOE and
high T: values. This explains why there is a lack of NOE restraints for this region of the protein and
might be an indication that the C-terminal is particularly relevant for the function of ExtJ [53-55].

3.3.5. Ext) homodimerization is driven solely by an intermolecular disulfide bridge

The dimerization of ExtJ can be a determinant factor for its function, as discussed in section 2.3.4.
Consequently, it is important to pinpoint exactly what are the structural mechanisms that lead to
dimer formation. In addition to the intermolecular disulfide bridge established between different C-
terminal cysteine residues, there might be other mechanisms that promote the dimerization of ExtJ.
Moreover, it would also be interesting to understand if there are structural differences between each
monomer upon oligomerization. In search of an answer for these questions, 2D 'H, SN-HSQC spectra
of a100 uM sample of Ext) WT in the presence and absence of 1 mM DTT were acquired (Figure 3.12).
The comparison of the two spectra showed no significant differences, suggesting that the two ExtJ
moleculesinvolved in homodimer formation are rotating in solution within an equivalent frame, thus
behaving nearly independently in solution. The only marked difference is the absence of the
backbone amide resonance of Cys® in the 2D 'H, ®N-HSQC spectrum of the homodimer sample
(Figure 3.12). The *Cp chemical shift values of cysteine residues can be used to deduce their redox
state and, in this case, to confirm the formation of the disulfide bridge by Cys® [56-58]. However, the
backbone amide resonance of Cys® is either displaced and superposed with other resonances of the
homodimer protein or its signal linewidth is severely increased, leading to its resonance being no
longer observable, therefore impairing this assessment.

Additional 2D 'H, ®N-HSQC spectra of Ext] WT were acquired at different temperatures (5-50 °C),
ionic strengths (25-300 mM) and protein concentrations (10-1000 uM) to probe for experimental
conditions in which different resonances could be observed for the monomeric and dimeric forms of

Ext). However, no such pattern was detected under the tested conditions.
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Figure3.12.2D 'H, N-HSQC spectra of Ext) in the presence and absence of ImMMDTT. The spectrain the presence
(monomer) and absence (homodimer) of reducing agent are represented in black and blue, respectively. The
spectrawere acquired at 25 °C with 100 uM samples prepared in 32 mM sodium phosphate buffer pH 6 (100 mM

of final ionic strength).

Following these results, and to understand the dynamic behaviour of the dimeric form of Ext] in
solution, we acquired "N NMR relaxation experiments with samples prepared in the absence of DTT
(Figure 3.11). The average values for the ®N T;, T and HetNOE relaxation parameters are 573 + 10 ms,
121+2msand 0.871+0.005, respectively, thus being very similar to those obtained for the monomer
sample. Assuming that the tumbling of ExtJ in solution lies within the limit of slow molecular motion
(tc » 0.5 ns), the 1c of the protein can be calculated relative to the ratio of the longitudinal T; and
transverse T2 BN relaxation times, according to Equation 3.3 [59, 60]. This information can then be
compared with existent standard curves of 1. (ns) vs protein molecular weight (kDa), obtained for a
series of known monomeric proteins of varying size, to get an estimation of the oligomerization state
of Ext] in each experimental condition [61, 62]. Prior to this analysis, since the *N T, values observed
in CPMG-type experiments may be subject to an apparent shortening due to processes of
conformational or chemical exchange on time scales smaller than or comparable to the delay
between the successive 180° pulses applied during these experiments (thereby contributing to the
measured transverse relaxation), one must carefully evaluate if all T2 values determined for the
different amide groups of Ext] are suitable for the application of Equation 3.3. To determine the
putative exchange contributions to the apparent transverse relaxation rate of individual nitrogen
spins, a selection criterion based on the analysis of the Ti/T2 ratios was applied [63]. Following this
criterion, no amide groups showed Ti/T: ratios more than one standard deviation larger than the
mean T,/T: value, meaning that the average T: and T: values previously determined for all amide

groups are suitable for the application of Equation 3.3.
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The resulting plot of 1c vs protein molecular weight (Figure 3.13) indicates that in both sets of data,
ExtJ (10.2 kDa) behaves mostly as a monomer, since both experimental points (orange and green) lie

close to the standard monomer curve.
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Figure 3.13. Plot of rotational correlation time (1) as a function of protein molecular weight. The black spheres
represent the set of known monomeric proteins listed on [61], which were used to calculate the linear regression
represented by the black line, whose equation and R?are represented in the bottom right corner. The orange and

green spheres represent the data for the monomeric and dimeric forms of ExtJ, respectively.

While the extrapolated apparent molecular weight of Ext] in the dimer sample is higher (11.38 + 0.01
kDa) than the one obtained for the monomer sample (7.76 + 0.02 kDa) - pointing towards a faster
tumbling in solution - in general, the data supports the view that the two Ext) molecules involved in
the homodimer formation are rotating in solution within an equivalent frame, thus behaving nearly
as two independent molecules, as previously postulated upon comparison of the 2D 'H, ®N-HSQC
spectra of the monomeric and dimeric forms (Figure 3.12).

However, despite these results, and taking advantage of AlphaFold-Multimer [64], we decided to
determine the model of Ext)’s dimer (Figure 3.14). An electrostatic surface representation of the
AlphaFold-Multimer model of the homodimer shows that the interaction between monomers could
be electrostatically driven, involving mostly surface exposed glutamate and lysine residues.
Nevertheless, as mentioned, since multiple 2D 'H, “N-HSQC spectra acquired at different ionic
strengths and protein concentrations did not reveal chemical shift variations, thisis unlikely. The PAE
scores provided by AlphaFold-Multimer give a distance error for every pair of residues, which can be
used as measure of confidence for the relative position of those residues [65, 66]. In the case of
AlphaFold-Multimer model of ExtJ’s dimer, the average PAE score is 15 A, meaning that the overall
confidence in the dimer configuration is low. Consequently, we decided to perform all-atom
molecular dynamics (MD) simulations of the complex and check for both the stability and possible

new configurations of the dimer.
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Figure 3.14. Electrostatic surface of the homodimer. The electrostatic surface of the dimer is colored in red and
blue, for negative and positive charges, respectively. The Coulombic electrostatic potentials (kcal/mol) were
calculated at 298 K, according to Coulomb’s law, using UCSF ChimeraX 1.4 [67]. The PAE score chart generated
by AlphaFold-Multimer is shown on the right, while the pLDDT scores of the model can be found in Figure 7.7.

MD simulations are used to predict how every atom in a protein or other molecular system will
move over time, based on a general model of the physics governing interatomic interactions [68].
These simulations can capture a wide variety ofimportant biomolecular processes, including protein
folding and conformational changes, revealing the positions of all the atoms up to a femtosecond
temporal resolution [69]. The 250 ns MD simulation of the homodimer showed that it undergoes a

conformational change early in the simulation (10-15 ns), after which it remains stable (Figure 3.15).
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Figure 3.15. MD simulation of the Ext) homodimer in explicit water. The plot shows the average RMSD variation
ofthe protein Cqatoms throughout the 250 ns MD simulation. The structures on the right show the initial (green)
and final (blue) poses of the homodimer. The potential and total energies plots, together with those showing the

temperature and pressure variation throughout the MD simulation are represented in Figure 7.11.
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While the AlphaFold-Multimer model of the homodimer was apparently stabilized by electrostatic
interactions, such contacts were absent in the final configuration of the MD simulations. In fact, this
dimer configuration was stabilized by mirrored hydrogen bonds established between Gly> of one
monomer with Gly”>-Asp”® of the remaining. This configuration is unlikely to accurately represent the
actual homodimer configuration, since these interactions would most likely stabilize the C-terminal
stretch of each Ext) monomer composing the dimer, resulting in different relaxation properties
compared to the monomer alone. This was not observed in the N NMR relaxation data (Figure 3.11).

In parallel with the analysis of the NMR and MD simulations data, microscale thermophoresis (MST)
was used to quantify the putative dissociation constant (Kp) of the homodimer. MST is a powerful
biophysical technique that exploits the movement of molecules in a temperature gradient to
quantify molecular properties [70, 71], by detecting changes in the hydration shell of fluorescently
labeled biomolecules [72], independently of their size and physical properties [73, 74]. Initially, a
fluorescently labeled protein or nuclei acid is subjected to an infrared laser that creates a local
temperature gradient, for which a thermophoretic mobility can be measured. As the biomolecule
interacts with a non-labeled partner, changes in its thermophoretic mobility occur, which can be
used to quantify interactions in the pM to mM range [70].

In Ext)’s particular case, to avoid the effect of the disulfide bridge in the homodimerization process,
Ext) C81* was labeled on the N-terminal His-tag with a non-covalent RED-tris-NTA 2" generation dye
in 1x phosphate-buffered saline (PBS) pH 7.5 with 0.05% Tween-20, following the manufacturer’s
instructions. The experiments were performed at pH 7.5 instead of the usual pH 6 used in the other
experiments, because the affinity of the indicated dye diminishes considerably at pH values below 7.
Additionally, Tween-20 was added to increase protein solubility, limit aggregate formation and avoid
putative capillary adhesion [75]. The fluorescent protein samples were prepared with a constant
concentration of 50 nM of labeled Ext] C81* and mixed in a serial dilution with unlabeled Ext) C81* U
in a concentration range between 15 nM and 500 uM. The measurements showed no aggregation or
photobleaching and the thermophoresis variation allowed the calculation of a K, 0f 15.2 + 4.2 uM for
the putative monomer-dimer equilibrium (Figure 3.16).

These results (in which no disulfide bridge may be involved, since the experiments were performed
with the C81* mutant), might have implications in our previous interpretations of the monomer-
dimer equilibrium using NMR. In fact, this K, value in the uM range likely hampers the monitorization
of the monomer-dimer equilibrium by NMR, since a state in which the monomer form of ExtJ is
predominant in solution can only be supposedly attained at concentrations below 1 uM, which is

incompatible with the experimental requirements of the technique.
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Figure 3.16. MST measurements of the monomer-dimer equilibrium of Ext). The left panel shows the variation of
the relative fluorescence (Fre) during the MST experiment. The blue (Fcoid) and pink (Fnot) regions were used as
reference to extract the data before and after laser irradiation and consequent thermophoretic mobility,
respectively. The panel on the right shows the fitting of Equation 3.7 to the thermophoresis (Fnorm), with the

respective error bars from triplicate experiments.

Nevertheless, while these results would strongly support the fact that the dimerization of Ext] is
prone to occur in vivo, the small thermophoretic response observed (four normalized fluorescence
units) raises the question as to whether or not the MST response curve might be arising as an artifact,
due to small differences in pH or ionic strength between the titrant and titrate solutions, rather than
as a response to an effective difference in mobility between the putative monomeric and dimeric
states. Moreover, while attaining experimental conditions suitable for the observation of the
monomer form in solution by NMR is incompatible with the results showed by MST, the control
experiments performed by NMR at various protein concentrations (from 10-1000 uM, including 10,
15, 30, 50, 75 and 100 pM, well within the concentration range in which a mixture of monomer and
dimer would be expected, according to the MST data) and temperatures (which should account for
the existence of a putative intermediate exchange equilibrium between the monomer and dimer
forms), show no evidence of the existence of two oligomeric forms, representing another argument
against the MST data.

Due to the unclear and somewhat contradicting results obtained using NMR, MD simulations and
MST, we decided to use small-angle X-ray scattering (SAXS) to unequivocally confirm the presence
or absence of additional structural promoters of the homodimerization of ExtJ, in addition to the
paramount intermolecular disulfide bridge.

SAXS is a powerful biophysical method for the structural characterization of proteins in solution,
providing low resolution information on the shape, conformation and assembly state of proteins, in
a broad range of molecular sizes [76]. In this technique, a solution of dissolved macromolecules
usually placed in a quartz capillary is illuminated by a defined energy, collimated monochromatic X-
ray beam, and the intensities of the resulting scattered X-rays are recorded by an appropriate X-ray
detector [77]. As the sample is isotropic (the molecules in solution are tumbling independently of

each other), the intensity distribution can be radially averaged, resulting in a one-dimensional
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scattering curve. Since the average electron density of proteins (0.43 e/A3) is only slightly higher
than the average electron density of water (0.33 e/A3), which can increase with the addition of
components to the buffer), a paramount step in any SAXS experiment involves the recording of a
second measurement of an identical solution lacking the sample of interest (protein), which will be
used for background subtraction of all scattering contributions, not only from the solvent, but also
from the sample holder, as well as the machine setup [78]. The resulting pattern corresponds to the
scattering of a single protein molecule averaged over all orientations, from which several important
biophysical parameters can be directly obtained, including the radius of gyration, maximum
interatomic distance, molecular weight, oligomeric state and overall shape of the particles under
investigation [79]. Additionally, SAXS can also be used to determine reliable low-resolution (10-20 A)
ab initio models of the macromolecules under study [80].

Initially, four different Ext) samples were prepared for SAXS analysis. Ext] WT was prepared in the
standard sample buffer used for most of the experiments (32 mM sodium phosphate buffer pH 6 (100
mM of final ionic strength)), with and without the presence of DTT. Ext) C81* was also prepared in the
standard sample buffer (100 mM of final ionic strength) and in a buffer with a lower ionic strength (25
mM), to promote the putative electrostatically-driven homodimerization of the protein. All data was
collected in batch mode for serial dilutions of each sample, for which the corresponding matched
buffer scattering contribution was subtracted. The samples and respective frames with the best
signal-to-noise ratio, and with an apparent absence of aggregates and minimal radiation damage,
were selected for subsequent data analysis. The resulting scattering patterns for each sample are
presented in Figure 3.17A.

The scattering profiles of all samples have similar shapes and are typical of spherical particles [77],
presenting good signal-to-noise ratios. Nevertheless, at low-angle, there is a clear difference between
the scattering profile of the Ext) WT sample without DTT and those of the remaining samples, which
are superposed. Considering that the presence of a homodimer for the WT protein in the absence of
areducing agent was never in doubt, this is aninitial indication that the remaining sample conditions
likely contain only the monomer. The remaining analysis of the SAXS data supports this view.

The Kratky plot analysis is used to qualitatively assess the flexibility and degree of unfolding of a
protein [81]. In the case of a well-folded globular protein, the Kratky plot will exhibit a bell-shape
(Gaussian) peak that converges to the S-axis. An unfolded or highly flexible protein will present a
Kratky plot in which the profile increases linearly with S, without converging to the S-axis. Proteins
with multiple domains may have a combination of both these features, in which a bell-shape peak
does not converge to the S-axis due to partial flexibility or presence of disordered domains. This is
exactly what we observe on the Kratky plots of the different Ext) samples (Figure 3.17B) - a bell-shape
peak (resulting from the ordered and compacted domain of ExtJ) that does not converge to the S-axis
due to the contribution of the disordered N-terminal tag and C-terminal stretches, as hinted by the

NMR relaxation data.
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Figure 3.17. SAXS studies of ExtJ. (A) Experimental scattering curves of Ext) WT (32 mM sodium phosphate buffer
pH 6 (100 mM of final ionic strength) with (orange spheres) and without (green spheres) the presence of DTT)
and ExtJ C81* (32 mM (blue spheres) and 8 mM (red spheres) sodium phosphate buffer pH 6 (100 mM and 25 mM
of final ionic strength, respectively)). The color code is respected in all panels. (B) Kratky plots of the different
Ext) samples. The data was normalized relative to each’s sample concentration. (C) Pair distance distribution
plots of the different ExtJ samples. The data was normalized relative to each’s sample concentration. (D)
Scattering curve fitting and ab initio modeling of monomer ExtJ. The theoretical scattering curve (black line) was
calculated with CRYSOL [82], using an AlphaFold model of ExtJ containing the N-terminal tag as input, and fitted
to the experimental scattering curve of Ext] C81* (blue spheres, 32 mM sodium phosphate buffer pH 6 (100 mM
of finalionic strength)) with SREFLEX [83]. The inset shows a ribbon representation of the Ext] AlphaFold model,
docked into the ab initio SAXS-derived molecular envelope (semi-transparent gray surface) generated by
DAMMIF [84], which is the average of 15 independently reconstructed models, all aligned, averaged, and filtered
with DAMAVER [85].

A closer analysis of the Kratky plot of the Ext] WT sample without DTT shows that the Gaussian
curve is slightly wider and contains two separate peaks, a feature that arises from the presence of the
symmetric monomers of the homodimer, in the absence of areducing agent and the C81* mutation.

Following this analysis, we also represented the plots of the distance distribution function (p (r))
foreachsample (Figure 3.17C). This functionis calculated by applying a Fourier transformation to the

scattering curve, at both the low- and high-angle regions, and describes the probability of finding a
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pair of points within the sample separated by a certain distance (r) [86]. The shape and location of the
peaks in a pair distance distribution plot reveal important details regarding the sample’s size, shape
and internal organization [87, 88]. The peaks at smaller distances generally correspond to the most
common and smaller distances within a molecule, reflecting the average distance between
neighboring atoms and the typical size of a domain. The shape of these peaks provides insights into
the packing density of these structural elements. A sharp and intense peak suggests a well-defined,
tightly packed structure, while a broader peak is indicative of higher variability in the interatomic
distances, likely associated with a looser conformation. The peaks at larger-scale distances usually
relate to larger structural features, corresponding to the distance between different domains or to
the diameter of the entire protein. A molecule with a well-defined, extended shape, suchasarodora
cylinder, will result in a prominent peak at a distance corresponding to the overall length or width of
the structure, while a more globular structure results in a broader and less pronounced peak in this
region. As for the Kratky plot analysis, the presence of multiple peaks in the pair distance distribution
plot suggests the existence of a multi-level organization within the sample, whose varying height and
width might indicate variable structural density or subunit sizes [87, 88]. For the particular case of a
homodimer, one should expect a peak at shorter distances, corresponding to intramolecular
distances, together with a second peak at higher ones, representing the intermolecular distances.
Finally, from the distance distribution function calculations, several biophysical parameters,
including the R¢ (radius of gyration, a measure of the compactness of a protein structure, calculated
as the root mean square distance of each atom in the protein from the center of mass of the
macromolecule [89]) and the Dmax (maximum dimension of the particle in solution), were also
determined, being in close agreement with those calculated from an independent Guinier analysis
[90] (Table 3.3), and from the ®N NMR relaxation data obtained for the monomer, using an
empirically derived Stokes-Einstein equation for small spherical molecules (1.76 nm) [50]. Also, in
this case, the data of the four samples may be split into two different groups, separating the Ext) WT
sample without DTT from the remaining. The scattering profile of this sample yielded a broader
curve with identifiable peaks at around 20 and 40 A, before reaching a Dmax of 83 A. Taking into
consideration that this sample contains a mixture of monomer and dimer, the peak at 20 A results
from the interatomic distances within the compacted domain of the monomer and dimer, while the
Dmax Of 83 A results from the maximum stretchable distance of the disulfide bridge linked
homodimer, also accounting for the long N-terminal tag. The second peak at 40 A, unique to this
sample, likely results from the interatomic distances between the two domains in the homodimer.
The remaining samples share a single peak at 20 A, as expected, but show smaller Dmax values of
around 55-60 A, corresponding to the maximum distance between the opposite extremes of the
disordered N-terminal tag and the globular domain of ExtJ. In particular, the Ext] C81* sample
prepared in 8 mM sodium phosphate buffer pH 6 (25 mM of final ionic strength) shows a more

compact structure, likely due to the lower ionic strength conditions.
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Table 3.3. SAXS data processing. The data is shown for all four Ext) samples. HS and LS stand for high (32 mM
sodium phosphate buffer pH 6 (100 mM of final ionic strength)) and low (8 mM sodium phosphate buffer pH 6
(25 mM of final ionic strength)) salt concentrations, respectively. MW stands for molecular weight. The Porod
volume (V) was calculated from the total intensity of scattering extrapolated to zero angle (the forward
scattering) by applying Porod’s law [91], which describes the intensity of scattered X-rays at high-angles. This

parameter gives an approximation of the volume occupied by the protein, assuming a compact shape.

Analysis ExtJ WT ExtJ WT +DTT ExtJ C81* (HS) ExtJ C81* (LS)
Scattering
Porod volume (V,, A3) 24512 16119 16811 13051
MW (kDa) 15.320 10.074 10.507 8.170
Guinier
1026s (cm?) 0.108 0.116 0.114 0.054
10abs/c (cm?mg?) 0.0140 0.0078 0.0078 0.0077
MW (kDa) 19.300 10.800 10.800 10.600
Rg (nm) 2.34 1.65 1.67 1.58
SRgrange (nm) 0.32-1.22 0.36-1.30 0.29-1.11 0.43-1.30
p(r)
Dimax (A) 83.0 615 62.5 53.5
Rg (nm) 2.39 1.72 1.72 1.65
Srange (AY) 0.01-0.30 0.01-0.30 0.01-0.30 0.01-0.30
NMR
MW (kDa) 11.380 7.760 - -
Rg (nm) - 1.76 - -
Sequence
MW (kDa) 10.273 10.273 10.170 10.170

Finally, using the AlphaFold model of Ext] with the N-terminal tag, we were able to calculate a
theoretical scattering curve that fits reasonably well with the experimental data, presenting a x>
(reduced error-weighted scoring function [92]) of 2.25 (Figure 3.17D). Moreover, this model docks
correctly into the ab initio molecular envelope generated from the experimental scattering curve of
the ExtJ C81* sample in the standard sample buffer (inset of Figure 3.17D). Unfortunately, we were
unable to model the ab initio molecular envelope of the homodimer present in the Ext) WT sample
without DTT, due to the presence of a mixture of monomer and dimer species in the batch solution.
Alternatively, we resorted to SEC-SAXS to try to circumvent this issue, but the available SEC columns
in the European Synchrotron Radiation Facility (ESRF) lacked the necessary resolution to effectively

separate the dimeric and monomeric forms of ExtJ.
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In conclusion, the SAXS data (Figure 3.17 and Table 3.3) unequivocally confirmed that the ExtJ
homodimerization is solely driven by the establishment of a disulfide bridge between the C-terminal
cysteine of two monomeric molecules. Despite the high sample concentrations used (well above the
putative homodimerization Kp, of 15 uM determined by MST), the presence of the dimeric form of ExtJ
was only observable in the WT sample without DTT, as confirmed by the different biophysical
parameters determined from the SAXS data analysis (Table 3.3). All in all, generally reflecting on the
multiple results we obtained from both experimental and computational methods, one can assume
that while the AlphaFold model predictions might not be completely unrealistic, they likely represent
intermediate conformations of a rather loose and stretchable homodimer, in which the major
stabilization factor is solely the intermolecular disulfide bridge. Collectively, our data indicates that
Ext) forms homodimers in vitro, with each monomer tumbling in solution almost independently

within an equivalent rotating frame.

3.3.6. Narrowing down the function of Ext) in Geobacter sulfurreducens
Ext] is unlikely involved in flavin-like compound synthesis or transport

As discussed in section 2.3.4, Ext] is a structural homolog of multiple domains within subunits of
large ATPases/synthases or ribosomal assemblies, and of riboflavin synthase-like 3-barrel proteins.
Onone hand, the periplasmic localization of Ext] in the cell, within a putative outer membrane porin-
cytochrome complex, makes it unlikely that the protein is involved in ATP synthesis or ribosomal
assembly. On the other hand, consequently, Ext) might be involved in mechanisms that comprise the
synthesis or binding of flavin compounds, such as riboflavin or FMN. Nevertheless, the genes that
code for the majority of enzymes involved in riboflavin metabolism have already been identified in
G. sulfurreducens [93]. Based on the structures of riboflavin synthase and other structural homologs
(Figure 2.21), we can discern that most of these proteins function as a tandem of structurally similar
domains, whose structural organization resembles that of monomer Ext]J.

Riboflavin synthase catalyzes the dismutation of two molecules of 6,7-dimethyl-8-ribityllumazine
to yield riboflavin and 4-ribitylamino-5-amino-2,6-dihydroxypyrimidine [94]. The protein functions
as a homotrimer consisting of an asymmetric assembly of monomers with a tight intermolecular
interface, promoted by interactions between the [3-barrels and by a three-helix bundle formed by the
C-terminal a-helices of each monomer [95]. The three active sites of the trimer lie between pairs of
monomers and are formed by two Asp'®’-His®8-Ser*® triads and two different dyads (Cys*’-Ser*® and
His!®3-Thr>°) [94]. While the enzyme usually possesses three active sites, only one active site is
catalytically competent at a time [96]. Alternatively, some riboflavin synthases may contain a single
active site [97]. The relative orientation of the domains that compose the tandems of each monomer
of riboflavin synthase are conserved across the protein homologs, but are reasonably different from

the one we observe on the compacted homodimer AlphaFold model of Ext] (Figure 3.18).
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Figure 3.18. Relative orientation of the riboflavin synthase domains and the Ext] homodimer. The AlphaFold
model of the Ext) homodimer is represented in blue, whereas the trimmed (residues 1-188) crystal structure of

riboflavin synthase (PDB: 4GQN [97]) is represented in green.

The relative orientation and interdomain interactions between the structurally similar N- and C-
terminal domains of the different riboflavin synthases are conserved even when only an isolated N-
terminal domain is present in solution [98, 99]. This domain forms stable homodimers, whose
structure in complex with riboflavin has been determined by both X-ray crystallography [98] and
NMR [99] (Figure 3.19).

Figure 3.19. Homodimer structures of the N-terminal domain of riboflavin synthase. The NMR (PDB: 1118 [99],
blue) and X-ray crystallography (PDB:1PKV [98], orange) structures are represented as ribbons, both with bound

riboflavin (red).

The structures of this homodimer and those of the riboflavin synthase homologs show that the
interfaces between domains are not stabilized by salt bridges or electrostatic interactions. Instead,
they are stabilized by backbone-backbone and backbone-side-chain hydrogen bonds that promote a
compact configuration, independently of the presence of the disordered loop that natively connects
the N- and C-terminal domains of these proteins. The nature of these interactions would make it
highly likely that ExtJ could form homodimers with a similar arrangement, but this is not observed.

Considering the interface observed in the AlphaFold model of the Ext) homodimer, formation of
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backbone-backbone intermolecular hydrogen bonds would be likely to occur, but the absence of
asparagine, aspartate, leucine, serine and threonine residues in conserved positions, which are
responsible for the establishment of the backbone-side-chain hydrogen bonds observed in the
structures of the riboflavin synthase homologs [98, 99], likely hinders the formation of a stable
homodimer in ExtJ.

These observations regarding the homodimer interface of the riboflavin synthase and its homologs
raise the question of whether or not Ext] is able to bind flavin-like compounds, due to its inability to
form stable homodimers. Several solution and crystal structures of riboflavin synthase proteins and
their homologs have been determined in the presence of different ligands, including 6,7-dimethyI-8-
ribityllumazine [100], 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione [97], riboflavin [98] and
FMN [100], for which a conserved binding pocket was observed (Figure 3.20).
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Figure 3.20. Binding pocket conservation in riboflavin synthase and homologs. The structures of the N-terminal
domain of riboflavin synthase in complex with riboflavin (PDB: 1PKV [98], blue), the N-terminal domain of the
lumazine protein in complex with FMN (PDB: 3A3B [100], green) and with 6,7-dimethyl-8-ribityllumazine (PDB:
3A3G[100], orange), and the C-terminal domain of riboflavin synthase in complex with 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione (PDB: 4GQN [97], purple) are represented as ribbon. Their surfaces are represented

ingray. Allligands are represented in red.

The only differences between the binding modes of the different ligands in the different structures
relates with the hydrogen bond networks they form with the respective proteins. For example, on one
hand, the number of hydrogen bonds decreases upon binding of FMN to a lumazine protein when we
compare the same protein structure bound to riboflavin, mostly because the phosphate moiety of
FMN protrudes out of the narrow ligand-binding cavity [100]. On the other hand, the binding of 6,7-
dimethyl-8-ribityllumazine is usually tighter, with a higher number of hydrogen bonds observed
when compared to the case in which the ligand is a riboflavin molecule [100]. In general, and taking
the riboflavin binding pocket residues as a reference, an analysis of the different binding pockets
with PoseView [101-105] shows that the most relevant residues for ligand binding are (i) a conserved
Thr*9/3° residue, which establishes two hydrogen bonds, through its backbone and side-chain, (ii) a
negatively charged residue, either Asp® or Glu®, that establishes a single backbone hydrogen bond
with the NH group of riboflavin, (iii) a cysteine or serine residue, either Cys*”/*8 or Ser*8, which might
establish one or two backbone hydrogen bonds, either directly with riboflavin or with surrounding

water molecules that stabilize the binding pocket and (iv) valine and glycine residues from the
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neighboring domain, which establish multiple backbone hydrogen bonds. By superposing the
structures of the AlphaFold model of the Ext)’s homodimer with that of the N-terminal domain of
riboflavin synthase bound to riboflavin (Figure 3.21), we sought to understand if Ext) contained the

required residue nature and position for the putative binding of this molecule and its analogs.

Figure 3.21. Structural conservation of the riboflavin binding pocket. The homodimer of Ext) and that of the N-
terminal domain of riboflavin synthase (PDB: 1PKV [98]) are represented in green and gray, respectively. The
residues involved in riboflavin binding are highlighted in orange and blue for the homodimer of Ext] and that of

the N-terminal domain of riboflavin synthase, respectively. “RB” stands for riboflavin.

The only structurally conserved residue is the Thr*/5°, responsible for establishing both a side-
chain and a backbone hydrogen bond with the riboflavin molecule. The remaining residues are not
conserved, however, this might not completely hinder riboflavin binding in Ext]. In fact, the
establishment of hydrogen bonds might be maintained, considering that in riboflavin synthase, all of
these residues establish hydrogen bonds with riboflavin through their backbone amide and carboxyl
groups. The most striking difference in the putative binding pockets of these proteins are the
residues of opposite charge in the Lys>-Asp® position, which, on one hand, may affect the binding
affinity for riboflavin-like compounds. On the other hand, considering that the nature of riboflavin
binding relies solely on hydrogen bonding, and that both amino acid side-chain chains are able to
establish hydrogen bonds, this difference might not affect ligand binding. Nevertheless, the
difference in charge in this region is not surprising, since Ext] contains a high percentage of lysine
residues (16%). Riboflavin synthases usually contain only 3-5% of lysine residues.

The architecture of the putative binding pocket of ExtJ is apparently suitable for riboflavin-like
compounds binding, however, one must also assess the contributions from the other monomer
molecule, considering that in riboflavin synthase, the domain opposite to one of the two binding
pockets also plays arole in the binding event. From the superposition of these structures, no obvious
candidates emerge in the case of the Ext) homodimer. One hypothetical scenario would require a
specific configuration of the disordered and flexible C-terminal stretch of ExtJ, that placed two

glycine and one leucine residues within hydrogen bond distance of the ligands, but this is unlikely.
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3. Dissecting a porin-cytochrome complex: Structural characterization of ExtJ

Based on this analysis, and to confirm if ExtJ can bind flavins, we performed NMR titrations of this
protein with FMN (Figure 3.22). We selected this flavin due to its higher solubility in water at room
temperature than riboflavin and 6,7-dimethyl-8-ribityllumazine, the second of which is also difficult

to synthesize, and thus extremely expensive [106, 107].
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Figure 3.22. Monitorization of ExtJ-FMN interaction by NMR. The 2D 'H, “N-HSQC spectra of ExtJ (100 uM) at
various ExtJ:FMN ratios are represented by different colors, from purple (1:0 ExtJ:FMN) to dark red (1:10
ExtJ:FMN). The top right corner inset shows a close in of the 1D 'H-NMR spectra of the different samples
throughout the titration. The two intense resonances correspond to the methyl groups (1 and 2) of the FMN
moiety, whose molecular structure isrepresented within the 2D 'H, SN-HSQC spectra panel. The same 1D 'H-NMR
spectral region is highlighted in the bottom right corner, showing that the chemical shift variation observed

during the titration with FMN is not due to a binding event, but rather due to the increase in FMN concentration.

No chemical shift variations were observed in the 2D 'H, N-HSQC of Ext]J following the addition of
FMN, which indicates that there is no apparent interaction between the two molecules. However, the
analysis of the 'H signals of FMN in the series of 1D 'H-NMR spectra acquired during the titration
experiment revealed a chemical shift variation (Figure 3.22). This was, indeed, unexpected, and for
that reason we acquired control spectra at different concentrations of FMN (Figure 3.22). In this case,
the same chemical shift variation was detected, thus confirming that the 'H chemical shift variation
we observed during the titration of ExtJ with FMN was due to an increase in the ligand concentration,
and not due to a binding event. Such behaviour has been previously reported in flavins [108-113].

In conclusion, despite the high degree of structural homology with domains of riboflavin synthase
and homologs, since ExtJ is unable to bind FMN, the protein is unlikely to play a role in the binding or

transport of flavin compounds in the periplasm of G. sulfurreducens.
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Biomolecular interaction studies between ExtJ and PpcA

The presence of ExtJ, a protein with no predicted cofactors, in the ExtHIJKL complex, which is
directly linked to the EET routes of G. sulfurreducens, raises the question about its role on the electron
transfer or in other structurally relevant features of this complex. Since ExtJ is predicted to be located
in the periplasm, a plausible hypothesis is that Ext) somehow functions as a selective partner for
potential periplasmic redox partners, promoting the interaction between these proteins and the
remaining components of the ExtHIJKL complex. PpcA is the most abundant cytochrome in the
periplasm of G. sulfurreducens [114] and has been exhaustively studied [115], making it an ideal
candidate for interaction studies. The interaction studies were performed between “N ExtJ C81* and
PpcA, using NMR (Figure 3.23).
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Figure 3.23. Monitorization of ExtJ-PpcA interaction by 1D H-NMR. The 1D 'H-NMR spectra of PpcA in the
oxidized state (orange) and ExtJ C81* with no affinity tag (green) are shown on top. The rectangle highlights the
spectral region in which most of the heme methyl signals of PpcA are located. These signals are highlighted
(spheres) on the heme structure inset (blue). The 1D 'H-NMR spectra of 1:1 (blue) and 1:4 (red) ExtJ-PpcA

proportions are shown on the bottom.

The context of this NMR protein-protein titration is unique compared to those usually observed in
theliterature, since the joint analysis of the variations on the 1D H-NMR spectrum of PpcA and the 2D
'H, BN-HSQC spectrum of ExtJ allows the mapping of the interacting regions of both proteins. On one

hand, the 1D 'H-NMR spectrum allows the visualization of the progressive chemical shift changes of
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the heme methyl groups of PpcA along the titration, by inspection of the 12-21 ppm spectral region
(Figure 3.23). In this spectral region, only the resonances of PpcA are visible, since the 'H resonances
of ExtJ are restricted to the 0-11 ppm spectral window. PpcA is a small triheme cytochrome and in the
oxidized state, each heme iron atom possesses a low-spin (S = ¥2) unpaired electron that produces a
paramagnetic effect. This effect is sensed by nuclei close to the paramagnetic center and resultsin an
increase in the NMR spectral window and signal width due to faster T relaxation times [116].
Therefore, the resonances of the heme methyls of PpcA are easily distinguishable from those of the
Ext) protons, and by monitoring their variation along the titration, one can determine which region
of PpcAis interacting with Ext). On the other hand, by analyzing the 2D 'H, ®N-HSQC spectrum of ExtJ,
only the chemical shift changes of Ext)’s resonances will be monitored, and the residues involved in
the interaction with PpcA can be identified. This information, while sufficient to determine a docking
pose of the putative ExtJ-PpcA complex, could be complemented with additional studies in which the
interaction would be monitored through analysis of chemical shift variations in the 2D 'H, ®N-HSQC
spectrum of PpcA, thus completing the picture of the binding interface between Ext) and PpcA.

The analysis of the 1D 'H-NMR spectra of the 1:0, 1:1 and 1:4 ExtJ-PpcA proportions (Figure 3.23)
shows that there are no observable chemical shift variations on the heme methyl resonances of PpcA,
afirst indication that PpcA and Ext) may not interact. This is confirmed by the analysis of the 2D 'H,
BN-HSQC of the same proportions of ExtJ-PpcA (Figure 3.24), which show no chemical shift variation

of ExtJ’s backbone resonances.
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Figure 3.24. Monitorization of Ext)-PpcA interaction by 2D H, N-HSQC. The 2D 'H, “N-HSQC spectra of Ext) C81*
(green), 1:1 (blue) and 1:4 (red) ExtJ-PpcA proportions are shown.

The presence of a 1:4 excess of PpcA with no chemical shift variations observed confirms that ExtJ

does not interact with PpcA. Analogously, it is unlikely that ExtJ interacts with any of the other PpcA-
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family cytochromes, considering their high structural homology with PpcA [117-121]. Overall, the
results indicate that ExtJ is unlikely to serve as a docking moiety for periplasmic cytochromes in the

ExtHIJKL porin-cytochrome complex.

Structural contextualization of ExtJ in the ExtHIJKL porin-cytochrome complex

To contextualize the role of Ext) within the ExtHIJKL porin-cytochrome complex, several AlphaFold
models were generated for the individual proteins and for different combinations of the four
complex components, using AlphaFold-Multimer [64]. The individual AlphaFold models of the ExtH,
Extl and ExtKL proteins and their predicted cellular locations served as anchor points for the
interpretation of the AlphaFold-Multimer models. From these models, the most plausible scenarios
indicate that ExtJ interacts either with Extl or ExtKL through its C-terminal cysteine (Figure 3.25).

Ext'J ExtJKL

Figure 3.25. Structural contextualization of Ext] in the ExtHIJKL complex. The Extl (green), Ext] (blue) and ExtKL
(red) proteins are represented in the AlphaFold models of ExtlJ (left) and ExtJKL (right). The insets show the
cysteine residues involved in the putative disulfide bridges formation. The dashed line connects the sulfur
atoms of the two cysteine residues involved in each disulfide bridge. The pLDDT scores of each model can be

found in Figure 7.7.

In these simulations, Ext] is positioned to establish a disulfide bridge via Cys® with either Cys'* of
Extl or Cys3%° of ExtKL. In the Extl] model, the distance between the sulfur atoms of the cysteines
involved on the putative disulfide bridge is 4 A. Ideally, the S-S distance on a disulfide bridge is around
3 A [122]. Hence, the Cys® of Ext) and Cys'?! of Extl are oriented at an almost ideal distance for
establishment of the S-S covalent bond (Figure 3.25). In the ExtJKL model, the distance between the
sulfur atoms of the cysteines involved on the putative disulfide bridge is slightly higher, 5 A, making
it less likely to occur (Figure 3.25). Additionally, based on our assessments regarding ExtKL (see
section 2.3.4), we know that Cys3%° is actually a selenocysteine residue, which AlphaFold is unable to
model, making, nonetheless, the formation of a disulfide bridge between Ext) and ExtKL not possible.

In general, while one must consider that these are in silico simulations, the consistent positioning
of ExtJ in the different models calculated with the different proteins of the ExtHJKL complex is an
indication that the process of homodimer formation we observed in vitro is unlikely to occur in vivo,

since Cys® might no longer be available to form homodimer assemblies. Alternatively, there might
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be a mechanism in which the oligomerization state of Ext] is regulated by the oxidation/reduction of
the intermolecular disulfide bridge [123-128], with the protein working either as a free dimer in the
periplasm, or as a monomer bound to Extl. This dynamic mechanism would have direct implication
on the functional role of the ExtHIJKL porin-cytochrome complex. Curiously, rhodanese proteins,
such as ExtH, have been suggested to play arole in disulfide bond formation in prokaryotes [127].
Finally, a recent indexation of Ext] motifs in the Pfam database [129] indicates that the N-terminal
region of the protein (residues 1-42) belongs to the PF13624 family, comprised of proteins containing
a SurA-like N-terminal domain. SurA is a molecular chaperone that facilitates the folding of outer
membrane porins [130-132], a function that fits quite nicely with the Extl-ExtJ interaction mechanism.
Nevertheless, not only is the SurA N-terminal domain mostly composed by a-helices, contrasting

with ExtJ, but the entire protein contains additional domains that also play a functional role [131].

3.4. Conclusions

The final steps of EET in the G. sulfurreducens bacterium are performed by either extracellular
cytochromes, cytochrome nanowires or porin-cytochrome complexes, with the last being involved
in short-range reduction of extracellular acceptors [115]. Despite their critical importance in such
processes, to date, there were no biochemical characterization studies regarding neither of their
protein components, leaving a considerable gap in our atomistic understanding of the multiple
pathways that allow electrons to reach the extracellular environment in this bacterium.

The most common structural organization of a bacterial porin-cytochrome complex involves a
periplasmic cytochrome, a transmembrane porin and an extracellular cytochrome, responsible for
directly reducing extracellular acceptors. Such organization is observed on the OmabcB/C, ExtBCD
and ExtEFG complexes, but the four-component ExtHJKL complex must have a necessarily different
arrangement, with unique properties and function. In this chapter, multiple biophysical techniques
were used and complemented with computational methods to unravel the biochemical properties of
ExtJ, a small periplasmic protein with no cofactors.

The solution structure of ExtJ shows that the protein contains a five anti-paralell stranded -barrel,
organized in a Greek-key topology, together with a single a-helix. Additionally, the protein contains
a highly flexible C-terminal stretch, within which there is a terminal cysteine residue (Cys®') available
for the establishment of anintermolecular disulfide bridge that promotes homodimerization. In fact,
amutated version of the protein lacking this cysteine residue (C81*) is unable to form homodimers.

The combined use of "N NMR relaxation experiments, protein structure prediction methods, MD
simulations, MST measurements and SAXS analysis, of both monomeric and dimeric samples of Ext]J,
show that the protein homodimerization is solely driven by the formation of one intermolecular
disulfide bridge.

A detailed structural analysis shows that Ext] is homologous to domains of riboflavin synthases and
other flavin-binding proteins, possessing remarkably similar folding and a putative binding pocket
for flavins. Nevertheless, biomolecular interaction studies followed by NMR show that the protein is

not able to bind FMN, which is surprising considering the structural conservation observed. In fact,
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simulations performed with the recently released AlphaFold 3 algorithm [133], which allows for
protein structure prediction in the presence of a limited list of ligands, suggest that flavin adenine
dinucleotide (FAD - a slightly larger flavin-containing molecule than FMN, and the only flavin
available from the list of ligands in the AlphaFold 3 server) binds to ExtJ in the predicted binding
pocket, as FMN or riboflavin would likely do in similar simulations (Figure 3.26).

Figure 3.26. AlphaFold 3 model predictions of putative Ext]-FAD complexes. The monomer (blue) and dimer
(green) models of ExtJ are shown in complex with one and two molecules of FAD, respectively. The binding

pockets are conserved in the two structures. The pLDDT scores of each model can be found in Figure 7.8.

These observations are a great testimony of how simulation methods should be complemented
with experimental approaches to gather valuable insights into protein-ligand interactions, especially
if the pharmaceutical aspect of the field is considered.

Additional biomolecularinteractions monitored by NMR showed that ExtJ is unable to interact with
PpcA, meaning that the protein does not work as a docking platform for periplasmic cytochromes.

Finally, AlphaFold-Multimer simulations show that Ext) might interact with Extl through the Cys®!
residue, by establishing a disulfide bridge with Cys'?. We hypothesize that such association might be
dependent on mechanisms of disulfide bond formation and cleavage, which indirectly regulate the
passage of small molecules, such as redox mediators, through Extl [134-136].

Overall, we were unable to precisely define the function of ExtJ in the cell, but the structural and

biochemical data provided certainly narrowed down the different possibilities.
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3.5. Materials and methods
3.5.1. DNA manipulation

The gsu2938 gene sequence, encoding for the Ext] protein (WP_010943569.1), was retrieved from
G. sulfurreducens PCA’s genome on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
[93], under the accession number TOO0155. The codons coding for residues 24-104 (excluding the
signal peptide predicted by the SignalP 6.0 software [137]) were amplified from genomic DNA and
inserted into the pET-28a(+) plasmid using Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific) together with the primers listed in Table 2.5, according to the RF cloning protocol [138].
Taq DNA polymerase (VWR) was used for colony PCR screening and Dpnl (Thermo Fisher Scientific)
for digestion of the template DNA. The intermediate PCR product and the final plasmid DNA were
purified using the NZYGelpure and NZYMiniprep kits (NZYTech), respectively. PCR products and
plasmid DNA quantification and purity were determined using a NanoDrop spectrophotometer ND-
1000 (Thermo Fisher Scientific) and the DNA was sequenced by STAB VIDA (Caparica, Portugal). The
final plasmid was designated pET-28a(+)-Ext]J.

The primers used for the substitution of the C-terminal cysteine (Cys®) for a stop codon were
designed using the QuikChange Primer Design program (Agilent Technologies) and are listed in
Table 3.4. The mutation was introduced by following the instructions of the NZYMutagenesis kit
(NZYTech) and the presence of the desirable mutation was confirmed by DNA sequencing.

Table 3.4. Sequences of the primers used to produce the pET-28a(+)-Ext) C81* vector. The substitution sites are

underlined. The primers forward (fw) and reverse (rv) were purchased from Invitrogen.

Primer DNA sequence (5’ - 3’)
Ext)_C81* fw CGCTCTCCAGGGCTAGTAGCTCGAGCACCA
Ext)_C81* rv TGGTGCTCGAGCTACTAGCCCTGGAGAGCG

3.5.2. Protein sequence analysis and AlphaFold predictions

A Protein BLAST [9] was performed with Ext)’s sequence (WP_010943569.1), using the RefSeq
Select protein sequences database and the default blastp algorithm. Sequences were aligned with
Clustal Omega [6] and represented in Geneious 1.1.2022.

The AlphaFold models of Ext] were either retrieved from the AlphaFold protein structure database
[139, 140], or produced using either the AlphaFold2_MMSeqs2 GitHub ColabFold notebook [66] or
the AlphaFold 3 server [133]. All AlphaFold-Multimer models were produced using the same
notebook [64]. The quality of the individual models was evaluated based on the per-residue estimate
of confidence produced by AlphaFold, designated pLDDT, which is based on the IDDT-Ca metric
[141]. Additionally, intra and inter-PAE scores produced by AlphaFold were used to evaluate the
quality of the relative position of proteins in complexes [66]. The interactive analysis of these values
was performed using PAE Viewer [65]. The final models were analyzed and represented in UCSF

ChimeraX 1.4 [67], without the corresponding signal peptides, as predicted by SignalP 6.0 [137].
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3.5.3. Protein expression and purification

The natural abundance and BC, ®N labeled Ext) WT and Ext] C81* proteins were produced and
purified with the same protocol. In the case of the Ext] WT protein, reducing agents were used
throughout the purification process.

The proteins were heterologously expressed in E. coli BL21 Star (DE3) cells, transformed with pET-
28a(+) plasmids encoding a kanamycin resistance marker and either the Ext) WT or Ext) C81* proteins
with an N-terminal 6x His-tag and a thrombin cleavage site. Initially, cells were grown at 37 °C to an
ODsoo of 0.6-0.8 in either LB medium for natural abundance samples or M9 minimal medium for 3C,
BN isotopically labeled samples, both supplemented with 30 pg/mL kanamycin. Then, protein
expressionwasinduced with1mM of IPTG (NZYTech) and cells were grown for 4 hours at 37 °C before
being harvested by centrifugation at 6500 xg for 15 minutes. Cells were resuspended in 30 mL per
liter of cell culture of 50 mM Tris-HCI pH 7.5 with catalytic amounts of DNase I, 0.5 mg/mL of
lysozyme, 1 mM phenylmethanesulfonylfluoride (PMSF) and 2 mM benzamidine, and disrupted by a
combined method of three freeze and thaw cycles followed by 15 cycles of ultrasonication (1 minute
on plus 2 minutes off) performed with an ultrasonic homogenizer Branson SFX 150 regulated for 65%
of total amplitude. Cell debris were removed by centrifugation at 50000 xg for 1 hour and the
resulting supernatant, containing the soluble cell extract, was loaded onto a 5 mL Ni-HisTrap™ HP
column (Cytiva) previously equilibrated with 50 mM Tris-HCI pH 7.5, 30 mM imidazole, 500 mM NaCl
and 2 mM 3-mercaptoethanol. The proteins were eluted with a 0-500 mM imidazole gradient and the
fractions containing Ext) were dialyzed against 1 L of 1x PBS pH 7.4 using dialysis membranes with a
molecular weight cut off of 3.5 kDa (Spectra). The N-terminal affinity tag was digested with 1 unit of
thrombin (Cytiva) per 100 g of protein for 16 hours and the resulting solution was loaded onto a 5
mL Ni-HisTrap™ HP column (Cytiva) for an affinity chromatography performed as described above.
The cleaved proteins, eluted in the flow-through of this purification step, were then injected onto a
Superdex™ 75 Increase 10/300 GL molecular exclusion column (Cytiva), equilibrated with 100 mM
sodium phosphate buffer pH 8 and 1 mM DTT. For production of proteins with the N-terminal affinity
tag, the intermediate step of protein cleavage was not performed. Protein purity was evaluated by
BlueSafe (NZYTech) stained SDS-PAGE. Protein concentration was determined by measuring the
absorbance at 280 nm in a NanoDrop spectrophotometer ND-1000 (Thermo Fisher Scientific), and
by using the molar extinction coefficient of 5.5 mM* cm?, determined by the ExPASy ProtParam
software [7]. The molecular weight of the different Ext] proteins produced was confirmed by MALDI-
TOF-MS. The analysis was performed by the Mass Spectrometry Unit (UniMS) of ITQB/iBET (Oeiras,
Portugal).

For interaction studies with ExtJ, the cytochrome PpcA was expressed, purified and quantified as

previously described [142].
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3.5.4. NMR spectroscopy

The NMR experiments were acquired either on a Bruker Avance Neo 500 MHz spectrometer
equipped with a 5 mM triple resonance Prodigy cryoprobe (TCI) or on a Bruker Avance Il 600 MHz
spectrometer equipped with a 5 mM triple resonance cryoprobe (TCI). The 'H chemical shifts are
referenced to sodium trimethylsilylpropanesulfonate (DSS) at O ppm, either by adding DSS to the
samples to a final concentration of 100 uM or by using the residual water signal, as previously
described [143]. The 3C and ®N chemical shifts were calibrated through indirect referencing [144]. All
spectra were acquired at 25 °C (unless stated otherwise), processed using TopSpin 4.1.4™ (Bruker
BioSpin, Karlsruhe, Germany), and analyzed either with the processing software or with the
programs CARA [145] and NMRFAM-Sparky [146]. All NMR experimental setups used are part of the

Bruker standard pulse sequence library.
Sequence-specific backbone and side-chain resonance assignment

The samples of BC, ®N ExtJ) WT used for the acquisition of the NMR experiments required for the
backbone assignment, side-chain assignment, structure calculation and relaxation experiments
were prepared with 1 mM of protein in 32 mM sodium phosphate buffer pH 6 (100 mM of final ionic
strength) and 0.03% sodium azide (90% H.0 and 10% D:0). A concentration of 1 mM DTT was used to
prepare monomer samples.

The backbone sequential resonances were assigned using 2D 'H, ®N-HSQC, 3D HNCO [15], 3D
HN(CA)CO [16], 3D HNHA [17], 3D HN(CO)CACB [18] and 3D HNCACB experiments [19]. 2D 'H, °N-
HSQC spectrawere acquired with 2048 (t2) x 128 (t1) data points, covering a sweep width of 8.2 kHz in
the 'H dimension and 1.8 kHz in the N dimension, with 64 scans per increment. 3D HNCO and 3D
HN(CA)CO spectrawere acquired with 2048 (t3) x 40 (t2) x 128 (t1) data points, covering a sweep width
of 8.2 kHz in the 'H dimension, 1.8 kHz in the N dimension and 2.5 kHz in the *C dimension, with 8
scans per increment. 3D HNHA spectra were acquired with 2048 (t3) x 128 (t2) x 40 (t:) data points,
covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in the N dimension, with 16 scans
perincrement. Finally, 3D HNCOCACB and 3D HNCACB spectra were acquired with 2048 (t3) x40 (t2)
x 128 (t1) data points, covering a sweep width of 8.2 kHz in the 'H dimension, 1.8 kHz in the N
dimension and 10.1kHz in the *C dimension, with 8 scans per increment. Side-chain resonances were
assigned using 3D 'H, ®N-TOCSY-HSQC [38] and 3D (H)CCH-TOCSY experiments [39]. 3D 'H, N-
TOCSY-HSQC spectra were acquired with a mixing-time of 60 ms, collecting 2048 (t3) x 40 (t2) x 128
(ty) data points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in the “N
dimension, with 16 scans perincrement. 3D (H)CCH-TOCSY spectrawere acquired with a mixing-time
of 60 ms, collecting 2048 (t3) x 64 (t2) x 128 (t1) data points, covering a sweep width of 8.2 kHz in the

'H dimension and 10.1 kHz in the 3C dimension, with 8 scans per increment.
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Secondary structure prediction and solution structure determination

The secondary structure elements of Ext) were identified by analysis of the 3CO, N, 'HN, 3Cq, Hq
and Cp chemical shifts through different softwares, including CSI 3.0 [24], Talos+ [25] and Rosetta
CS [28-30]. The latest was also used to predict a structural model of the protein. The secondary *Cq«
and BCp chemical shifts were calculated relative to the sets of standard BMRB chemical shifts [22, 23]
and sequence corrected random coil chemical shifts [26]. In both cases, a1-2-1 weighting function for
residues (i-1) - i- (i +1) was applied to the raw data to reduce noise and highlight regular secondary
structure elements [27].

Distance constraints for solution structure determination were collected from 3D C-NOESY [38,
40] and 3D ®N-NOESY experiments [38, 40, 41]. 3D *C-NOESY spectra were acquired were acquired
with a mixing-time of either 120 or 150 ms, collecting 2048 (t3) x 64 (t2) x 128 (t:) data points, covering
a sweep width of 8.2 kHz in the 'H dimension and 10.1 kHz in the *C dimension, with 16 scans per
increment. 3D PN-NOESY spectra acquired were acquired with a mixing-time of 120 ms, collecting
2048 (t3) x 40 (t2) x 120 (t1) data points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8
kHz in the ®N dimension, with 8 scans per increment [20]. Automated NOE assignment and structure
calculations were carried out with the standard protocol in CYANA 3.98.13 [42, 43], implemented
within the ARTINA approach [44], using the NMRTist platform [45]. This approach uses
convolutional neural networks for cross-peak detection [46], FLYA automated chemical shift
assignment [47], and CYANA for automated NOE assignment and structure calculation [42, 43]. All
chemical shift assignments were manually checked. The structural ensemble was refined in the
AMPS-NMR portal using the predefined “restrainedMD” protocol for restrained molecular dynamics
in a hydrated environment [48], the NOE-derived distance restraints from the CYANA calculations
and dihedral angle restraints derived from Talos+. Each chain of the protein ensemble was solvated
with a10 A TIP3P box of explicit water model [147]. Counterions were added to neutralize the system.
The MD simulations were carried out with the Amber99SB chain force field [148, 149]. The final set of
structures was validated with PROCHECK-NMR [150, 151], using the PDBsum platform [152].

Backbone dynamics

Heteronuclear 'H and “N relaxation experiments of Ext] WT were acquired at 500 and 600 MHz
spectrometer frequencies. For the determination of the longitudinal relaxation (T1) rates, a set of 17
experiments was acquired with relaxation delays between 10 and 5000 ms, collecting 2048 (t2) x 128
(ty) data points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in the “N
dimension, with 12 scans per increment. For the determination of the transverse relaxation (T-) rates,
aset of 17 experiments was acquired with CPMG loops between 16 and 543 ms, collecting 2048 (t2) x
128 (t:) data points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in the N
dimension, with 8 scans per increment. The heteronuclear H-5N NOE ratios were determined by
acquiring experiments in the presence and absence of 'H saturation, with an overall recycling delay

of 10 s to ensure maximal development of NOEs before acquisition, while allowing solvent relaxation
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[52], collecting 2048 (t2) x 256 (t1) data points, covering a sweep width of 8.2 kHz in the 'H dimension
and 1.8 kHz in the ®N dimension, with 32 scans per increment.

The T: and T2 rates for each backbone NH signal of Ext] were determined by fitting exponential
decays to the data, as a function of the relaxation delays [52]. The heteronuclear 'H-N NOE values of
each backbone NH signal were defined as the ratios of the average peak intensities in the presence
and absence of 'H saturation [52]. The uncertainties of the HetNOE values, ANOE, were calculated

based on the measured background noise using Equation 3.1:

2 2
ANOE = (Alsat) + (A[unsat) (3‘1)
Isat Iunsat

Inthis equation, I,,; and I,,,,.,; represent the measured peak intensities in the presence and absence

of'H saturation, respectively. The standard deviations of the HetNOE values were calculated from the
root-mean square of the noise in background regions, defined as Al,,, and AL,,,.,.. Peak intensity data

was processed using CARA [145] and data fitting was performed in Origin Pro 8.5.
Correlation time, molecular mass, oligomerization state and hydrodynamic radius calculation

Considering an approximately spherical globular protein, the rotational correlation time () is
related to its effective hydrodynamic radius (a), according to an empirically derived Stokes-Einstein

equation [50] (Equation 3.2):

4mna’

3kT (3.2)

T, =

In this equation, n is the viscosity of water (0.89x103 kg m? s?), k is the Boltzmann’s constant
(1.38x102% kg m? s2 K') and T is the temperature (298 K). Moreover, in the limit of slow molecular
motion (1. > 0.5 ns), the 1c of a protein is related to the ratio of the longitudinal T: and transverse T

BN relaxation times and nuclear frequency (vy) according to Equation 3.3 [59, 601]:

6T,
T, ~ fT—zl -7 /4muy (3.3)

In this equation, T: and T: are the average of all ®N backbone amide longitudinal and transverse
relaxationrates (ms) for those residues without excessive exchange contributions, selected based on
the analysis of their T/T2 ratios [63].

The determined correlation times were compared with a existent standard curve of 1. (ns) vs
protein molecular weight (kDa) - Figure 3.13 - obtained for a series of known monomeric proteins of
varying size, and used to get an estimation of the molecular weight and oligomerization state of ExtJ
[61, 62].
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Structural influence of the C81* mutation and N-terminal affinity tag

The samples of ®N Ext] WT and N Ext] C81* (with and without the N-terminal affinity tag) used for
the acquisition of the NMR experiments for evaluation of the structural influence of the C81*
mutation and N-terminal affinity tag were prepared with 500 uM of protein in 32 mM sodium
phosphate buffer pH 6 (100 mM of final ionic strength), 90% H.0 and 10% D-0. The Ext) WT samples
were prepared with 1 mM DTT. 2D 'H, ®N-HSQC spectra were acquired with 2048 (t2) x 128 (t:) data
points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in the N dimension, with 8
scans per increment. Analogously, 3D 'H, ®N-TOCSY-HSQC and 3D H, "N-NOESY-HSQC spectra were
acquired with 1.35 mM protein samples prepared in the conditions described above. 3D 'H, “N-
TOCSY-HSQC spectra were acquired with a mixing-time of 60 ms, collecting 2048 (t3) x 40 (t2) x 128
(ty) data points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in the “N
dimension, with 16 scans per increment. 3D 'H, ®N-NOESY-HSQC spectra were acquired with a
mixing-time of 120 ms and with the same parameters of the 3D 'H, SN-TOCSY-HSQC experiments.

The chemical shifts of the different proteins were analyzed following a previously described
strategy [32]. The combined chemical shift changes of each protein amino acid residue were

calculated according to Equation 3.4:

AS = \J(ASH)? + (w;ASN)? (3.4)

In this equation, AGH and ASN are the chemical shift variations in the H and "N dimensions,
respectively. The term w; = [y’N/y'H| = 0.1 is a weighting factor that accounts for the differences in
nucleisensitivity [32]. Aniterative procedure was utilized to calculate a cut-off value for the observed

chemical shift differences, based on a corrected standard deviation to zero [32].
Biomolecular interactions with FMN and PpcA

The natural abundance PpcA and “N Ext) WT/C81* samples were prepared with 5 mM and 100 uM
protein, respectively, in 32 mM sodium phosphate buffer pH 6 (100 mM of final ionic strength), 90%
H:0 and 10% D»0. FMN was prepared in 32 mM sodium phosphate buffer pH 6 (100 mM of final ionic
strength), with a final concentration of 5 mM. UV-visible spectroscopy and previously determined
molar extinction coefficients were used to quantify PpcA (esszam=97.5mM*cm*[153]) and FMN (&380nm
=10.2 mM*cm?[154, 155]).

The interaction between PpcA and N Ext] C81* (100 uM) was monitored by acquiring 1D 'H and 2D
'H, BN-HSQC NMR spectra, after addition of increasing amounts of PpcA up to a final ratio of 1:4
PpcA:BN Ext) C81* was achieved. 1D H-NMR spectra were acquired with 33k data points, covering a
sweep width of 20 kHz, with 128 scans per increment. 2D H, ®"N-HSQC spectra were acquired with
2048 (t2) x 128 (t1) data points, covering a sweep width of 8.2 kHz in the 'H dimension and 1.8 kHz in
the ®N dimension, with 8 scans per increment.

The interaction between N Ext) WT (100 uM) and FMN was monitored by acquiring 1D 'H and 2D
'H, BN-HSQC NMR spectra, after addition of increasing amounts of FMN (1:0.2, 1:0.4, 1:0.6, 1:0.8, 111,
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1:2, 1:4, 1:6, 1:8 and 1:10 of N Ext) WT:FMN). 1D H-NMR spectra were acquired with 16k data points,
covering a sweep width of 8.2 kHz, with 32 scans per increment. 2D 'H, ®N-HSQC spectra were
acquired with 2048 (t2) x 128 (t1) data points, covering a sweep width of 8.2 kHz in the 'H dimension

and 1.8 kHz in the ®N dimension, with 8 scans per increment.

3.5.5. CD spectroscopy

CD experiments were performed with an Applied Photophysics Chirascan qCD spectropolarimeter
(Leatherhead, UK), equipped with a thermostatic cell support and a 0.2 mm path length quartz cell
(Hellma). CD spectrawere acquired in the far UV region using 50-60 uM of ExtJ samples (WT and C81%,
with and without the N-terminal affinity tag) prepared on 10 mM sodium phosphate buffer pH 8. The
Ext) WT samples were also prepared with 1 mM B-mercaptoethanol. The spectra were the average of
three scans recorded in 1 nm steps with a scan rate of 3 seconds per nanometer, over a190 to 260 nm
wavelength range. The buffer contribution was corrected for all spectra and the temperature was
controlled to + 1 °C. After recording a spectrum at 25 °C, the conformational stability of the ExtJ
proteins was assessed by performing linear thermal-induced denaturation with a heating rate of 1°C
per minute, from 10 to 94 °C. Each spectrum was recorded with a scan rate of 0.4 seconds per
nanometer. After the temperature ramp, the sample was quickly cooled to 25 °C and then 10 °C, at
which two final spectra were registered. The variation of the ellipticity at 196 nm with temperature
was fitted to a two-state transition model [37, 156], used to determine the midpoint of unfolding
transition (T,,) and the enthalpy of unfolding (AH) of the different ExtJ proteins, according to
Equation 3.5:

(&r*73=0)
[6] = ([6]F — [6]y) % (eTT) + [0y (3.5)

1+ e(ﬁxTM—1

In this equation, [0], [6]r and [8], correspond to the molar ellipticity (deg. cm? dmol?) at a certain
temperature (T), in the fully folded and fully unfolded states, respectively; and R is the molar gas
constant (8.314 ) K mol?).

The BeStSel deconvolution method [33-35] was used to estimate the secondary structure elements

of the different Ext] proteins.

3.5.6. Molecular dynamics simulations

All-atom MD simulations of the Ext) homodimer were performed at 298 K using GROMACS 2020
[157,158] with the Amber99SB-ILDN force field [159] and the TIP3P water model [147]. The AlphaFold
model of the homodimer was soaked in a water box with a total volume of 306 nm?3, extending 1.2 nm
from the protein surface in each Cartesian direction, and containing the amount of counterions
(eight Cl ions) necessary for system neutrality. The electrostatic energy was calculated using the
Particle-Mesh Ewald (PME) algorithm [160-162], with the cut-off distances for Coulomb and van der

Waals interactions set to 10 A. The equations of motion were integrated using 2 fs timesteps. The
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system was energy-minimized in two steps to remove atom clashes and bond contacts: first by a
steepest descent minimization [163] (2000 steps), followed by a conjugated gradient (1000 steps).
The solvent molecules were equilibrated for 100 ps at 298 K with a Nose-Hoover thermostat [164]
(time-constant of 1.6 ps) and 1 atm pressure using a Parrinello-Rahman barostat [165, 166] (time-
constant of 5 ps). Holonomic positional restrains were employed for H-bonded atoms with the LINCS
algorithm [167], using a force constant of 1000 kJ/mol/nm. A second equilibration step, without
positional restrains, was performed during an additional 500 ps at 298 K. The simulation run was
made for a total of 250 ns, using the same parameters. Trajectory coordinates, velocities and energies
were saved every 20, 2 and 4 ps, respectively. To monitor the simulation, potential energy, total
energy, temperature and pressure values were analyzed throughout the equilibration and simulation
times using GROMACS tools. The final results were further processed and analyzed in GROMACS and
VMD version 1.9.3 [168].

3.5.7. Microscale thermophoresis

Ext) C81* was labeled on the N-terminal His-tag with anon-covalent RED-tris-NTA 2" generation dye
(NanoTemper Technologies) in 1x PBS pH 7.5 with 0.05% Tween-20, following the manufacturer’s
instructions for cases in which the K, between the target protein and the dye is lower than 10 nM, as
confirmed preliminary by testing the protein’s affinity to the dye. Briefly, 90 uL of 200 nM ExtJ C81*
were mixed with 90 uL of 100 nM RED-tris-NTA 2" generation dye, incubated for 30 minutes at room
temperature and subsequently centrifuged for 10 minutes at 4 °C and 15000 xg. The stock solution
of the labeled sample had a final concentration of 100 nM and an approximate 2:1 protein:dye ratio.
The fluorescent protein samples for MST were prepared with a constant concentration of 50 nM of
labeled Ext]) C81* and mixed in a serial dilution with unlabeled ExtJ C81* (with no N-terminal His-tag)
in a concentration range between 15 nM and 500 uM. The samples, all prepared in 1x PBS pH 7.5 with
0.05% Tween-20, were loaded into standard MST capillaries (Monolith™ NT.115 Series) and
measurements were performed on a Monolith NT.115 (NanoTemper Technologies) with a 40% Nano-
RED excitation power, a medium MST power and a laser-on time of 20 s. All measurements were
conducted in triplicates. No aggregation or photobleaching events were observed during the assays.
The MST signal quality was evaluated based on the response amplitude and signal to noise ratio of
each measurement. The thermophoresis (F,,,.,) values of the first 5 s after laser irradiation were
considered to avoid artifacts due to heating effects. E,,,.,, is defined by the ratio of the mean intensity

fluorescence before (F,,,.) and after (F,,,;) irradiation, according to Equation 3.6:

Foorm = (Frot/Feoa) X 1000 (3.6)

MST experiments were fitted on the MO. Control Version 1.6 analysis software (NanoTemper
technologies), using the E,,,., values represented as a function of ligand concentration (Equation
3.7):
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C+ CTarget + KD - \/(C + CTarget + KD)Z —4XCX CTarget

(3.7)
2 X Cearget

F,=U+ (B-"U)x

This equation considers a molecular interaction with a 1:1 stoichiometry according to the law of
mass action, without cooperativity [70]. F. corresponds to the fraction of bound ligand at a certain
concentration (C) of ligand. U (unbound) and B (bound) correspond to the E,,,.,, signal of the target
protein alone and in the complex, respectively. Cr4, ¢, and Kp correspond to the final concentration

of target in the assay, and to the dissociation constant of the binding event, respectively.

3.5.8. SAXS experiments

Synchrotron SAXS data (I(s) versus s, where s = 41tsin6/A, with 20 being the scattering angle and A
the X-ray wavelength, 0.9919 A) were collected from dialyzed solutions of ExtJ] WT and the C81*
variant in 8 or 32 mM sodium phosphate buffer pH 6 (25 or 100 mM of final ionic strength) with and
without 5 mM DTT at the BM29 beamline at ESRF [169] in Grenoble, France. The measurements were
conducted using a Pilatus3 2M detector (Dectris) positioned 2.827 meters from the sample. Different
concentrations (Table 7.2) of Ext) were measured at 20 °C using a continuous flow 1 mm cell capillary
to minimize radiation damage. For each sample and the corresponding matched buffer, ten
successive 1sframes were collected. Data analysis was performed with modules from the ATSAS 3.2.1
package [170]. CRYSOL [82] was used to calculate the scattering profile from the AlphaFold model of
ExtJ, while SREFLEX [83] was used to estimate the flexibility of the model and fit the experimental
SAXS data. The ab initio envelopes of Ext] were derived from the measured scattering curve using
DAMMIF [84], and fifteen independently generated ab initio models were aligned, averaged, and
filtered with DAMAVER [85].
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Disentangling a tangled cytochrome:

Functional mechanisms of PgcA
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4. Disentangling a tangled cytochrome: Functional mechanisms of PgcA

4.1. Summary

Microbial extracellular reduction of insoluble compounds requires soluble electron shuttles that
diffuse in the environment, freely diffusing cytochromes, or direct contact with cellular conductive
appendages that release or harvest electrons to ensure a continuous balance between cellular
requirements and environmental conditions.

PgcA is a freely diffusing triheme cytochrome that contributes to Fe(lll) and Mn(lV) oxides
reduction in G. sulfurreducens. The AlphaFold model of this cytochrome shows that its mature form
possesses a fuzzy global arrangement with three monoheme cytochrome domains linked by
unstructured stretches. The three monoheme domains are structurally homologous, but their heme
groups show variable axial coordination and reduction potential values. Electron transfer
experiments monitored by NMR and visible spectroscopy show the variable extent to which the
domains promiscuously exchange electrons, while reducing different electron acceptors.

The results suggest that PgcA is part of a new class of cytochromes - microbial heme-tethered
redox strings — that use flexible low-complexity protein stretches to adopt multiple conformations
that promote intra- and intermolecular electron transfer events amongst its cytochrome domains

and to electron acceptors at variable distances.
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4.2. Introduction

Exoelectrogens explore different mechanisms by which electrons are transferred to extracellular
electron acceptors, including self-produced redox mediators [1, 2], conductive pili [3] or outer
membrane cytochromes [4]. The latter can either be attached to the outer membrane by lipid
anchors, be part of porin-cytochrome complexes for short-range electron transfer [5, 6], or form
oligomers designated nanowires, whose name derives from their ability to transfer electrons over
nanometer distances [7-10]. The outer membrane of G. sulfurreducens holds at least five different
porin-cytochrome complexes [11] and three types of cytochrome nanowires [7-10]. Additionally, the
bacterium produces proteins that are either loosely bound or diffuse freely between cells, thus
participating in the final steps of EET.

PgcA is a 50-kDa cytochrome with approximately 500 amino acids, which is more abundant when
G. sulfurreducens uses insoluble Fe(lll) oxides as terminal electron acceptors, compared to soluble
Fe(lll) citrate [12, 13]. Previous studies showed that heterologously expressed PgcA has two distinct
forms and participates in both Fe(lll) and Mn(lV) oxide reduction [14]. The protein is initially
expressed in an unprocessed periplasmic form and is matured during cell secretion by cleavage of a
90-amino acid portion of its N-terminal region [14]. These findings were consistent with previous in
vivo observations on G. sulfurreducens cell cultures [15, 16].

PgcA contains three c-type heme-binding motifs (CXXCH) separated by two repeated motifs of
proline and threonine residues, which are suggested to be involved in the interaction with metal
oxide surfaces [14, 17]. Purified PgcA is mainly composed of a-helical motifs and is able to bind Fe(IlI)
oxides, but not magnetite, a mixed Fe(ll)-Fe(lll) mineral [14]. Recent studies have also shown that
PgcAis not relevant for electron transfer to electrodes, and that mutations on its N-terminal domain
affect the proper maturation of the protein and consequent secretion. These observations suggest
that PgcA might contribute to electron transfer in the periplasm and extracellularly, depending on
the cell requirements and inherent maturation of the protein [18].

In this chapter, we investigated the structural and biochemical features of PgcA. The three
monoheme cytochrome domains were heterologously expressed and studied using complementary
biophysical techniques, including UV-visible, CD and NMR spectroscopies. The reduction potential
values of each domain were determined, and electron transfer reactions monitored by NMR showed
that the domains can promiscuously interchange electrons. The results of these experiments were
reproducible in the full-length cytochrome. Overall, the results obtained, together with AlphaFold
model predictions, suggest that PgcA belongs to a new class of microbial heme-tethered redox
strings, formed by cytochrome domains interposed between flexible linkers that confer elasticity
and promote electron transfer events amongst the individual domains and to electron acceptors at

variable distances.
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4.3. Results and discussion
4.3.1. PgcA and homologs establish a new class of cytochromes

The AlphaFold model of PgcA shows that the triheme cytochrome possesses a fuzzy global

arrangement with four structured domains linked by unstructured stretches (Figure 4.1).
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Figure 4.1. AlphaFold models of PgcA and homologs. Different PgcA-like microbial heme-tethered redox strings
of Geobacter (G.), Geotalea (Geot.), Citrifermentans (C.) and Pelobacter (P.) are represented as ribbon structures.
The pLDDT values are represented according to the AlphaFold protein structure database coloring. Unless

indicated otherwise, all cytochrome domains are monohemic.
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The first domain, classified as the secretion domain (residues 58-252, Figure 4.2A), is preceded by a
small amino acid sequence (Leu3®-Ala¥’-Gly*-Cys*°), designated lipobox motif, that is crucial for the
correct translocation of PgcA out of the periplasm. In fact, the deletion of residues 37 to 39 inhibited

this translocation [18].
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Figure 4.2. Structural features of PgcA. (A) Domain architecture of PgcA. The triheme cytochrome is composed
by four domains, eachindicated by different colors. This color code is respected in all figures of this chapter. The
secretion domain is divided in two parts (red and gray), which separate after protein secretion. The protein’s
lipobox (LAGC), important for acylation signaling, is also highlighted. Cytochrome domains are represented in
green (Domain 1), orange (Domain 2) and blue (Domain 3). The AlphaFold models of the different domains are
represented as ribbon and surface. The heme axial ligands of each cytochrome domain are shown, with histidine
and methionine axial residues in red and yellow, respectively. (B) Architecture of extracellular PgcA. After
protein secretion and processing, PgcA is loose in the extracellular space, having different domains linked by
unstructured stretches. (C) Amino acid sequence of PgcA’s domains. The CXXCH heme-binding motifs and
distal axial ligands are underlined. The proline-threonine stretches that connect the different cytochrome

domains are shown in black.

The motif is recognized by the prolipoprotein diacylglyceryl transferase (Lgt), which diacylates
PgcA via Cys*”’s sulfhydryl group. Immediately after, the signal peptide of PgcA is cleaved by the
lipoprotein-specific signal peptidase (LspA/Spll) and the remaining N-terminal is acylated by the
apolipoprotein N-acyltransferase (Lnt) [18, 19]. Finally, the lipoprotein is secreted by a Lol-like
secretion pathway [14, 18]. During this process, PgcA is converted into its mature form, in which part
of the secretion domain (residues 58-126, Figure 4.2B) is cleaved [14, 18]. The exact residue at which
PgcAis cleaved was previously determined by mass spectrometry, after its heterologous expression
in S. oneidensis, and correlated with earlier observations in Geobacter cell lysates [14]. Nevertheless,
the exact processing pattern of PgcA and the proteins involved in such mechanism can only be

unequivocally identified after protein isolation directly from Geobacter cells. Curiously, according to
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the AlphaFold model of PgcA, the Ala*?*residue (located in the frontier betweenthe red and gray parts
of the secretion domain - see Figure 4.2A) at which the protein is supposedly cleaved, is positioned
at the end of a -sheet, right before aloop, and thus highly accessible for the cleavage event.
Independently of the exact processing mechanism, the mature form of PgcA is diffusing freely in
the extracellular space and contains three cytochrome domains (Figure 4.2B). These domains are
linked by unstructured stretches, formed by repeats of proline and threonine residues (Figure 4.2C),
which were previously suggested to be important for binding with metal oxide surfaces [14, 17, 20].
The proline residues restrict flexibility and impose structural conformations that confer higher
affinity towards metal oxide surfaces, while positioning the threonine hydroxyl groups for hydrogen
bonding [14, 17, 20]. Additionally, and based on the analysis of PgcA’s AlphaFold model, it is also
conceivable to assume that these stretches provide enough flexibility for the different cytochrome
domains to interact and exchange electrons, providing PgcA with functional advantages over other
triheme cytochromes. In fact, in the majority of triheme cytochromes, the positions of the hemes are
fixed within a certain structural frame (Figure 4.3), thus limiting the distances at which the

cytochromes can transfer electrons, while providing other important functional features [21, 22].

Figure 4.3. Structural depiction of amodel triheme cytochrome. Ribbon and surface (in gray) representation of
the solution structure of PpcA from G. sulfurreducens in the reduced state (lowest energy, PDB: 2LDO [23]). The
heme groups are represented in red. In the right panel, the Fe-Fe distances of the porphyrin rings are indicated.

Roman numerals indicate the hemes in their order of attachment to the CXXCH motif in the polypeptide chain.

Based on this data, we propose that PgcA is part of anew class of cytochromes, which we designated
as “microbial heme-tethered redox strings”, whose structures resemble a beads on a string
arrangement, with the cytochrome domains working as beads and the unstructured stretches as

strings (Figure 4.4).
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Figure 4.4. Beads on a string like arrangement of PgcA. The arrangement of the cytochrome domains of PgcA
(center panel) resembles those of the nucleosome fiber (left panel), which in the absence of cations forms an
extended beads on a string fiber, in which the string (red) is the DNA and the beads (yellow) are core particles of
the nucleosome, formed by both proteins and DNA [24]. Synthetic hemoprotein assemblies (right panel) have

also shown a similar arrangement [25].

PgcA can adopt multiple conformations not only to place the cytochrome domains in favorable
positions for efficient intramolecular electron transfer but also to stretch the distances at which it
can reduce extracellular acceptors. In fact, if PgcA is fully stretched, the protein should be able to
transfer electrons over a 20 nm distance. A similarly flexible arrangement has been observed in
supramolecular heme tethering synthetic polymers (Figure 4.4) [25, 26], but it is unprecedented in
biological systems.

The amino acid sequence of PgcA was analyzed using Protein BLAST to search for sequences with
high homology. Interestingly, many of PgcA’s homologs possess the same predicted architecture
(Figure 4.1), with multiple mono- and multiheme cytochrome domains linked by unstructured
motifs, that can potentially stretch and transfer electrons over even larger distances. To gather
insights into the functional mechanisms of PgcA, we used the biochemical deconstruction approach
mentioned in Chapter 2 (see section 2.2.2 - ExtA), which was also explored in the study of the
dodecaheme cytochrome GSU1996 [27]. This approach allowed the study of each cytochrome
domain of PgcA without dealing with the inherent difficulties of producing the full-length protein
while cross-correlating and translating the results for the entire system. Nevertheless, later on, we
performed similar experiments with a “full-length” PgcA construct (residues 253-511) provided by
Benjamin Nash and Prof. Thomas Clarke (University of East Anglia, Norwich, United Kingdom) to
confirm the hypothesis established with the studies performed on the individual cytochrome

domains.

4.3.2. PgcA’s cytochrome domains are composed of a-helical structures

Pure and homogeneous samples of each cytochrome domain were obtained after optimization of

the heterologous overexpression and multiple purification steps (Figure 4.5 and section 4.5.3).
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Figure 4.5. Biochemical and spectroscopic features of the cytochrome domains of PgcA. (A) SEC elution profile

after injection on a Superdex 75 Increase 10/300 GL molecular exclusion column, in 100 mM sodium phosphate

buffer pH 8. The molecular weight of each domain is indicated. (B) UV-visible spectral features in the reduced

(colored) and oxidized (black) states. The local maxima of the UV-visible spectra are labeled. (C) Far-UV CD

spectral features. The local maxima and minima of each spectrum are highlighted, as well as the midpoint of

unfolding transition (Twm) and enthalpy of unfolding (AH). The thermal unfolding profiles can be found in Figure

4.7. The arrows indicate the variation of the ellipticity with increasing temperature. (D) Redox titrations

followed by visible spectroscopy. The squares and circles represent the data points in the reductive and

oxidative titrations, respectively. The solid lines indicate the fittings of a Nernst equation to the experimental

data, considering a one-electron reduction.
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The cytochrome domains of PgcA contain one c-type heme-binding motif (CXXCH), around 65
residues, and a high degree of structural homology with the monoheme cytochrome OmcF from G.
sulfurreducens (Figure 4.6) [28].

Met;ia_?

> | His491

1 ) His459

OmcF Domain 1 Domain 2 Domain 3

Figure 4.6. Structural homology between OmcF and the cytochrome domains of PgcA. The OmcF structure
(PDB: 3CU4 [29]) and the AlphaFold models of PgcA’s cytochrome domains are represented in ribbon, with the
putative heme axial ligands shown as sticks. Histidine and methionine residues are shown in red and yellow,
respectively. The heme groups are represented in red. The secondary structural motifs and overall arrangement
of the cytochromes are highly similar, with exception of an additional peptide segment in OmcF, which forms a

fourth a-helix close to the heme (left side, below the heme group).

The heme axial ligands of PgcA can be easily predicted by the AlphaFold model (Figure 4.2). While
Domains 1 and 2 are distally coordinated by methionine residues (Met3°! and Met3%?, respectively),
Domain 3 is coordinated by a histidine residue (His*").

The UV-visible spectra of the different domains (Figure 4.5B) display patterns similar to those
shown by low-spin hexacoordinated hemes [30]. The CD spectra (Figure 4.5C) show that the three
cytochrome domains are mainly composed of a-helical secondary structural motifs, in correlation
with the AlphaFold model predictions and with previous CD studies performed with the full-length
protein [14]. The percentage of secondary structural elements of each domain was estimated with the
BeStSel deconvolution method [31]. The results have a reasonable correlation with the AlphaFold
models (Figure 4.7A and Table 4.1). The observed deviations can be attributed to the intrinsic
limitations of the deconvolution process, which does not account for rare secondary structural
elements and contributions from aromatic residues and large surface exposed cofactors, such as the
heme groups in each domain (Figure 4.6) [32].

The CD thermal melting profiles of each cytochrome domain (Figures 4.5C and 4.7B) show that the
proteins are thermoresistant, with melting temperatures of around 80 °C. This was independently
confirmed by differential scanning calorimetry (DSC, Figure 4.7C). Moreover, the high degree of
similarity between the CD spectra acquired before and after the thermally-induced denaturation

indicate that the process is fully reversible.
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Figure 4.7. CD spectral deconvolution and thermal unfolding profiles of the cytochrome domains of PgcA. (A)
Deconvolution of the far-UV CD spectra. The fittings (solid lines) were performed with BeStSel. The
experimental points are represented by circles. (B) CD thermal unfolding profile. The mean residue ellipticities
[6]at222 nmare represented as a function of temperature (circles). The solid lines represent the fitting of a two-
state transition model to the experimental data. The thermodynamic parameters obtained are indicated. Twand
AH stand for midpoint of unfolding transition and enthalpy of unfolding, respectively. (C) DSC thermal
unfolding profile. A one-peak (two-state) transition model (dashed lines) was fitted to the experimental

thermograms (solid lines).
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Table 4.1. Secondary structural elements of the cytochrome domains of PgcA. The percentages of secondary
structural elements were either estimated from CD data using the BeStSel deconvolution method [31] (Figure
4.7) or obtained using the Dictionary of Secondary Structures of Proteins (DSSP) software [33] to analyze the
AlphaFold (AF) models of each domain.

Method Secondary structural elements (%)
BeStSel «-helix B-sheet Turn Others
PgcA D1 40.8 10.1 6.2 429
PgcA D2 41.7 3.8 12.2 423
PgcAD3 34.1 20.5 9.8 35.6
AF (DSSP) «-helix B-sheet Turn Others
PgcA D1 72.6 0.0 12.9 14.5
PgcA D2 73.5 0.0 14.1 12.4
PgcAD3 44.2 0.0 21.9 33.9

4.3.3. PgcA contains an intramolecular redox chain

Redox titrations followed by visible spectroscopy were performed for the three monoheme
cytochrome domains (Figure 4.5D). No hysteresis was observed for any of the domains since the
reductive and oxidative curves of each redox titration are superimposable. Thus, the redox process
is fully reversible and no major structural rearrangements occur upon reduction or oxidation of the
heme groups. The heme reduction potential values obtained for Domains 1, 2, and 3 were —-48.4 + 0.5
mV, -64.8 £ 0.7 mV, and -106.4 + 0.4 mV, respectively. An extrapolation of these data to the full-
length protein indicates that PgcA should contain a redox-active window of 300 mV, ranging from
-230 to +70 mV, and an apparent midpoint reduction potential of =71 mV. These values are
thermodynamically compatible with the list of substrates that can be reduced by G. sulfurreducens
and, in particular, by PgcA [6, 14]. Despite the high structural similarity between the different
domains of PgcA (Figures 4.2 and 4.6), their reduction potential values are considerably distinct.
There are several factors that modulate a heme reduction potential, namely the heme solvent
exposure, the surrounding network of charged residues, and the nature or orientation of its axial
ligands [34]. In the case of PgcA’s domains, the observed differences can be explained by the nature
of their heme axial ligands. The heme groups of Domains 1and 2 have His-Met axial coordination and
have higherreduction potential values compared to the one of Domain 3, which s axially coordinated
by two histidine residues (His-His). On one hand, histidine residues are good electron donors and
stabilize the heme’s oxidized state, resulting in lower reduction potential values [35]. On the other
hand, the sulfur atom of the methionine side-chain is a good electron acceptor and stabilizes the
iron’s reduced state, thus resulting in higher reduction potential values [36]. The small difference in
reduction potential between Domains 1 and 2 might be due to variations in the heme solvent
exposure or by the surrounding network of charged residues. Compared to PgcA’s Domains 1and 2,

the homolog cytochrome OmcF - also possessing a His-Met axially coordinated heme - has a
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considerably higher heme reduction potential value (+180 mV). This is most likely a consequence of
the existence of a fourth a-helix close to the heme, which further contributes to the shielding of
OmcF’s heme from solvent exposure (Figure 4.6).

Overall, the reduction potential values of the different PgcA’s cytochrome domains show that the
protein can putatively establish an intramolecular, thermodynamically favorable electron transfer
chain, by transferring electrons between its different hemes as long as they are placed within 15 A,
according to Marcus’s theory of electron transfer [37]. The AlphaFold model of PgcA (Figure 4.1)
shows that these domains may be as far apart as 100 A, but the flexible stretches that connect them
may be essential to promote their contact and the concomitant interaction for electron transfer
events. To test this hypothesis, we performed interaction studies followed by NMR, after the proper

assignment of key heme substituent signals.

4.3.4.NMR features of PgcA’s cytochrome domains

NMR spectroscopy is an excellent technique to probe cytochrome’s properties, as it provides
information on the heme’s spin state while delivering reliable fingerprints for the signals of the heme
substituents and axial ligands in the reduced and oxidized states [6]. Additionally, NMR is often used
to study protein-protein or protein-ligand interactions extending from static to transient regime
[38]. In particular, most biophysical techniques are unsuitable to study the formation of transient
complexes, such as those typically established by redox partners, which possess a short lifetime to
ensure a fast turnover and a continuous electron flow [39, 40]. The most standard protocol used in
NMR to map the interface between interacting molecules relies on chemical shift perturbation
experiments, in which changes in the chemical environment of one molecule caused by interaction
with other molecule(s) are monitored. In the particular case of cytochromes, since the interacting
regions with other putative redox partners are necessarily located near the heme groups, the 'H
chemical shifts of the heme substituents are typically tracked. Thus, we started by acquiring 1D 'H-
NMR spectra of the cytochrome domains in the reduced and oxidized states, to assess the dispersion
of the signals of the different heme substituents and axial ligands. The spectra show well dispersed,
narrow signals (Figure 4.8), indicating that the proteins are well-folded, in line with the results
obtained by CD spectroscopy (Figure 4.5C).

In general, low-spin hemes present narrower spectral regions compared to high-spin ones. In the
reduced state, high-spin hemes present spectral regions ranging from —15 to 30 ppm, whereas low-
spin hemes range from -5 to 10 ppm. In the paramagnetic oxidized state, high-spin cytochromes
display considerably broad signals, with chemical shifts above 40 ppm, whereas low-spin
cytochromes have narrower chemical shift windows, with the majority of the heme substituents
signals located between -5 and 35 ppm. Therefore, from the observation of the 1D 'H-NMR spectra of
the three cytochrome domains in both redox states, it can be concluded that PgcA possesses three

low-spin c-type hemes, as attested by the observed spectral widths in both redox states (Figure 4.8).
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Figure 4.8. 1D 'H-NMR spectra of the cytochrome domains of PgcA. The spectra of the reduced (upper) and
oxidized (lower) forms are represented. All spectra were acquired in 32 mM sodium phosphate buffer with NaCl
(100 mM final ionic strength) at pH 7, 25 °C. The AlphaFold models of the different cytochrome domains are
represented in ribbon with the putative heme axial ligands shown as sticks. Histidines and methionine residues
are shown in red and yellow, respectively. The insets on the reduced spectra of Domains 1 and 2 highlight the
assigned signals of the distal axial methionine residues. 2D 'H-COSY spectra were used to distinguish between
BCHzand yCH:z protons.
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This was independently confirmed by probing the temperature dependence of the heme methyl 'H
chemical shifts (Figure 4.9) [41]. Based on this information, it can be further concluded that the
cytochrome domains of PgcA are diamagnetic when reduced (Fe(ll), S = 0) and paramagnetic when
oxidized (Fe(lll), S = 1/2). These features are rather convenient, since the strategy to assign heme

substituents is simpler and more straightforward for low-spin hemes in both redox states.
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Figure 4.9. Temperature dependence of the heme methyl chemical shifts of each cytochrome domain of PgcA in
the oxidized state. The heme methyl signals have a linear dependence with temperature, thus confirming the
low-spin character of the three heme groups of PgcA. Additionally, the majority of the heme methyl resonances
follow Curie law behaviour, i.e. their chemical shifts decrease linearly with increasing temperature [41-43]. The
only exceptions are the 121CH3 and 2!CH3s heme methyls of Domains 1 and 2, respectively, which have an anti-
Curie effect, as observed previously in other c-type cytochromes [41]. The 2'CHs heme methyl of Domain 1 could

not be monitored due to the location of its signals in very crowded regions of the spectra (Figure 4.8).

In the diamagnetic reduced state, the 'H NMR chemical shifts of the heme substituents are
essentially affected by the heme ring-current effects [30], which are caused by the circular movement
of electrons in the pyrrole rings [44]. Consequently, the signals of each type of heme substituent

(Figure 4.10) are located in well-defined regions of the spectrum [34].
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Figure 4.10. Diagram of a c-type heme illustrating the intraheme connectivities explored in the 2D *H-TOCSY
(solid lines) and 2D H-NOESY (dashed lines) experiments to assist the assignment of the heme substituents. The

heme is labeled according to the IUPAC-IUB nomenclature for tetrapyrroles [45].

The heme propionate groups (13'CHz, 13?CHa, 17'CHz, and 17>°CH) are the only exception, since they
do not have particularly well-defined regions and are usually assigned resorting to connectivities
with side-chain signals of residues located near the heme group.

The first step of the assignment procedure in the reduced state is the analysis of the 2D 'H-TOCSY
spectrum, in which the connectivities between the J-coupled thioether methines (3'H or 8'H) and
thioether methyl groups (32CHs and 82CH;s) are identified (Figure 4.10). Following the identification
of these connectivities, a 2D 'H-NOESY spectrum can be used to establish spatial correlations
between nuclei that are closer than 5 A (Figure 4.10) [34].

In the paramagnetic oxidized form, in addition to the ring-current effects, the presence of an
unpaired electron strongly contributes to the observed chemical shift of a heme substituent. In fact,
the final observed chemical shift will strongly depend on the orientation and shape of the magnetic
susceptibility tensor generated by the unpaired electron [46]. Consequently, each type of heme
substituent will not possess a well-defined region in the 'H NMR spectrum and, hence, can be spread
over the entire NMR spectral width. Alternatively, the *C chemical shifts of the heme methyl and
propionate groups have typical regions that constitute solid starting points for their specific
assignment. Therefore, in addition to the 2D 'H-TOCSY and 2D 'H-NOESY spectra, we also acquired a
2D 'H, BC-HMQC spectrum in the oxidized state for each cytochrome domain (Figure 4.11).
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Figure 4.11. 2D 'H, ®C-HMQC spectra of the cytochrome domains of PgcA (pH 7 and 25 °C). The labels identify the
signals of the heme methyl groups and heme propionates. Additionally, the «CH and BCH: signals of the heme
axial histidine residues are also identified. The signals of the protons bound to the same carbon atom (CH:

groups) are connected by a straight line.
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Apart from rare exceptions [47], monoheme c-type cytochromes possess His-Met coordinated
hemes and it has been observed that the 7!CHs and 18'CHs heme methyls are typically more downfield
shifted in the oxidized 'H NMR spectrum than the 2'CHs and 12!CHs heme methyls. This patternis also
presentinthe oxidized spectrum of OmcF [28], as well as in those of Domains 1and 2 (Figure 4.8). The
observed pattern is a direct consequence of the fact that each of these pairs of heme methyls is
attached to diametrically opposed pyrrole rings of the porphyrin (Figure 4.10), thus being
differentially affected by the asymmetric distribution of the delocalized unpaired electron on the
molecular orbitals of the porphyrin [41]. Nevertheless, the chemical shift pattern observed in the
oxidized spectrum of Domain 3 (Figure 4.8) is distinct because the heme axial coordination of this
cytochrome domain is different (His-His) and, in these cases, the dispersion of the heme methyl
signals is less conserved [46, 48, 49].

Complementarily to the heme substituents, we also extended the assignment to some of the heme
axial ligands of the cytochrome domains in both redox states. In the diamagnetic reduced state, the
signals of the heme axial ligands are displaced towards the low-frequency region of the 'H spectrum
due to the heme ring-current effects. In proteins without heme cofactors, the side-chain proton
signals of methionine residues (BCHz, YCH2, and €CH3) are found in the 1 to 3 ppm range, whereas
those of the imidazole ring protons of histidines (e:H, €:H, 6:H and 6:H) are usually located in the 6 to
11 ppm range. In heme-containing proteins, when such residues axially coordinate the heme moiety,
these signals are shifted to low-frequency by an average of 5 ppm. Consequently, on one hand, the
signals of axially coordinated methionine residues display a characteristic pattern, consisting of a
three-proton intensity signal at around -3 ppm from the eCHs group and up to four resolved one-
proton intensity peaks from the BCH2 and yCH: groups. On the other hand, axial histidines do not
show any particular fingerprint in the high-field region of the 'H NMR spectrum, because their signals
are located in the protein’s signal envelope. The side-chain signals of the axially coordinated
methionine residues of Domains 1and 2 are highlighted in Figure 4.8.

Inthe oxidized state, there are typical spectral regions in the 2D 'H, *C-HMQC spectrum for the xCH
and BCH: signals of axial histidine residues (Figure 4.11) [50]. The remaining side-chain protons of
axial histidine and methionine residues, located even closer to the heme iron, are usually broadened
beyond detection as a consequence of the paramagnetic effect. Due to its three-proton intensity, the
only exceptionis the methionine eCHs group, which despite its considerable broadening, can usually
be detected in cytochromes with low molecular mass. Typically, this signal is observable between -9
and -25 ppm [51], and we were able to assign it for Domains 1 and 2 through the analysis of 2D H-EXSY

spectra acquired with partially oxidized samples (Figure 4.12).
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Figure 4.12. 2D H-EXSY NMR spectra of cytochrome domains 1 and 2 of PgcA (pH 7 and 25 °C). Dashed lines
connect the signals of the eCHs group of the axial methionine residues and of the heme methyls in the reduced
and oxidized forms. Due to their location in very crowded regions in the reduced and oxidized spectra (see
Figure 4.8), no cross-peaks could be observed for the heme methyls 2!CHs. The 1D 'H-NMR spectra of the fully

reduced (upper) and fully oxidized (lower) cytochromes are shown on top.

These spectra show chemical exchange correlations between the signals of each nucleus at the
reduced and oxidized states and were used to assign the eCHs group of the axial methionine residues,
as well as to further confirm the assignment of the heme methyl groups in both redox states (Figures
4.12and 4.13). The assigned signals are listed in Tables 7.3 and 7.4 for the reduced and oxidized states,

respectively.
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Figure 4.13. 2D H-EXSY NMR spectrum of cytochrome domain 3 of PgcA (pH 7 and 25 °C). The cross-peaks
connecting the signals of the heme methyls in the reduced and oxidized forms are indicated by dashed lines. The

1D 'H-NMR spectra of the fully reduced (upper) and fully oxidized (lower) cytochromes are shown on top.

4.3.5. PgcA’s cytochrome domains exchange electrons promiscuously

To map the putative interacting regions between the different cytochrome domains of PgcA by
chemical shift perturbation experiments, these must be conducted by keeping the molecules in the
same oxidation state so that any change can be attributed to an interaction and not to a variation in
the oxidation state. Based on this requirement, these studies were performed in the oxidized state,
which is experimentally advantageous, since sample manipulation in anaerobic conditions is not
required, and the chemical shifts of the relevant nuclei are more dispersed compared to the reduced
state. Additionally, the 1D 'H-NMR spectral features of the oxidized cytochrome domains (Figure 4.8)
are distinct enough so that chemical shift variations throughout a titration can be easily monitored.
The heme methyl groups are the best candidates to monitor chemical shift perturbations, not only
because they are significantly shifted from the diamagnetic region, but also because of their three-
proton intensity that facilitates their identification.

NMR chemical shift perturbation experiments were carried out for the different combinations of
cytochrome domain pairs by adding successive amounts of one cytochrome to the other and vice-
versa. The analysis of the six independent titrations shows that all cytochromes interact transiently

since their heme methyl signals undergo very slight chemical shift variation (Figure 4.14).
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Figure 4.14. Expansions of the low-field regions of the 1D 'H-NMR spectra of the cytochrome domains of PgcA

obtained for the chemical shift perturbation studies. The 1D 'H-NMR spectra of each domain in the presence of

increasing amounts of other domain are shown for the different combinations. The molar ratios between the

pairs of domains are indicated on the left side of each spectrum. The heme methyls of the different domains are

labeled.

The formation of low-affinity complexes between redox partners has been observed in other

studies, and is crucial for fast turnover and continuous electron flow [52, 53]. To complement these

experiments and to unequivocally confirm that the different cytochrome domains of PgcA exchange

electrons upon interaction, we explored the distinct NMR spectral features of the domains in the

reduced and oxidized states. By adding one cytochrome to the other in distinct redox states, and

upon formation of the putative transient complex, we can observe the emerging signal features of

the 1D 'H-NMR spectrum of the cytochromes mixture and assess possible changes in their redox state

[54].
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As for the NMR chemical shift perturbation experiments, six independent assays were performed
for the possible combinations, by adding one oxidized cytochrome domain to a reduced one, in

anaerobic conditions (Figure 4.15).
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Figure 4.15. Electron transfer reactions between the cytochrome domains of PgcA monitored by NMR. The 1D
'H-NMR spectra of each domain in the fully reduced state (top), after addition of an equimolar amount of other
domaininthe oxidized state (middle) and after exposure to atmospheric Oz (bottom) are shown for the different
combinations. For clarity, the spectrain the reduced state and after exposure to atmospheric Oz are reproduced

in different panels. In all spectra, the heme methyls of the different domains are labeled.
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The results show that the cytochrome domains exchange electrons promiscuously until they reach
an intermediate oxidation state, although at different extents. This can be quantified by comparing
the area of the heme methyl signals of the two cytochrome domains in the intermediate redox state
with those in the fully oxidized spectra. The calculated percentages show that, as expected, the
cytochrome domains with more negative heme reduction potential values (-106, -65, and —48 mV
for Domains 3, 2, and 1, respectively) transfer electrons to a greater extent than those with less

negative heme reduction potential values (Figure 4.16A).
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Figure 4.16. Role of PgcA in the extracellular electron transfer pathways of G. sulfurreducens. (A) Summary of the
electron transfer experiments between the different cytochrome domains of PgcA and different electron
acceptors. The cartoons of Domains 1 (green), 2 (orange) and 3 (blue) are shown with their heme groups in red.
The cartoons of akageneite, birnessite, Fe(lll) citrate, and potassium chromate are shown in brown, purple, red,
and yellow, respectively. The percentages correspond to the extent of the electron transfer reactions between
each pair of domains. (B) Histogram comparison of the redox-active windows of G. sulfurreducens cytochromes
and different electron acceptors. The redox-active windows of each cytochrome were determined from
potentiometric redox curves considering the 1% to 99% range for protein reduction/oxidation. The cellular
localization of the different cytochromes/redox pairs is indicated in the bottom of the graph. The data used for

the histogram can be found in Table 7.5.
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In the opposite scenario, electron transfer is still observable but to a minor extent (Figure 4.16A).
These variations in the degree of reduction/oxidation of the different proteins correlate with the
overlap of their redox-active windows (Figure 4.16B). This means that in full-length PgcA, electron
transfer should mostly follow the expected thermodynamically favorable route (Domain 3 - Domain
2 -Domain 1), but the cytochrome s likely capable of promiscuously transferring electrons between

all domains, which can be advantageous during mineral reduction.

4.3.6. The cytochrome domains of PgcA reduce several electron acceptors

PgcA is a terminal reductase of extracellular Fe(lll) and Mn(IV) oxides [14] and it might also be
responsible for the reduction of other known electron acceptors of G. sulfurreducens. To assess this,
we performed spectrophotometric analysis of the reduced cytochrome domains of PgcA in the
presence of Fe(lll) oxides, Mn(IV) oxides, Fe(lll) citrate, and potassium chromate (Figure 4.17).

Fe(lll) oxides exist as a heterogeneous mixture of insoluble particles with different reduction
potential values in Nature, which have the tendency to change as they are being reduced [55, 56],
meaning that these microorganisms require sophisticated mechanisms to cope with this challenge.
Fe(lll) oxides in the form of akageneite (3-FeOOH) present a redox-active window between -100 and
+200 mV [55]. Freshly prepared akageneite is usually fully oxidized and has a reduction potential
above 0 mV [57]. Upon addition of an excess of freshly prepared akageneite to Domains1and 2 in the
reduced state, no differences in the visible spectra were observed (Figure 4.17). However, Domain 3
was able toreduce akageneite, as it can be seen by the differences in visible spectra of the cytochrome
(Figure 4.17). In fact, the intensities of the typical bands of the reduced state - 3 (521 nm) and o (550
nm) - decrease upon addition of akageneite, as does the intensity of the Soret band, which also
undergoes a blueshift from 417 to 408 nm.

One of the most common forms of Mn(IV) oxides in soils and natural aquatic systems is birnessite
(NaxMn2x(IV)Mn(II)xOs4, with x ~ 0.4), which presents a reduction potential of +612 mV [58, 59]. All
cytochrome domains of PgcA were able to reduce birnessite (Figure 4.17). A similar spectral variation
was observed for all the cytochrome domains upon the addition of Fe(lll) citrate and potassium
chromate (Figure 4.17), which are soluble forms of the Fe(lll) and Cr(IV) cations and present
reduction potentials of +370 mV [55] and +1350 mV [60, 61], respectively. Overall, the results
obtained indicate that the cytochrome domains of PgcA can reduce both soluble and insoluble forms

of electron acceptors of G. sulfurreducens (Figures 4.16 and 4.17).
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Figure 4.17. Electron transfer experiments of the cytochrome domains of PgcA with electron acceptors. The
spectra of the fully reduced domains are represented in color, while the final spectra acquired for each
experimentarerepresented inblack. Theintermediate spectra are represented in gray. The variations of the UV-
visible spectral features of PgcA’s cytochrome domains upon addition of the different electron acceptors are

highlighted by black arrows.

4.3.7. Proline-threonine stretches are not responsible for Fe(IllI) oxides binding in PgcA

Zacharoff and co-workers have previously shown that PgcA can bind Fe(lll) oxides, but not Fe(II)
oxides or mixed Fe(ll)-Fe(Ill) minerals [14]. By incubating PgcA with these metals and after recovery
of the remaining soluble fractions, it was shown that this cytochrome selectively binds oxidized
metals and releases them after their partial or complete reduction [14]. These results, together with
evidence from previous studies [17], indicated that the protein stretches of proline and threonine

residues were responsible for such binding. Considering that our data shows that Domain 3 can
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reduce Fe(lll) oxides, we decided to evaluate if the individual cytochromes domains of PgcA, in the
absence of the repeats of proline and threonine residues, could also be involved in the binding of
Fe(lll) oxides. Using the methodology adopted by Zacharoff and co-workers [14], each cytochrome
domain was incubated with Fe(lll) oxides, and the resulting soluble fractions were recovered. The
results show that only Domain 3 can bind Fe(lll) oxides, to an extent of 20% (Figure 4.18), which

correlates well with the fact that this domain was the only one capable of reducing this metal.
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Figure 4.18. Binding experiments between PgcA and Fe(lll) oxides. The spectra of each cytochrome before and

after incubation with Fe(lll) oxides are represented in color and black, respectively.

Nevertheless, the amount of Fe(lll) oxides bound to Domain 3 is considerably smaller than the one
observed by Zacharoff and co-workers [14]. In their study, the experiments were carried out with the
three cytochrome domains linked by the flexible protein stretches of proline and threonine residues,
and, in their case, the protein was completely bound to Fe(lll) oxides [14]. Therefore, our results
partially correlated with their conclusions regarding the relevance of the disordered stretches of
proline and threonine residues repeats in metal binding. Indeed, since only about 20% of the protein
was bound to Fe(lll) oxides in our experiments with the cytochrome domains, it was conceivable to
infer that the flexible protein stretches of proline and threonine residues were the main drivers of
metal binding in PgcA.

Surprisingly, by performing similar experiments with a full-length PgcA construct, we observed
that under our experimental conditions, the triheme cytochrome binds to Fe(lll) oxides to an extent
of 20% (Figure 4.18), similar to the one observed for Domain 3, but quite distinct from the one

observed by Zacharoff and co-workers [14]. This suggests that under our experimental conditions,
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Domain 3 is the main driver of Fe(lll) oxides binding, and that the proline-threonine stretches are
important “solely” for providing elasticity and promoting electron transfer events at variable
distances. Based on the nanocrystalline structure of akageneite and on the AlphaFold models of the
three structurally homologous domains, the more positive electrostatic surface of Domain 3 might

explain its prevalence in the binding of the negatively charged ferric oxyhydroxides (Figure 4.19).

Domain 1 Domain 2 Domain 3 10 Akageneite

(kcal/mol)

Figure 4.19. Electrostatic surface of the cytochrome domains of PgcA and akageneite nanocrystalline structure.
The Coulombic electrostatic potentials were calculated from atomic partial charges and coordinates according
to Coulomb's law using default values in UCSF ChimeraX 1.4 [62]. The vertical bar shows the color gradient, from
red to blue, corresponding to the determined potential values in kcal/mol at 298 K. In the structure of
nanocrystalline akageneite (Crystallography Open Database: 9002990 [63]), 0-and OH"anions are showninred,
Fe3* cations in orange, H* cations in blue and CI- anions in green. The akageneite cartoon was reproduced from
[64].

Additional structural features might play a role in this process, such as the apparently higher heme
solvent exposure observed in the AlphaFold model of Domain 3, but experimentally determined

structures of the three cytochrome domains are required to make such assessments.

4.3.8.Domain 3 is intramolecularly recharged for continuous Fe(lIl) oxides reduction

The unique affinity and reductive ability of Domain 3 towards Fe(lll) oxides can be used as a
paradigm to establish the existence of a putative intramolecular electron transfer chain in PgcA. In
fact, considering that out of the three isolated cytochrome domains, only Domain 3 was able to
reduce Fe(lll) oxides, a full-length PgcA sample should not completely oxidize in the presence of
Fe(lll) oxides, unless intramolecular electron transfer and consequent oxidation of Domains 1 and 2
occurs. To test this hypothesis, we initially used UV-visible spectroscopy to monitor the electron
transfer reaction between the triheme cytochrome and Fe(lll) oxides. Full-length PgcA was
completely oxidized by Fe(lll) oxides, as it can be seen by the differences in the visible spectra of the
cytochrome (Figure 4.20A). In fact, the intensities of the typical bands of the reduced state - 3 (522
nm) and « (552 nm) - decrease upon addition of akageneite, as does the intensity of the Soret band,
which also undergoes a blueshift from 418 to 410 nm. These results confirmed the existence of

intramolecular electron exchange in PgcA.
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Figure 4.20. Monitorization of Fe(lll) oxides reduction by full-length PgcA. (A) UV-visible spectra of full-length
PgcA upon addition of Fe(lll) oxides. The spectrum of the fully reduced cytochrome is represented in red, while
the final spectrum is represented in black. The intermediate spectra are represented in gray. The variations of
the UV-visible spectral features upon addition of Fe(lll) oxides are highlighted by black arrows. (B) Variation of
the low-field 1D 'H-NMR spectra of full-length PgcA upon addition of Fe(lll) oxides. The dashed lines indicate the
different heme methyl resonances of the cytochrome domains 1 (green), 2 (orange) and 3 (blue). (C) Reduced

fractions of each cytochrome domain along the Fe(Ill) oxides titration.

Nevertheless, the UV-visible spectral features of the three cytochrome domains are too similar for
us to follow their individual oxidation process throughout their titration with ferric oxyhydroxides.
Alternatively, we used the distinct NMR spectral features of the three cytochrome domains (Figure
4.8) to monitor this process in the full-length protein. Since NMR has inherent size limitations (as the

molecular weight of a protein increases, its tumbling rates decrease and the T: relaxation rates
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increase, leading to a decrease in signal-to-noise ratio), we were initially concerned with the eventual
quality of the NMR spectra of PgcA, since cytochromes of similar size usually have large linewidths
andyield poor spectrathat are difficult to analyze [65]. However, the 1D *H-NMR spectra of full-length
PgcA (27.6 kDa) in the fully reduced and fully oxidized states (Figure 4.20B) show narrow linewidths,
and resonances that superpose almost perfectly with those of the individual cytochrome domains.
The narrow signal linewidths of each cytochrome domainin the full-length protein (35-40 Hz), similar
tothose observedin the individual cytochrome domains (30-35Hz), further support the view that the
proline-threonine stretches allow the different cytochrome domains to tumble independently and
almost freely in solution. These spectral features allowed us to track the oxidation profiles of each
cytochrome domain along the titration with Fe(lll) oxides (Figure 4.20B).

In particular, we calculated the reduced fractions of each cytochrome domain along the redox
reaction by integrating the 'H NMR heme methyl signals of each cytochrome domain in each
intermediate redox state, relative to the fully oxidized state (Figure 4.20C). These results show that
upon each addition, all cytochrome domains become more oxidized, meaning that they either
reduce Fe(lll) oxides (in the case of Domain 3) or participate in intramolecular electron transfer (in
the case of Domains1and2). The reduced fractions of each domain decrease according to their heme
reduction potential, following the expected thermodynamic route. These observations confirm that
while Domain 3 reduces Fe(lll) oxides, Domains 1 and 2 are able to recharge it for additional metal

reduction events.

4.4. Conclusions

The model of the final steps of EET in G. sulfurreducens has been reassessed several times in the past
two decades. The first models predicted that electrons reached extracellular acceptors through
cytochromes embedded in the outer membrane facing the extracellular space or via pili-based
nanowires [66]. These models were revisited upon the discovery of cytochrome nanowires [7], which
together with porin-cytochrome complexes are believed to be the main protagonists of the final
steps of EET [6]. Concomitantly, it has been suggested that Geobacter pili have a secretion role [67].
Nevertheless, the pili-nanowire paradigm is still under debate [68, 69]. Using a combination of
bioinformatic, structural, and functional studies, we found sufficient evidence that microbial heme-
tethered redox strings provide an additional mechanism for the reduction of insoluble metal oxides

in G. sulfurreducens and other electroactive bacteria (Figure 4.21).
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Figure 4.21. Proposed model of extracellular electron transfer in G. sulfurreducens. The main protagonists of the
electron transfer pathways towards extracellular acceptors are represented as cartoons. CbcL and ImcH are
inner membrane-associated quinone oxidoreductases that transfer electrons to the PpcA-family cytochromes,
whichinturnareresponsible for bridging the gap between the inner and outer membrane cytochromes [6]. Prior
to secretion, PgcA might also contribute to periplasmic electron transfer. The final steps of EET are warranted
by porin-cytochrome complexes, cytochrome nanowires, and PgcA, which recruits metals and might
synergistically work with these proteins to maximize the reduction of electron acceptors. The light gray

cartoons represent metal oxides. For simplification, the secretion domain of PgcA is not represented.

PgcA and homologs possess a tethered structure, in which different cytochrome domains are
connected by low-complexity regions that provide sufficient flexibility to promote intra- and
intermolecular electron transfer at variable nanometer distances. Our results show that the
cytochrome domains of PgcA from G. sulfurreducens can exchange electrons promiscuously through
the formation of transient complexes, thus suggesting a cooperative mechanism of reduction of
electron acceptors. In fact, while full-length PgcA had been previously shown to efficiently reduce
Fe(Ill) oxides in vitro [14], our results revealed that such reduction is carried out by a single domain
(Domain 3). Upon reduction, metal oxides detach from Domain 3, which is then available to be
recharged with electrons by Domains 1and 2.

Depending onits cellular location, PgcA can have several putative redox partners. In the periplasm,

the most likely candidates are either the inner membrane quinone oxidoreductases or the PpcA-
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family cytochromes. Consequently, during secretion, PgcA can be loaded with electrons and readily
available to reduce extracellular metals. Alternatively, if PgcA is secreted in an oxidized or
intermediate redox state, it might work synergistically with cytochrome nanowires (OmcE, OmcS,
and OmcZ) in the extracellular matrix, thus establishing a continuous flow of electrons for metal
reduction. The overall efficiency of the process can be dependent on PgcA’s diffusion rates, as a
consequence of differentiated protein-protein and protein-metal contacts, as well as biofilm density.
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4.5. Materials and methods
4.5.1. DNA manipulation

The gsul761 gene sequence, encoding for the PgcA protein (WP_010942405.1), was retrieved from
G.sulfurreducens PCA’s genome on the KEGG database [70], under the accession number TO0155. The
codons coding for residues 261 to 322 (Domain 1), 352 to 415 (Domain 2), and 444 to 511 (Domain 3)
were amplified from genomic DNA and inserted either into vector pVA203 [71] (Domains 1 and 3) or
pCK32 [72] (Domain 2) using a Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific)
together with the primers listed in Table 4.2, according to the RF cloning protocol [73]. Taq DNA
polymerase (VWR) was used for colony PCR screening and Dpnl (Thermo Fisher Scientific) for
digestion of the template DNA. The intermediate PCR product and the final plasmid DNA were
purified using the NZYGelpure and NZYMiniprep kits (NZYTech), respectively. PCR products and
plasmid DNA quantification and purity were determined using a NanoDrop spectrophotometer ND-
1000 (Thermo Fisher Scientific) and the DNA was sequenced by STAB VIDA (Caparica, Portugal).

Table 4.2. Sequences of the primers used to produce the vectors containing the genes of the different
cytochrome domains of PgcA. The DNA sequences specific for the pVA203 (Domains 1 and 3) and pCK32
(Domain 2) plasmids, and for the different parts of the gsu1761 gene (encoding for the cytochrome domains of
PgcA) are highlighted in blue and green, respectively. The primers forward (fw) and reverse (rv) were purchased

from Invitrogen. D1, D2 and D3 stand for Domains 1, 2 and 3.

Primer DNA sequence (5’ - 3’)

D1 fw TTTCGCTACCGTTGCGGCCGCCGACGGACAAGGATTGTACGC
D1 rv AGCTTGTCGACGGAGCTCGAATTCAAGCCACTGCCAAGACGTC
D2 fw TTTCGCTACCGTTGCGGCCGCCAACGGGTCGGCACTCTAC
D2_rv AGCTTGTCGACGGAGCTCGAATTCATGTGACAGCCGATGCCAG
D3 _fw TTTCGCTACCGTTGCGGCCGCCGTCGACCCGGGCAAGACC
D3 rv AGCTTGTCGACGGAGCTCGAATTCAGTTTGCGTTGACAAAGGTCT

4.5.2. Protein sequence and structural homology analysis

A Protein BLAST [74] was performed with PgcA’s sequence, using the RefSeq Select protein
sequences database and the default blastp algorithm (February 2023).

The AlphaFold models of the closest homologs were either retrieved from the AlphaFold protein
structure database[75,76] or produced using the AlphaFold2_MMSeqs2 GitHub ColabFold notebook
[77]. The quality of the individual models was evaluated based on the per-residue estimate of
confidence produced by AlphaFold, designated pLDDT, which is based on the IDDT-Ca metric [78].
In the case of the cytochrome domains of PgcA, the c-type hemes were fitted in PyMol 2.5.2 [79] using
local alignments and libraries of c-type hemes, containing the corresponding cysteine residues for
the covalent binding of the heme vinyl groups and the proximal axial histidines for Fe coordination.

These libraries were built by retrieving these residues and the corresponding c-type heme group
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from the structure of the OmcF cytochrome (PDB: 3CU4 [29]). Side-chain packing optimization and
all-atom energy minimization protocols were not employed (see section 7.4). The final models were
analyzed in UCSF ChimeraX 1.4 [62] and represented using either this program or PyMol 2.5.2 [79].

4.5.3. Protein expression and purification

The full-length PgcA construct (residues 253-511) was kindly provided by Benjamin Nash and Prof.
Thomas Clarke (University of East Anglia, Norwich, United Kingdom). The PgcA cytochrome domains
were heterologously expressedin E. coli C43 (DE3) cells (Domain1) or E. coli BL21 (DE3) cells (Domains
2 and 3). Both strains contained the pEC86 plasmid (encoding the c-type cytochrome maturation
gene cluster and a chloramphenicol resistance marker [80, 81]) and the vector harboring each
cytochrome domain gene (also carrying an ampicillin resistance marker). Cells were grown at 30 °C
in 2xYT medium supplemented with ampicillin (100 pg/mL, NZYTech) and chloramphenicol (34
png/mL, NZYTech) to an ODeoo of 1.5, at which protein expression was induced with 20 uM of IPTG
(NZYTech). The cultures were incubated overnight and then harvested by centrifugation at 6500 xg

for 15 minutes.
Purification of Domains1and 3

Cells expressing Domains 1 and 3 were chemically disrupted with 30 mL per liter of cell culture of a
lysis buffer containing 100 mM Tris-HCI pH 8, 0.5 mM EDTA (Amresco), 20% sucrose (Fisher
Scientific), 0.5 mg/mL lysozyme (Fisher Scientific) and DNase I (Roche). The periplasmic fractions
were recovered by centrifugation at 15,000 xg for 20 minutes and dialyzed against 2 x 4.5 L of 10 mM
Tris-HCI pH 8. The dialyzed periplasmic fractions of Domains 1 and 3 were loaded onto a 5 mL anion
exchange Foresight UNOsphere Q cartridge (Bio-Rad) and a 5 mL cation exchange Bio-Scale Mini
UNOsphereS cartridge (Bio-Rad), respectively, both equilibrated with 10 mM Tris-HCI pH 8. Proteins
were eluted with a sodium chloride gradient (0-300 mM NacCl, Fisher Scientific) and the resulting
fractions were injected onto either an XK 16/70 Superdex 75 column (Cytiva) or a Superdex 75
Increase 10/300 GL column (Cytiva), equilibrated with 100 mM sodium phosphate buffer pH 8.

Purification of Domain 2

Cells expressing Domain 2 were resuspended in 30 mL per liter of cell culture of 50 mM Tris-HCI pH
8.5 with 0.5 mg/mL of lysozyme, DNase I, 1 mM PMSF and 2 mM benzamidine, and disrupted by a
combined method of three freeze and thaw cycles followed by 15 cycles of ultrasonication (1 minute
on plus 2 minutes off) performed with an ultrasonic homogenizer Branson SFX 150 regulated for 65%
of total amplitude. Cell debris were removed by centrifugation at 50,000 xg for 1 hour and the
resulting supernatant was dialyzed against 2 x 4.5 L of 10 mM Tris-HCI pH 8.5. The dialyzed cell lysate
was loaded onto a 5 mL anion exchange Foresight UNOsphere Q cartridge (Bio-Rad), equilibrated
with the same buffer, and eluted with a sodium chloride gradient (0-300 mM NaCl). The resulting
fractions were dialyzed against 2 x 4.5 L of 20 mM sodium acetate buffer pH 5andloaded a5 mL cation
exchange Bio-Scale Mini UNOsphere S cartridge (Bio-Rad). Domain 2 eluted in the flow-through,

whereas most of the contaminants were eluted after the application of asodium chloride gradient (O-
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300 mM NaCl). Finally, the fractions containing the target protein were injected onto either a XK
16/70 Superdex 75 column (Cytiva) or a Superdex 75 Increase 10/300 GL column (Cytiva),
equilibrated with 100 mM sodium phosphate buffer pH 8.

Evaluation of protein purity and quantification

Protein purity was evaluated by BlueSafe (NZYTech) or TMBZ (Thermo Fisher Scientific) stained
SDS-PAGE (15% acrylamide/bis-acrylamide). The molecular weights of the different domains were
confirmed by MALDI-TOF-MS. The analysis was performed by the Mass Spectrometry Unit (UniMS)
of ITQB/IiBET (Oeiras, Portugal). The concentrations of the cytochrome domains and the full-length
PgcA were determined by measuring the absorbances of the reduced forms at the a-band (552, 553,
550 and 552 nm for Domains 1, 2, 3 and full-length PgcA, respectively), using a molar extinction
coefficient of 23.8 mM™ cm™ per heme group [82]. The UV-visible spectra were recorded for both
oxidized and reduced samples in the range 300 to 700 nm, at room temperature, using an Evolution
201 spectrophotometer (Thermo Scientific) and quartz cells (Hellma) with 1 cm of path length. The
reduced samples were prepared by adding a concentrated solution of sodium dithionite (Fisher

Scientific).

4.5.4. CD spectroscopy

CD experiments were performed with an Applied Photophysics Chirascan qCD spectropolarimeter
(Leatherhead, UK), equipped with a thermostatic cell support and a 0.2 mm path length quartz cell
(Hellma). CD spectra were acquired in the far-UV region using 50 uM of each cytochrome domain
prepared in 10 mM sodium phosphate buffer pH 7. The spectra are the average of three scans
recorded in 1 nm steps with a scan rate of 3 s/nm, over a 190 to 260 nm wavelength range. The buffer
contribution was corrected for all spectra and the temperature was controlled to + 1 °C. After
recording a spectrum at 25 °C, the conformational stability of the cytochrome domains was assessed
by performinglinear thermal-induced denaturation with a heating rate of 1°C per minute, from 10 °C
to 94 °C. Each spectrum was recorded with a scan rate of 0.4 s/nm. After the temperature ramp, the
sample was quickly cooled to 25 °C and then 10 °C, at which two final spectra were registered. A least
squares two-state transition model [83, 84] was fit to the variation of the ellipticity at 222 nm and used
to determine the midpoint of unfolding transition (Twm) and the enthalpy of unfolding (AH) of the
different cytochrome domains (see Equation 3.5). The data fittings were performed in Origin Pro 8.5.
The BeStSel deconvolution method [31] was used to estimate the secondary structural elements of

the three cytochrome domains.

4.5.5. DSC experiments

DSC thermograms were acquired in a TA Nano DSC apparatus using 300 uM samples of each
cytochrome domain, prepared in 32 mM sodium phosphate buffer with NaCl (100 mM final ionic
strength) at pH 7. The temperature ranged from 10 to 120 °C. The melting temperatures were
obtained by fitting a one-peak (two-state) transition model to the thermograms using the

NanoAnalyze data analysis software (Version 3.11.0, TA Instruments).
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4.5.6.Redox titrations followed by visible spectroscopy

Redox titrations were performed at 25 °C inside an anaerobic glovebox (LABstar, MBraun) with
argon circulation and Oz levels kept under 1 ppm. The visible spectra were recorded in an Evolution
300 spectrophotometer (Thermo Scientific), connected to the anaerobic glovebox interior via fiber
optics. The cytochrome samples were prepared with 30 pM protein concentration in 32 mM sodium
phosphate buffer with NaCl (100 mM final ionic strength) at pH 7. The solution potentials were
measured using a combined Pt/Ag/AgCl electrode (Crison), calibrated with quinhydrone (Merck)
saturated solutions at pH 7. The following mixture of redox mediators was added to the solution with
afinal concentration of 1.7 uM each, as described in the literature [85], to ensure a good equilibrium
between the redox centers of the proteins and the working electrode: potassium ferricyanide (Merck,
E% = +430 mV), p-benzoquinone (Sigma-Aldrich, E® = +280 mV), tetramethyl-1,4-phenylenediamine
(Acros Organics, E” =+260 mV), 1,2-naphtoquinone-4-sulphonic acid (Acros Organics, E® =+215mV),
1,2-napthoquinone (Acros Organics, E® = +143 mV), trimethylhydroquinone (Acros Organics, E® =
+115 mV), phenazine methosulfate (Sigma-Aldrich, E® = +80 mV), phenazine ethosulfate (Sigma-
Aldrich, E”=+55mV), gallocyanine (Alfa Aesar, E> = +21 mV), methylene blue (Alfa Aesar, E> = +11 mV),
indigo tetrasulfonate (Sigma-Aldrich, E® = =30 mV), indigo trisulfonate (Acros Organics, E® = =70
mV), indigo disulfonate (Sigma-Aldrich, E =-120 mV), 2-hidroxy-1,4-naphthoquinone (Alfa Aesar, E”
= -145 mV), anthraquinone-2,6-disulfonate (Acros Organics, E® = -185 mV), anthraquinone-2-
sulfonate (Sigma-Aldrich, E® = -225 mV), safranine O (Alfa Aesar, E* = -280 mV), neutral red (Fluka,
E% = =325 mV), benzyl viologen (Sigma-Aldrich, E® = =345 mV), diquat (Fluka, E® = =350 mV) and
methyl viologen (Acros Organics, E”=-440 mV). To check for hysteresis and verify reversibility, each
redox titration was performed in both oxidative and reductive directions, using sodium dithionite as
areducingagent and potassium ferricyanide as an oxidizing agent. The experiments were performed
atleast two times and the reduction potentials (relative to SHE) were found to be reproducible within
+2mV. Thereduced fraction of each cytochrome domain was determined by integrating the area of
the a-band (552, 553, and 550 nm for Domains 1, 2, and 3, respectively) above the line connecting the
flanking isosbestic points (544 and 563 nm for Domain 1, 543 and 562 nm for Domain 2, and 539 and
556 nm for Domain 3) to subtract the optical contribution of the redox mediators. Each measured
potential value was corrected to the SHE and a single electron Nernst equation was fitted to the data

using Origin Pro 8.5.

4.5.7. Electron transfer experiments with terminal electron acceptors

Electron transfer between PgcA and various substrates (Fe(lll) oxides, Fe(lll) citrate, Mn(IV) oxides,
and potassium chromate) was assessed by UV-visible spectroscopy measurements at 25 °C, inside the
anaerobic glovebox. Fe(lll) oxides were prepared following a protocol that mainly produces
akageneite (B-FeOOH) minerals [57]. Briefly, a10 M NaOH (Pronalab) solution was added dropwise to
arapidly stirring 0.4 M solution of FeCls (Alfa Aesar) until a pH of 7 was reached. The solution was held
at pH7and theresulting suspension was decanted, centrifuged at 3000 xg for 15 minutes and washed

with deionized water. The final suspension was quantified by means of a FerroZine (Sigma-Aldrich)
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assay, using Fe(ll) ethylenediammonium sulfate tetrahydrate (FeSO4.(CH2)2(NH3)2S04.4H20, Merck)
as a standard. Prior to measurement, the Fe(lll) oxides suspension was digested and reduced
overnight in the dark using a 0.5 M HCI (Fluka) solution with 125 uM hydroxylamine (Sigma-Aldrich).
The final akageneite solution was prepared with a concentration of 500 puM. Mn(IV) oxides were
prepared in the form of birnessite (NaxMnxx(IV)Mn(IlI)xO4, with x ~ 0.4) minerals using previously
established protocols [57]. Briefly, a 30 mM MnCl. (VWR) solution was slowly added in a 1:1
proportion to asolution of 20 mM KMnO. (Panreac) prepared in 80 mM NaOH. The resulting mixture
was allowed to settle overnight at 4 °C in the dark, after which it was decanted, centrifuged at 3000
xg for 20 minutes and washed with deionized water. The final suspension was quantified using
inductively coupled plasma atomic emission spectroscopy (ICP-AES). This analysis was performed by
the LAQV Analytical Laboratory. The final birnessite solution was prepared with a concentration of
250 puM. The Fe(lll) citrate (Sigma-Aldrich) and potassium chromate (Sigma-Aldrich) solutions were
prepared with final concentrations of 500 pM and 170 pM, respectively, in 32 mM sodium phosphate
buffer with NaCl (100 mM final ionic strength) at pH 7. The protein samples of each cytochrome
domain and of full-length PgcA were prepared in degassed 32 mM sodium phosphate buffer with
NaCl (100 mM final ionic strength) at pH 7. Before each experiment, the cytochrome samples were
reduced with a concentrated solution of sodium dithionite. The excess dithionite was removed by
passing the protein solutions through a 5 mL HiTrap Desalting column (Cytiva) and the final protein
concentration was adjusted to 5 uM for each cytochrome domain, and to 2 uM for the full-length PgcA
samples. Substrates were added to the fully reduced cytochromes in several increments and the
consequent redox reactions were monitored by recording UV-visible spectra between 300 and 700

nm using an Evolution 300 spectrophotometer.

4.5.8. Fe(Ill) oxides binding experiments

The ability of the cytochromes to bind Fe(Ill) oxides was probed by UV-visible spectroscopy, using
apreviously established protocol [14]. The spectra were recorded between 300 and 700 nm using an
Evolution 201 spectrophotometer (Thermo Scientific). After acquisition of spectra with either 5 uM
(cytochrome domains) or 2 pM (full-length PgcA) protein samples prepared in 32 mM sodium
phosphate buffer with NaCl (100 mM finalionic strength) at pH 7, each sample was incubated with 55
mM of akageneite for 10 minutes, after which the resulting solutions were centrifuged at 5000 xg for
10 minutes. Additional spectra were acquired with the resulting supernatants and the putative

binding of the cytochromes to Fe(lll) oxides was evaluated based on differences in spectral intensity.

4.5.9. NMR spectroscopy

NMR experiments were acquired in a Bruker Avance Ill 600 MHz spectrometer equipped with a 5
mM triple resonance cryoprobe (TCI). The residual H20 signal was used as an internal reference for
the calibration of the 'H chemical shifts relative to DSS at O ppm [86], and the *C chemical shifts were
calibrated through indirect referencing [87]. All spectra were processed using TopSpin 4.1.4 (Bruker

BioSpin, Karlsruhe, Germany) and analyzed either with the processing software or with NMRFAM-
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Sparky [88]. All NMR experimental setups used are part of the Bruker standard pulse sequence
library. All spectra were acquired at 25 °C, unless otherwise stated.

Assignment of the NMR signals of the heme substituents and axial ligands

Cytochrome samples for Domains 1, 2, and 3 were prepared with 1.1 mM, 850 uM and 1.1 mM of
protein, respectively, in 32 mM sodium phosphate buffer pH 7 (100 mM final ionic strength) in D20
(99.9%, Eurisotop) after three lyophilization cycles. The pH values of the samples were measured
with a glass microelectrode and were not corrected for isotope effects. Protein integrity was
confirmed by analysis of the 1D 'H-NMR spectra acquired before and after the lyophilization steps.
For sample reduction, the NMR tubes were sealed with a gas-tight serum cap, and the air was flushed
out to avoid possible reoxidation of the cytochromes. Samples were reduced directly in the NMR
tube with gaseous hydrogen by adding 1 pL of a 70 uM solution of hydrogenase from D. vulgaris
Hildenborough. The partially oxidized samples, used in EXSY experiments, were obtained by first
removing the hydrogen from the reduced sample with argon and then adding controlled amounts of
air into the NMR tube with a Hamilton gas-tight syringe. These samples were prepared with final
protein concentrations of 50 uM for Domain 1 and 100 puM for Domains 2 and 3.

For the assignment of the heme substituents in the fully reduced state, 2D 'H-COSY, 2D 'H-TOCSY
and 2D 'H-NOESY experiments were used. The 2D H-TOCSY and 2D 'H-NOESY spectra were acquired
with a mixing time of 60 and 80 ms, respectively. For the assignment of the heme substituents in the
fully oxidized state, 2D 'H, *C-HMQC, 2D 'H-NOESY (80 ms) and 2D 'H-TOCSY (45 ms) experiments
were acquired. These spectra were acquired at both 15 and 25 °C. Additionally, to evaluate the
temperature dependence of the heme methyl signals of the different cytochrome domains, 1D 'H-
NMR spectra were recorded at increments of 2 °C, from 10 to 40 °C. Finally, to further confirm the
assignment of the heme substituents and axial ligands of the cytochrome domains of PgcA, 2D 'H-

EXSY experiments (25 ms) were acquired with samples at an intermediate level of oxidation.
Biomolecular interactions

Molecular interactions between the different cytochrome domains of PgcA were followed by NMR
chemical shift perturbation experiments. Samples of the different cytochrome domains were
prepared in 8 mM sodium phosphate buffer pH 7 (25 mM final ionic strength) in D2O. The titrations
were performed in the oxidized state up to 1:5 protein ratios, by adding increasing amounts of a
concentrated sample of one cytochrome domain to a 50 pM sample of another domain, and vice-

versa. After each addition, 1D 'H-NMR spectra were recorded.
Electron transfer reactions between cytochrome domains

Electron transfer reactions between the different cytochrome domains of PgcA were monitored by
NMR in both directions for each pair, using a previously described methodology [54]. Samples of
each domain were prepared at 50 uM in 8 mM sodium phosphate buffer pH 7 (25 mM final ionic
strength) in D20 and reduced using the procedure described in the previous sections. After

reduction, hydrogen was removed from the samples by flushing them with argon. To each reduced
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cytochrome domain, an equimolar amount of another oxidized cytochrome domain was added to
the NMR tube inside the anaerobic glovebox. 1D 'H-NMR spectra were acquired (i) in the reduced
state, (ii) after the addition of the putative redox partner, and (iii) after opening the NMR tube for full
oxidation of both proteins by atmospheric O2. The extent of the electron transfer reactions between
each pair of domains was calculated by integrating the 'H NMR heme methyl signals of each
cytochrome domain in the intermediate redox state, relative to the fully oxidized state.

Full-length PgcA titration with Fe(Ill) oxides

Full-length PgcA samples were prepared at 100 uM in 32 mM sodium phosphate buffer pH 7 (100
mM finalionicstrength) in D.O and reduced with a concentrated solution of sodium dithionite. Fe(llI)
oxideswere prepared with a final concentration of 18.75mM in D20O.1D H-NMR spectrawere acquired
(i) inthereduced state, (ii) after 10 pL additions of Fe(lll) oxides, and (iii) after opening the NMR tube
for full oxidation of the cytochrome by atmospheric O.. After each addition of Fe(lll) oxides, the
samples were incubated for 5 minutes and centrifuged at 5000 xg for 10 minutes, prior to spectral
acquisition. The reduced fractions of each cytochrome domain along the redox reaction were
calculated by integrating the 'H NMR heme methyl signals of each cytochrome domain in the

intermediate redox state, relative to the fully oxidized state.
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5. Depicting a unique triheme cytochrome: Biophysical studies of GSU0105

5.1.Summary

G. sulfurreducens possesses over 100 cytochromes that ensure an effective electron transfer to the
cell exterior. The most abundant group of cytochromes in this microorganism is the PpcA-family,
composed of five periplasmic triheme cytochromes (PpcA-E) with high structural homology and
identical heme axial coordination (His-His). GSUO105 is a periplasmic triheme cytochrome produced
by G. sulfurreducens in Fe(lll)-reducing conditions, which is not present in cultures grown on
fumarate. Based on the analysis of its amino acid sequence, this cytochrome has a low sequence
identity with the PpcA-family cytochromes and a different heme coordination.

In this chapter, amino acid sequence analysis, site-directed mutagenesis, and complementary
biophysical techniques, including UV-visible, CD, EPR and NMR spectroscopies, were used to
characterize GSU0105. The cytochrome has a low percentage of secondary structural elements, with
features of a-helices. NMR shows that the protein contains three low-spin hemes (Fe(ll), S=0) in the
reduced state. EPR shows that, in the oxidized state, one of the hemes becomes high-spin (Fe(lll), S =
5/2), whereas the two others remain low-spin (Fe(lll), S =1/2). The data obtained also indicate that the
heme groups have distinct axial coordination. The apparent midpoint reduction potential of
GSUO0105 (-154 mV vs SHE) is pH-independent in the physiological range. However, the pH modulates
the reduction potential of the heme that undergoes the low to high-spin interconversion. The
reduction potential values of cytochrome GSU0O105 are more distinct compared to those of the PpcA-
family members, providing the protein with a larger functional working redox potential range.

Overall, the results obtained, together with an amino acid sequence analysis of different multiheme

cytochrome families, indicate that GSUO105 is a member of a new group of triheme cytochromes.
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5.2. Introduction

The five members of the PpcA-family are the most abundant cytochromes of the periplasm of G.
sulfurreducens, having an important and strategic position in the cell that allows them to function as
capacitors and to control the electron flow that connects the inner membrane and outer membrane
components of the bacterium [1, 2]. These cytochromes share pairwise sequence identities ranging
from45to 77%, have alow molecular mass (10 kDa), ~70 residues each, and their three heme groups
are axially coordinated by two histidine residues [3, 4]. The co-existence of these highly homologous
cytochromes sharing the same cellular compartment is intriguing, since the distinct respiratory
pathways of the bacterium are supposed to be activated by the formation of specific protein-protein
complexes. However, while these cytochromes share a high degree of structural homology [3-7],
their functional properties are distinct [8], which should imply specific roles for each cytochrome
within the cell. Nevertheless, complementary studies in the presence of different electron acceptors
have shown that all the members of the PpcA-family are constitutively presentin the periplasm of the
bacterium [9-12]. Additionally, it has been observed that in mutated bacterial strains lacking four of
the homologs, the remaining periplasmic cytochrome can support the reduction of a terminal
electron acceptor and contribute to the adaptation of the strains [13]. Surprisingly, a strain in which
the genes encoding all five cytochromes were deleted was still able to reduce Fe(lll) oxides. This fact
was explained by the presence of an unrelated cytochrome, PgcA, as well as other cytochromes, such
as OmcE and OmcS, that can contribute to electron transfer in the periplasm [13].

A proteomic analysis on G. sulfurreducens cultures grown in different conditions showed that three
cytochromes - GSUO0105, GSU0701, and GSU2515 - were not synthetized in cultures grown on
fumarate, but instead were highly synthetized in Fe(lll)-reducing conditions [10]. GSU0701, also
known as Omc}J, is ahexaheme cytochrome structurally homologous to OmcS, which likely assembles
into a cytochrome nanowire. Additional studies showed that Omc]J is overexpressed in cultures
grown on hematite and magnetite [14], while its deletion impaired bacterial growth on insoluble
Fe(lll) oxides [9]. GSU2515 is a monoheme periplasmic cytochrome overexpressed in current-
consuming biofilms [15], which we have recently functionally and structurally characterized [16].
Finally, GSUO105 is a periplasmic cytochrome with a similar molecular mass and the same number of
heme groups as the PpcA-family cytochromes. However, a preliminary sequence analysis revealed a
low amino acid sequence identity.

In this chapter, a biochemical and biophysical characterization of GSUO105 from G. sulfurreducens
is presented. The combined usage of several spectroscopic techniques, including UV-visible, CD,
EPR, and NMR allowed the elucidation of the structural and functional features of GSUO105’s redox
centers. The heme’s spin-states were determined, and the nature of their axial ligands is discussed
based on amino acid sequence analysis and site-directed mutagenesis studies. The working
functional redox range of the cytochrome at the bacterium'’s physiological pH range was determined,
showing that GSUO105 has the necessary features to carry electron transfer in the periplasm in a
wider range compared to the five PpcA-family cytochromes. Altogether, it is proposed that GSU0105

belongs to a new group of triheme cytochromes.
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5.3.Results and discussion
5.3.1. Amino acid sequence analysis of GSU0105

The amino acid sequence of the c-type cytochrome GSUO105 contains three typical CXXCH heme
binding motifs (Figure 5.1).

1 10 20%’ 30 40 50
i * * * %k . |

GSU0105 G. sulfurreducens [NMINWIHLVLAMAMVWFIZAGD I SL INFECIIVCHS KNP AMVIEMHIJANG RIEC F[€]C H]
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Figure 5.1. Amino acid sequence analysis of GSU0105. Alignment of GSU0105 sequence with homolog sequences
from different bacteria obtained from a Protein BLAST analysis. Sequences were aligned with Clustal Omega and
their % pairwise identity for mature sequence is indicated. Residues are colored by sequence similarity (dark
green 100%, green 80-100%, 60-80%, and white <60% similarity). Heme binding motifs CXXCH are
identified, and the fully conserved putative axial ligands (Lys3?, Met¥, Met*°, His*, Met®, Lys®?, and Lys®®) are

marked with *. The scissors identify the signal peptide cleavage site.

The analysis of the sequence shows that the heme axial coordination of the cytochrome is
necessarily different from those belonging to the c; family, which all have bis-histidine (bis-His) axial
coordinated c-type hemes [3]. In fact, the distal ligands in these proteins are fully conserved between
all sequences. For GSUO0105, the sequence shows that besides the three histidine residues included in
the CXXCH binding motifs, there is only one histidine residue left in the mature sequence (His*,
Figure5.1), whichindicates that only one of the heme groups can have bis-His coordination. The distal
coordination position of c-type hemes can be occupied by methionine, histidine, asparagine,
tyrosine, cysteine and lysine residues, the protein’s N-terminal amino group, a water molecule,
and/or be transiently vacant [17, 18]. A Protein BLAST search retrieves 12 sequences (out of a total of
38, fromwhich the ones from unclassified organisms were excluded), and their alignment shows that,
besides His*, there are only six conserved amino acids that can act as axial ligands to the heme
groups: three methionine (Met*, Met*® and Met®°) and three lysine (Lys??, Lys®* and Lys®®) residues
(Figure 5.1). It is important to notice that although residues Lys3* and Met*° are in close proximity to
the other axial ligands in the amino acid sequence (histidine residues in the binding motifs and His*'),
they are still possible axial ligands, considering the relative position of the axial ligands in tetraheme

cytochromes from Desulfovibrio species [19, 20].
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Multiheme cytochromes containing heme groups with mixed axial coordination have been
described previously. For example, the G. sulfurreducens dodecaheme cytochrome GSU1996 has four
triheme domains, in which, in each domain, two hemes are bis-His, whereas the other heme is His-Met
coordinated [21]. Also, the triheme cytochrome DsrJ, which belongs to a transmembrane redox
complex found in Desulfovibrio desulfuricans ATTC 27774 [22] and in the purple sulfur bacterium
Allochromatium vinosum [23], possesses three hemes with different types of coordination: a bis-His,
a His-Met, and an unusual His-Cys coordination. More recently, a tetraheme cytochrome from the
annamox bacterium K. stuttgartiensis with an unusual contracted heme binding motif was
characterized, and complementary spectroscopic techniques showed that the protein has four low-
spin hemes: two with bis-His coordination, one with His-Lys and one with His-Cys [24]. However, such
heme mixed coordination is unprecedent in small soluble periplasmic cytochromes in which the
ratio of amino acid residues to heme groups is low, suggesting that GSUO105 may belong to a
different group of cytochromes within the class Ill of c-type cytochromes [25]. This class is formed by
multiheme cytochromes that present low reduction potentials (see section 5.3.3) and only around 30
residues per heme group [26]. To confirm this hypothesis, representative members of different
families of periplasmic cytochromes [25] were selected for a Protein BLAST analysis and a MSA was
used to build a dendogram (Figure 5.2). The dendogram obtained shows six distinct branches
composed by: (i) c; triheme cytochromes including the PpcA-family from different Geobacter strains,
together with cytochromes from Desulfuromonas, Geomonas, and Geoalkalibacter strains, and the
triheme cytochrome from Pelobacter carbinolicus (red); (ii) multiple dodecaheme cytochromes from
different Geobacter strains (purple); (iii) tetraheme cytochromes from Shewanella (dark blue); (iv) c3
tetraheme cytochromes from Desulfovibrio, Desulfobaculum, Desulfocurvus and Halodesulfovibrio
species (light blue); (v) triheme cytochromes from Shewanella and Ferrimonas (orange); and lastly
(vi) triheme cytochromes from Geobacter and Geomonas bacteria, homologs to GSU0105 (green).
Contrary to other triheme cytochromes represented in the dendogram, this latter branch is
composed of cytochromes with a single histidine residue, besides the ones from the CXXCH motif.
This indicates not only that mixed heme axial coordination can be expected for the members of this
branch, but also that they represent a new family of periplasmic triheme cytochromes. Nevertheless,
no biochemical or biophysical studies have been reported for any of GSUO105’s homologs, and

further studies are needed to identify additional distinctive features of this family of cytochromes.
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Figure 5.2. Dendogram of representative families of soluble periplasmic multiheme cytochromes. For each
family, the proteins used for the Protein BLAST analysis are highlighted with the corresponding color code.

Proteins are identified by their NCBI access number.

5.3.2. Spectroscopic characterization of GSU0O105

The purified GSUO105 was studied using complementary spectroscopic techniques, including CD,
UV-visible, EPR and NMR to probe the protein’s folding and secondary structure elements, the spin-

state of the hemes and the nature of their axial ligands.
GSUO0105 is composed mainly of random coil secondary structure elements

The far-UV CD spectrum of the cytochrome at 25 °Cin the oxidized state is presented in Figure 5.3A.
The overall spectrum indicates the net presence of random coil structures, but it also contains
features that point to the existence of a-helical secondary structural elements, namely i) an intense

positive band at 190 nm and ii) an intense negative band at 206 nm, and one less negative band at 223
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nm. The positions of these bands, with wavelengths slightly different than those commonly observed
in a-helices (190, 208 and 222 nm), probably result from substantial contributions related with the

protein’s heme groups, as previously observed for other triheme cytochromes [27, 28].
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Figure 5.3. Far-UV CD spectral features of oxidized GSUO105. (A) BeStSel fittings (colored lines) of the far-Uv
spectra of GSUO105 at 25 °C before (spheres) and after (squares) the temperature ramp, and at 95 °C (triangles).
(B) Monitorization of the thermal stability of GSU0105. The local maxima and minima of the spectra are labeled.

The spectrawere acquired between 10 and 95 °C (color gradient from blue to red).

The percentages of secondary structural elements were estimated with the BeStSel deconvolution
method [29], which has some limitations, namely the unaccountability of rare secondary structural
elements and aromatic contributions. Furthermore, in highly disordered proteins, the software may
incorrectly attribute disordered regions to specific structured features. GSUO105 only contains two
aromatic residues (Phe® and Phe*°), and the results obtained show that it is not highly disordered,
thus validating the usage of this method.

The results obtained demonstrated that GSUO105 accounts for 41.3% of folded conformations
(29.9% a-helices and 11.4% [3-sheets) and 58.7% of disordered conformations. By comparing these
data with other triheme cytochromes from G. sulfurreducens (Table 5.1), one can verify that these
proteins usually possess very low percentages (<50%) of folded conformations. The PpcA-family
cytochromes have a conserved general fold, mainly composed of random coil motifs, a two-strand [3-
sheet in the N-terminal, and several a-helical segments (Figure 5.4). In these proteins, the low amino
acid number per heme ratio (between 23 and 25) hinders the possibility of the existence of complex
secondary structure elements, most likely to promote solvent exposure and large surface areas that
allow the formation of low affinity complexes with other redox partners, necessary for efficient
electron transfer [30-32]. GSUO105 presents an even lower percentage of folded conformations,
whichisanotherindication that the protein may belong to a different group of triheme cytochromes,

as discussed in the previous section.
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Table 5.1. Secondary structural elements of GSU0105 and other triheme cytochromes from G. sulfurreducens.
The percentages of secondary structural elements were either estimated from CD data using the BeStSel
deconvolution method [29] or obtained from the DSSP data [33] deposited in the respective PDB identification
codes for the remaining triheme cytochromes from G. sulfurreducens : 10S6 (PpcA [4]), 3BXU (PpcB [5]), 3H33
(PpcC [3]), 3H4N (PpcD [3]) and 3H34 (PpcE [3]). The “*” indicates that the spectrum was acquired after the

temperature ramp, following a quick cool down.

Method Secondary structural elements (%)

BeStSel o-helix B-sheet Turn Others
GSUO0105 (25°C) 299 11.4 15.0 43.7
GSUO0105 (95 °C) 124 16.5 18.4 52.7
GSUO0105 (25°C)* 18.0 15.1 16.8 50.1

DSSP «-helix B-sheet Turn Others
PpcA 42.3 9.9 15.5 323
PpcB 38.0 15.5 14.1 32.4
PpcC 30.7 13.3 18.7 373
PpcD 38.0 8.5 11.3 42.2
PpcE 36.6 9.9 9.9 43.6

Heme Il

Figure 5.4. Structure of PpcD from G. sulfurreducens. The polypeptide chain and the heme groups are
represented in blue and gray, respectively. The structure of PpcD (PDB: 3H4N [3]) was selected out of the
available PpcA-family cytochromes structures because it possesses the highest sequence identity with GSUO105
(24%).

To monitor the thermal stability of the protein, a characterization of the temperature-induced
unfolding was carried out. The spectra obtained show that the secondary structural elements of

GSUO0105 undergo significant changes during the temperature variation (Figure 5.3B).
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In fact, by plotting the variation of the ellipticity at 206 and 223 nm as a function of temperature

(Figure 5.5), a complex behavior is observed, which cannot be explained by considering a two-state

transition of amonomer from a folded to unfolded state.
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Figure5.5. Temperature-induced molar ellipticity variation. The mean residue ellipticities [6] at 206 nm (orange

spheres) and 223 nm (green spheres) are represented as a function of temperature.

This means that GSUO105 goes through several rearrangements of its secondary structural
elements during the denaturation process, which can include multiple steps and intermediary states
linking the native state to the final thermally unfolded state. Similar results have been observed in a
monoheme ferricytochrome c, in which the protein undergoes a series of reversible conformational
switches, resulting in alterations of the distal ligand position of the heme [34]. The main variations of
the spectra throughout the temperature variation are observed in the signals corresponding to the
o-helices, which show a blueshift in their wavelengths. This is aresult of anincrease in the percentage
of random coil motifs in the protein. Moreover, other slight changes may be due to small alterations
of the conformation of the heme groups. At 95 °C, GSU0105 still possesses marked ellipticities and is
not fully unfolded (Figure 5.3 and Table 5.1).

Upon cooling to 25 °C, the final CD spectrum reveals that GSUO105 partially refolds (Figure 5.3 and
Table5.1). Altogether, the dataindicates that GSUO105 is stable at high temperatures, as observed for
other cytochromes from Geobacter[27, 28]. In these cytochromes, the three covalently bound c-type
hemes keep the overall proteins’ structural integrity, whereas the few secondary structure elements

undergo small variations.
UV-visible spectra of GSUO105 present features of low-spin hemes

The optical absorption spectrum of the oxidized cytochrome (Figure 5.6) has maxima at 354, 408,
and 527 nm. Upon reduction, the protein shows the Soret, - and a-bands maxima at 417, 523, and 552
nm, respectively. These spectral patterns are similar to those shown by low-spin hexacoordinated
hemes [35].
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Figure 5.6. UV-visible spectral features of cytochrome GSU0105 in the oxidized and reduced states. The maxima
of the UV-visible spectra of the cytochrome in the oxidized (solid black line) and reduced states (dashed black

line) are labeled.

Methionine-coordinated hemes typically display aband at 695 nmin the UV-visible spectrum of the
oxidized form, which commonly features a half width of 30-40 nm and an extinction coefficient
around 20 times smaller than the a-band of low-spin hemes in the reduced state [36-38]. This band is
not present in the oxidized spectrum of GSUO0105 (Figure 5.6), even when difference spectra are
measured. This is a common practice because the extinction coefficient associated with this band
may be even lower than usual when the hemes have a high solvent exposure [39]. In these cases, the
measurement of difference spectra in cytochromes allows the deconvolution of low-intensity Q and
charge-transfer bands, as most of these have a significant variation of their signal intensity with the
oxidation state of the heme iron [40].

The absence of a band at 695 nm in the UV-visible spectrum does not exclude the possibility that
one of the hemes of GSU0105 is coordinated by a methionine residue, as proven in different works
[41,42]. To gather more information on this and on the hemes spin-states, EPR and NMR experiments
were performed for GSUO105.

EPR and NMR features of GSU0105

X-band EPR spectroscopy of the as-purified oxidized GSU0105 exhibits a complex spectrum,
dominated by two main sets of features that arise from the contribution of high- and low-spin ferric
heme species (Figure 5.7A). A very small contribution of adventitious Fe(lll) is also observed at g =
4.23. The simulation of the EPR spectrum indicates an approximate 1:2 ratio of the high- and low-spin
species, respectively. To simulate the high-spin species, a low value of the rhombicity was used (E/D
=0.005), and because the zero-field splitting D is unknown, a value of 20 cm™ was assumed so that at
the temperature used, only the ground Kramers doublet, |[£1/2), is populated. In the fully reduced

state, the cytochrome is EPR silent (Figure 5.7A).
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Figure 5.7. EPR and NMR features of GSU0105. (A) Experimental continuous-wave X-band EPR spectra of
GSUO0105 at the oxidized (orange) and reduced (light blue) states, recorded at 10 K, with a microwave frequency
of 9.39 GHz, a modulation amplitude of 1.0 mT and a microwave power of 2 mW. The black line below the
oxidized experimental spectrum is the simulated spectrum, accounting for a 1:1:1 contribution of the high-spin
species (a) and the two low-spin species (b and c¢), for which each spectrum is represented in gray. The high-spin
species spectrum (a) was simulated with E/D = 0.005 and a D =20 cm™. The two low-spin species spectra were
simulated with g-values of 3.11, 2.27 and < 1.40 (b), and 2.98, 2.22, and 1.49 (c). The signal with a g-value of 4.23
corresponds to a small amount of high-spin ferric iron adventitiously present in the sample. (B) 1D 'H-NMR
spectrum of oxidized GSU0105. The low-field region is zoomed in to show the resonances of the heme methyl
substituents. (C) 1D 'H-NMR spectrum of reduced GSU0105. A close-in of the spectrum (x10) is represented. The
typical high-field region of axial methionine resonances is shown for the WT (light blue) and mutant (dark blue)

proteins.

The intense and quasi-axial signal with gmax of 6.10 can be attributed to a high-spin S = 5/2 ferric
heme. The g; contribution of this signal, expected at g=2.00, is underneath the resonance attributed
to adventitious copper (Il). The existence of this high-spin species in the oxidized form is consistent
with what is observed in the NMR spectrum (Figure 5.7B). The species at a higher magnetic field are
characteristic of low-spin ferric hemes. The shoulder observed for the resonance at g -2.98 indicates
that two very similar species contribute to this set of resonances. It was not possible to deconvolute
the spectra by varying either the microwave power or the temperature, suggesting that both hemes
have quasi-identical relaxation properties. An analysis of the data revealed two species, with g-values
ati)3.11,2.27,and <1.40, and ii) 2.98, 2.22, and 1.49.
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Similarly to EPR, NMR is a very powerful technique to identify the spin-state of heme groups in
cytochromes because their signals appear in quite distinct spectral regions, depending if the hemes
are high- or low-spin. Recalling from the previous chapter, in the paramagnetic oxidized state, 1D 'H-
NMR spectra of high-spin cytochromes display extremely broad signals and resonances above 40
ppm (usually from the heme methyl substituents). Low-spin cytochromes, on the other end, present
narrower spectral windows, with the main heme substituents frequencies ranging from 8 to 35 ppm.
In the reduced state, 1D 'H-NMR spectra are also quite distinct for high- and low-spin cytochromes. In
fact, high-spin hemes present wider spectral regions (from -15 up to 30 ppm) than low-spin ones
(from -5 up to 10 ppm).

The 1D 'H-NMR signals of GSU0105 in the oxidized state are very broad and cover a wide spectral
region, from -10 ppm to above 45 ppm (Figure 5.7B). Therefore, the cytochrome is paramagnetic in
the oxidized state, with at least one high-spin heme (Fe(lll), S = 5/2), as seen in the EPR experiments.
The NMR signals of the cytochrome in the oxidized state are very broad because of the strong
paramagnetic contribution of the high- and low-spin heme(s), which makes it very difficult to analyze
any other spectral features of the protein in this redox state.

In the reduced state, the 1D H-NMR spectrum of GSU0105 displays a narrow spectral window
between -5 and 11 ppm (Figure 5.7C), indicating that all the hemes from GSUO105 are low-spin (Fe(lI),
S =0).Furthermore, the low-frequency region of the reduced state 1D H-NMR spectrum can be used
as afingerprint to detect axial ligands because of the heme ring-current effects [35]. Histidine ligands
do not show resonances in this region (their signals are usually located in the protein’s signal
envelope), but methionine ligands display characteristic patterns [43]. The GSUO105 spectrum in the
reduced state displays a typical signal pattern for the side-chain signals of a distal coordinated
methionine, which includes a three-proton intensity peak at approximately -3 ppm and up to four
resolved one-proton intensity peaks in this region of the spectrum (Figure 5.7C). At this stage, the
possibility of the existence of two hemes with His-Met axial coordination cannot be discarded based
on the analysis of the diamagnetic 1D H-NMR spectrum of GSUO0105, because their signals may be
overlapped.

To identify the axial ligands of GSU0105, three mutants of the fully conserved methionine residues
were produced (M37H, M40OH, and M60H) and analyzed by 1D H-NMR spectroscopy in both
oxidation states. As observed for the WT GSUO105, the oxidized spectra of all mutants also display a
large spectral width and broad low-field resonances typical for high-spin heme substituents. In the
reduced state, the high-field axial methionine resonance pattern observed for the WT cytochrome is
observed for the M37H and M60H mutants but not for the M4OH mutant (Figure 5.7C). These results
unequivocally identify Met*° as one of the distal ligands of GSU0105. Moreover, the absence of any
axial methionine resonance patterns in the 1D 'H-NMR spectrum of the M40OH mutant indicates that
the axial ligand of the third heme is not a methionine residue.

The candidates for the unidentified distal ligand are the three fully conserved lysine residues (Lys>?,
Lys®?, and Lys®®). However, and in contrast with axial methionine residues, the NMR signal pattern for

an axial lysine residue in the 1D H-NMR spectrum is not straightforwardly identifiable [44, 45]. This
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feature hinders the assignment of the third heme distal ligand of GSUO105 using the same strategy,
based on site-directed mutagenesis and NMR spectroscopy. Therefore, a different approach would
have to be used to identify this ligand. The best methodology would be structure determination by
X-ray crystallography or NMR. However, the low protein yield obtained for this cytochrome (0.2 mg
per liter of cell culture) currently hampers this approach. Crystallization trials demand high
concentrations of protein, and NMR requires isotopically labeled proteins synthetized in minimal
media, which would result in even lower yields.

Furthermore, there are other features of GSUO105 that hinder its structural characterization in
more detail by NMR. Contrary to the triheme cytochromes from the PpcA-family of G. sulfurreducens
[46,47],thespectrum of GSUO105in the reduced state has signals with unexpectedly large linewidths
for a ~10 kDa protein (Figure 5.7C). These spectral features may arise from inherent properties of
GSUO0105. Taking a closer look into the backbone amide region (7-11 ppm) of the spectrum (Figure
5.7C), the signals are well dispersed, which is typical of a folded protein, meaning that the protein is
not aggregated in the experimental conditions used. A possibility is the existence of exchange
processes. If most of the protein signals are in a slow to intermediate exchange rate between two
conformations, their signal widths would be significantly affected. This phenomenon would not
affect the results of the remaining experiments, and its effects may only be detectable by NMR. There
are several experimental conditions that can be varied to optimize the exchange rates of a certain
chemical event, namely the magnetic field strength, temperature, and ionic strength [48]. 1D 'H-NMR
spectra of GSUO105 in the reduced state were acquired at different temperatures and ionic strength

conditions, but all spectra kept the signal broadening initially observed.

5.3.3.Redox properties of GSU0105

Redox titrations of GSUO105 followed by visible spectroscopy were performed at pH 7 and 8
(Figure 5.8) to cover the physiological pH range for G. sulfurreducens growth [49]. The reductive and
oxidative curves are superimposable (no hysteresis), indicating that the redox process is fully
reversible. The redox window of GSUO0105 spans from -315 to +85 mV, which is compatible with the
presence of bis-His, His-Lys and His-Met coordinated hemes. Typically, c-type heme groups axially
coordinated by a methionine present more positive reduction potentials compared to bis-His
coordinated hemes [37]. Recalling from past chapters, this relates to the fact that the methionine’s
side-chain sulfur is a good electron acceptor, which favors the electron-rich reduced state of the
heme, resulting in more positive reduction potentials compared to bis-histidynil coordinated heme
groups. However, experimental data show that in many cases, the network of residues in the vicinity
of the heme groups has a higher effect on their reduction potential values than the nature of the axial
ligand. For example, there are reports of His-Met coordinated hemes with reduction potential values
ranging from -251 to +358 mV [50-52]. Similarly, although there are reports for His-Lys coordinated

hemes, their reduction potential values can be as different as -80 or +365 mV [44, 45].
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Figure 5.8. Redox titrations of GSUO105 and PpcA-family cytochromes monitored by visible spectroscopy. The
solid (pH 7) and dashed (pH 8) lines indicate the results of the fits to the Nernst curves for the three macroscopic
reduction potentials of GSUO10S5 (in black), PpcA (in red), PpcB (in blue), PpcD (in orange), and PpcE (in green),
whichareindicatedin Table 5.2. The open and filled symbols in the GSUO105 curves represent each experimental
point of the reductive and oxidative titrations at pH 7 (spheres) and 8 (triangles), respectively. The bottom left
inset shows a close-in on the apparent midpoint reduction potentials of the cytochromes. For simplification, in
this inset, the experimental points are not represented. The top right inset shows the variation of the a-band

region of the visible spectra of GSU0105 throughout the visible redox titration at pH 7.

Macroscopic redox behaviour of GSU0105

For other triheme cytochromes, the fitting of experimental data from redox titrations followed by
visible spectroscopy can be obtained with a sequential model (see section 5.5.7), considering that
each heme has the same contribution (0.3(3)) for the a-band absorbance. In the case of GSU0105, the
contribution for the a-band absorbance of the last heme to oxidize (the one with the most positive
reduction potential) is smaller compared to the other hemes. For this reason, the experimental data
were fitted by considering different contributions for the three hemes (see section 5.5.7). An equal
contribution of 0.39 + 0.02 for the a-band absorbance was determined for the first two hemes to
oxidize, whereas a contribution of 0.22 + 0.01 was determined for the last heme to oxidize. The
differences in these values are most likely related with the different types of axial coordination of the
hemes or with the fact that one of them is high-spin in the oxidized state.

Lookingat the macroscopicreduction potentials for the three oxidation steps (Table 5.2), GSU0O105
has negative but distinct reduction potential values for two of the oxidation steps and a positive value

for the other one.
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Table 5.2. Comparison of the apparent midpoint and macroscopic reduction potentials (relative to SHE) of
GSUO0105 and the PpcA-family cytochromes from G. sulfurreducens at pH 7 and 8. The apparent midpoint
reduction potentials (E,,,) correspond to the point at which the oxidized and reduced fractions are equal. EY,
ES, and EY are the macroscopic reduction potentials for the first, second, and third oxidation steps, respectively.

The values presented have an experimental estimated error of £ 5mV.

E,p,, (mV) E$ (mV) E9 (mV) E$(mV)

pH7 pHS8 pH7 pHS8 pH7 pHS8 pH7 pHS8
GSU0105 -154 -154 -223 -219 -137 -138 8 35
PpcA[8] -117 -138 -171 -182 -119 -139 -60 -93
PpcB[8] -137 -143 -185 -192 -140 -145 -84 -103
PpcC[53] -143 -148 -190 -193 -142 -148 -100 -103
PpcD [8] -132 -148 -181 -191 -133 -152 -78 -94
PpcE[8] -134 -139 -191 -194 -133 -138 -82 -85

Although these values are macroscopic in nature, and thus do not correspond to the individual
heme reduction potentials, those of the first two oxidation steps are significantly separated from
that of the last oxidation step, which can be considered to have a nearly independent oxidation
(Figure 5.8). This indicates that the reduction potential of the last oxidation step can be attributed to
the last heme to be oxidized. The last heme to be oxidized has a smaller contribution to the a-band
because of the low- to high-spin interconversion and concomitant change in its molar extinction
coefficient. Therefore, the last oxidation step is dominated by the oxidation of a heme that becomes
high-spin in the oxidized state. Considering the observations made in section 5.3.2, this heme has a
putative His-Lys axial coordination. Thus, the first and second oxidation steps are dominated by the
oxidation of the His-Met*® and His-His* coordinated hemes. Nevertheless, and despite the different
coordination, it is not possible to infer which of the hemes has the most negative reduction potential.
Interestingly, in a triheme domain from the dodecaheme protein GSU1996, which possesses two bis-
His and one His-Met coordinated hemes, the reduction potential of the His-Met coordinated heme is
not the most positive [54].

The individual heme reduction potentials have been determined for several low-spin triheme and
tetraheme cytochromes by combining 2D H-EXSY NMR data and potentiometric redox titrations
followed by visible spectroscopy [8, 55]. However, in the case of the triheme cytochrome GSU0105,
such studies cannot be implemented because of the severe broadening of the NMR signals caused by
the high-spin heme, which impairs the assignment of the individual heme oxidation patterns along

the different oxidation stages.
GSUO0105 possesses a local redox-Bohr effect

The redox-Bohr effect reflects on the pH dependence of the protein’s reduction potential value and

is caused by the protonation/deprotonation of an acid-base group (redox-Bohr center) in the vicinity
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of the heme(s). Considering pure electrostatics, it is expected that the deprotonation of the redox-
Bohr center (removal of a positive charge) would stabilize the oxidized form of the heme(s), leading
to the concomitant decrease of the reduction potential value. In the case of GSUO105, the apparent
reduction potential value (E,,,,) obtained for GSUO105 was -154 mV at pH 7 and 8 (Table 5.2). In fact,
the redox titration curves are superimposable in this region, indicating that there is not a net redox-
Bohr effect in the physiological pH range. Nonetheless, and regardless of the similarity of the E,,,,
values at pH 7 and 8, from the analysis of the redox titration curves there is a notorious separation at
lower reduction potential fractions in the region dominated by the oxidation of the heme with the
highest reduction potential (Figure 5.8). This result indicates that there is a local redox-Bohr effect
near the last heme to oxidize. However, contrary to the expected electrostatic behavior of the redox-
Bohr effect, the reduction potential of the last heme to oxidize is higher at pH 8 (Table 5.2). This effect
has been observed in other multiheme cytochromes [56-58] and attributed to mechano-chemical
couplings (such as movement of charges, rearrangement of hydrogen bond networks, and other
phenomenon connected to acid-base transitions and structure modifications) that mask the
electrostatic cooperativity between the opposite charges of the hemes and the deprotonated redox-
Bohr center(s).

Considering that the heme with the redox-Bohr effect is the one hypothesized as being high-spinin
the oxidized state, there may be a physiological relevance for this effect. The pH-dependent
stabilization of the reduced form of this heme (low-spin), compared to the oxidized one (high-spin),
suggests that the pH might modulate the heme spin-state interconversion. At a pH below the pK. of
the redox-Bohr center, the high-spin configuration (oxidized state) will be stabilized. The opposite
effect is attained at pH values above the pKa of the redox-Bohr center. Similar pH-dependent spin-
state interconversion mechanisms have been observed in other cytochromes [59-62], however,
further experiments are needed to pinpoint the physiological relevance of this pH-linked feature of
GSUO0105.

The redox-Bohr effect is particularly relevant in the PpcA-family cytochromes (see inset of Figure
5.8 and Table 5.2), such as PpcA (21 mV) and PpcD (16 mV), which were proposed to couple electron
and proton transfer at the bacterium’s physiological pH range [63]. In fact, in these proteins, it was
observed that the deprotonation of the redox-Bohr center (removal of a H*) facilitates the
concomitant oxidation (e transfer) of the nearest heme [8]. On the other hand, PpcB and PpcE have
negligible pH modulation of their heme reduction potential values (6 and 5 mV, respectively) and
were suggested to exclusively perform electron transfer at slightly different redox windows. In the

case of GSUO105, the redox-Bohr effect does not affect the E,,,,, but instead, it is a particular feature

app’
of the highest redox potential heme. Consequently, the pH dependence of the redox potential value
of this heme allows the protein to reduce or expand its working functional range (Table 5.2) with the
concomitant regulation of the low- to high-spin interconversion of the heme group.

Finally, it is worth noting that the redox curves of the PpcA-family from G. sulfurreducens are much
steeper compared to those of GSU0105, due to their more similar heme reduction potential values

(Figure 5.8 and Table 5.2). Considering the differentiated redox window of GSU0O105 compared to the
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cytochromes from the PpcA-family, it seems this cytochrome has the necessary properties to bridge
electron transfer between a wider range of electron donors and acceptors in the periplasm of the G.

sulfurreducens bacterium.

5.4. Conclusions

The outgoing interest in electrochemically active microorganisms and their potential for several
fields of biotechnology is prompting the investigation and exploration of their unique metabolism
and molecular components. G. sulfurreducens is in the forefront of such investigations because of its
high current production in MFC, metabolic versatility, and ability to produce protein nanowires. The
intricacies of this bacterium’s EET routes are slowly being dissected; however, it is still unclear which
are the main electron transfer pathways and how they relate with different final electron acceptors.

In this chapter, we presented a biophysical characterization of GSUO0105, a periplasmic triheme
cytochrome involved in Fe(lll) respiration. The amino acid sequence comparison with other triheme
cytochromes leads to the proposal that GSU0O105 does not belong to the c¢; family of triheme
cytochromes but, instead, is a member of a group of homologous cytochromes with mixed heme
axial coordination. GSUO105 possesses a low percentage of folded structural elements, three low-
spin hemes in the reduced state (Fe(ll), S = 0), and a mixture of low- (Fe(lll), S = 1/2) and high-spin
(Fe(Ill), S = 5/2) hemes in the oxidized state, as confirmed by CD, UV-visible, EPR, and NMR
spectroscopic techniques. The amino acid sequence analysis indicates that one of the hemes in
GSUO0105 contains a bis-His coordination, using the conserved His* as the sixth ligand (Figure 5.1),
whereas the NMR experiments performed on GSUO105’s mutants indicate that one of the other heme
groups contains a His-Met coordination (Figures 5.1 and 5.7). The third heme is likely coordinated by
oneofthe three fully conserved lysine residues (Lys®, Lys®?, and Lys®®). The data also indicate that this
heme turnsinto a high-spin electronic configuration in the oxidized state, in which the distal position
of the heme may become vacant or, alternatively, coordinated by a weak-field ligand (such as a water
molecule, for example).

Finally, the effect of the pH on the redox properties of the protein (redox-Bohr effect) revealed an
unprecedented mechanism for a triheme cytochrome. In fact, in the physiological region, the E,,,
value is unaffected by the pH, in opposition to that of the heme with the highest reduction potential.
Interestingly, this is the heme that undergoes a low- to high-spin interconversion, which indicates
that this interconversion is pH-driven. Moreover, this effect also has an impact on the modulation of
the working functional redox range of the protein. Compared to the other triheme periplasmic
cytochromes from G. sulfurreducens, the working redox functional window of GSUO0105 is wider and
covers more positive regions, adding further versatility to the periplasmic components of the
bacterium.

AlphaFold [64] emerged after the publication of this work, however, we later constructed several
models of GSUO105. As for the AlphaFold models of OmaB/C, ExtD and ExtG (see Chapter 2), there is
a considerable variability in the predicted models of GSUO105, with consistently low average pLDDT

scores. Consequently, when we enrich these models with c-type hemes in silico, to gather insights on
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the putative heme axial ligands and the relative arrangement of the heme core, in most cases there
areseveral clashes and it is hard to discern which are the residues responsible for heme binding (data
notshown). Nevertheless, the model constructed using the PDB100 template database and an Amber
structure minimization shows no clashes between the hemes and places Met*° and His* as the distal
ligands of heme Ill and II, respectively (Figure 5.9). Out of the three fully conserved lysine residues,
Lys®?is the only one that is in a position to possibly act as the distal ligand of heme I. This residue is
located on aloop that might be sufficiently flexible to allow the dynamic attachment and detachment
of this distal ligand, through a process similar to the one observed for the Lys-ligated alkaline form of

the ferricytochrome c from S. cerevisiae [65-67].

Figure 5.9. AlphaFold models of GSUQ105. The AlphaFold 2 (gray) and 3 (blue) models of GSU0105 (residues 22-
86) are represented as ribbon. The hemes (red) and their putative axial ligands are represented as sticks. The
roman numerals indicate the hemes in their order of attachment to the CXXCH motifs in the polypeptide chain.
The disordered C-terminal is not represented, for simplicity. The AlphaFold models of the protein colored with

the respective pLDDT scores can be found in Figure 7.9.

Inan extraordinarily quick fashion, AlphaFold 3 [68] also emerged during the writing of this Thesis,
allowing for structural predictions in the presence of a predefined number of c-type heme groups.
Surprisingly, the resulting model of GSUO105 (Figure 5.9) presented reasonably high average pLDDT
scores (>75,Figure 7.9), for both the secondary structure and the c-type hemes. In this prediction, the
positions of the heme axial ligands are conserved when compared with the AlphaFold 2 model of
GSUO0105, but the loop containing Lys®?is further displaced from heme I.

While it isimportant to note that AlphaFold models should be analyzed and considered carefully, it
isinteresting to observe that a couple of years after the completion of the experimental work, we are
able to obtain computational models of this cytochrome with structural features that fit with our
results. Furthermore, using these structures as templates for a search of structural homologs in the
Dali [69], FoldSeek [70] and PDBeFold [71] servers, there are no known homologs of GSUO105 in the
PDB database, which further supports our view that this cytochrome belongs to a new family of

triheme cytochromes with an unique fold and heme core arrangement.
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5.5. Materials and methods
5.5.1. DNA manipulation

The gsu0105 gene sequence was retrieved from G. sulfurreducens PCA genome on the KEGG
database [72], under the accession number TO0155. The amino acid sequence was analyzed using the
Uniprot bioinformatic tool to predict the signal peptide cleavage site [73]. The software predicted it
to be located between residues Leu? and Ala?2. The gene encoding for GSU0105 was amplified from
G. sulfurreducens genomic DNA using Phusion High-Fidelity DNA polymerase (Thermo Fisher
Scientific) and the primers listed in Table 5.3, which contain restriction sites for the enzymes Notl and
Hindlll. The resulting DNA fragment and the pVA203 vector [74] were digested with the referred
restriction enzymes, purified using the E-gel electrophoresis system (Invitrogen) and ligated using
T4 DNA ligase (Fermentas). The DNA was transformed into E. coli DH5a cells, and a colony PCR screen
was performed using Taq DNA polymerase (VWR). Positive clones were grown in LB liquid media, and
the plasmid was purified using the NZYMiniprep kit (NZYTech). The final plasmid was sequenced by
DNA Sanger sequencing performed by STAB VIDA (Caparica, Portugal) and designated pGSU0105.

The primers used for the substitution of the putative axial ligand residues Met*, Met*°, and Met°
for histidine residues were designed using the QuikChange Primer Design program (Agilent
Technologies) and are listed in Table 5.3. The mutations were introduced in the pGSU0105 plasmid
following the instructions of the NZYMutagenesis kit (NZYTech). The presence of the desired
mutations was confirmed by DNA Sanger sequencing performed by STAB VIDA.

Table 5.3. Sequences of the primers used to produce the pGSU0105 plasmid and the three GSUO105 mutants.
The cleavage sites for Notl and Hindlll are underlined in the GSUO105WT primer forward (fw) and reverse (rv),
respectively. In the primers used to produce the mutants, the substitution sites are underlined. The primers

were purchased from Thermo Fischer Scientific or Invitrogen.

Primer DNA sequence (5’ - 3’)

GSUO105WT fw GAGATGCGGCCGCCGCCGGGGCCTTCGAATGC

GSUO105WT_rv GGTGCAAAGCTTCTATTCTCCAGCCTGCGGTTTC
GSU0105_M37H_fw GTCACAGTAAAAACCCGGCCCATGTAAAAATGCACGAGGCCGT
GSUO0105_M37H_rv ACGGCCTCGTGCATTTTTACATGGGCCGGGTTTTTACTGTGAC
GSU0105_M40H_fw ACAGTAAAAACCCGGCCATGGTAAAACATCACGAGGCCGTGCG
GSUO0105_M40H_rv CGCACGGCCTCGTGATGTTTTACCATGGCCGGGTTTTTACTGT
GSU0105_M60H_fw GTCGGCGAACGCCTCCATGGAAAGGGGCAGCCT
GSUO105_M60H_rv AGGCTGCCCCTTTCCATGGAGGCGTTCGCCGAC

5.5.2. Protein sequence analysis and AlphaFold predictions

A Protein BLAST [75] was performed with GSUO105’s sequence, using the RefSeq Select protein

sequences database and the default blastp algorithm (December 2020). From the 38 sequences
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obtained, the ones from unclassified organisms were excluded, and the resulting 12 sequences were
aligned using the Clustal Omega tool [76].

In order to access the positioning of GSUO105 protein within the class Ill of c-type cytochromes, the
following representative members of this class [25] were selected for individual Protein BLAST
searches: G. sulfurreducens c; triheme cytochrome PpcA, D. acetoxidans c; cytochrome, S. oneidensis
triheme cytochrome, G. sulfurreducens dodecaheme cytochrome GSU1996, S. oneidensis c3
tetraheme cytochrome, S. frigidimarina c; tetraheme cytochrome, D. gigas cs tetraheme cytochrome
and D. vulgaris Hildenborough cs tetraheme cytochrome. The respective top hits were selected, and
104 sequences were used for MSA with the Clustal Omega tool [76]. In the case of the dodecaheme
cytochromes, only domain A was used for the alignment. The alignments were loaded on Jalview [77]
and used to generate a dendogram, that was then represented with Dendroscope [78].

The AlphaFold models of GSUO105 were either retrieved from the AlphaFold protein structure
database [64, 79], or produced using either the AlphaFold2_MMSeqs2 GitHub ColabFold notebook
[80] or the AlphaFold 3 server [68]. The quality of the individual models was evaluated based on the
per-residue estimate of confidence produced by AlphaFold, designated pLDDT, whichis based onthe
IDDT-Ca metric [81].

The c-type hemes of the AlphaFold 2 models were fitted in PyMol 2.5.2 [82] using local alignments
and libraries of c-type hemes, containing the corresponding cysteine residues for the covalent
binding of the heme vinyl groups and the proximal axial histidines for Fe coordination. These
libraries were built by retrieving these residues and the corresponding c-type heme group from the
structure of the OmcF cytochrome (PDB: 3CU4 [83]). Side-chain packing optimization and all-atom
energy minimization protocols were not employed (see section 7.4). The final models were analyzed
and represented in UCSF ChimeraX 1.4 [84].

5.5.3. Protein expression and purification

The GSUO0105 cytochrome was synthetized using E. coli J]M109 (DE3) cells as host. The host cells
were transformed using the heat shock method [85] and contained two plasmids: 1) pEC86, encoding
for the cytochrome ¢ maturation gene cluster ccmABCDEFGH, required for the heme’s incorporation
[86, 871, and for a chloramphenicol resistance marker, and 2) pGSU0105, encoding the cytochrome
GSUO010S5 after the OmpA leader sequence, a lac promoter and an ampicillin resistance marker [74].
These cells were grown at 30 °C in 2xYT, supplemented with 34 mg/mL chloramphenicol and 100
mg/mL ampicillin, to an ODeoo of 1.5. At this stage, protein synthesis was induced with 10 uM of IPTG
and the cell culture was grown overnight at 30 °C.

Cells were harvested by centrifugation at 6400 xg for 20 minutes at 4 °C. The cell pellet was gently
resuspended in lysis buffer (100 mM Tris-HCI pH 8, 20% sucrose and 0.5 mM EDTA, containing 0.5
mg/mL of lysozyme), and after 15 minutes of incubation at room temperature, precooled water was
added to the cell suspension, which was then left incubating on ice for 15 minutes to stop the
lysozyme’s activity. After that step, the suspension was centrifugated at 14,700 xg for 20 minutes at

4 °C. The supernatant constituting the periplasmic fraction was further ultracentrifugated at
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225,000 xg for 1 hour at 4 °C to remove any remaining membrane debris. The final supernatant was
dialyzed twice against 4.5L of 20 mM Tris-HCI pH 7.5 using a Spectra/Por dialysis membrane (MWCO:
3.5kDa) and thenloaded onto 2x5 mL Bio-Scale Mini UNOsphere S cartridges (Bio-Rad), equilibrated
with the same buffer. The protein was eluted with a sodium chloride gradient (0-300 mM). The
obtained fractions were evaluated by SDS-PAGE (15% acrylamide/bis-acrylamide), stained either for
hemes (TMBZ) and/or with BlueSafe (NZYTech). The fractions containing the protein were
concentrated in Amicon Ultracentrifugal filter units (MWCO: 3 kDa) and equilibrated with 100 mM
sodium phosphate buffer pH 8 before being injected in either a Superdex 75 XK 16/70 or a Superdex
75Increase 10/300 GL molecular exclusion columns (Cytiva), equilibrated with the same buffer. Both
chromatography steps were performed on an AKTA Pure system (Cytiva), and the final protein purity
was evaluated by SDS-PAGE (15% acrylamide/bis-acrylamide), stained either for hemes (TMBZ)
and/or with BlueSafe (NZYTech).

The concentration of the cytochrome was determined by measuring the absorbance of the reduced
form at the a-band (552 nm ), using the extinction coefficient of 97.5 mM™ cm™ [88]. The UV-visible
spectra were recorded for both oxidized and reduced samples in the range 300 to 750 nm, at room
temperature, using an Evolution 201 spectrophotometer (Thermo Scientific) and quartz cells
(Hellma) with 1 cm of path length. The reduced samples were prepared by adding a concentrated
solution of sodium dithionite (Fisher Scientific).

GSUO0105’s mutants (M37H, M40H, and M60H) were synthetized and purified using the same
methodology.

5.5.4. CD spectroscopy

Circular dichroism experiments were performed using an Applied Photophysics Chirascan qCD
spectropolarimeter (Leatherhead, UK), equipped with a thermostatic cell support and a 0.2 mm path
length quartz cell (Hellma). CD spectra were acquired in the far-UV region using 25 uM of protein
prepared in 20 mM sodium chloride at pH 7.4. The spectra are the average of three scans recorded in
1nmsteps with ascanrate of 3s/nm, over a190 to 260 nm wavelength range. The buffer contribution
was corrected for all spectra and the temperature was controlled to +1°C. After recording a spectrum
at 25 °C, the conformational stability of the cytochrome was assessed by performing linear thermal-
induced denaturation with a heating rate of 1 °C per minute, from 10 °C to 94 °C. Each spectrum was
recorded with ascanrate of 0.4 s/nm. After the temperature ramp, the sample was quickly cooled to
25°C, at which a final spectrum was registered.

The BeStSel deconvolution method [29] was used to estimate the secondary structural elements of

the cytochrome.

5.5.5. EPR spectroscopy

X-band EPR spectra were obtained using a Bruker EMX spectrometer (Billerica) equipped with an
Oxford Instruments ESR-900 continuous flow helium cryostat (Abingdon) and a high sensitivity

perpendicular mode rectangular cavity. An as-purified GSU0O105 sample was prepared in 32 mM
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sodium phosphate buffer pH 7 with NaCl (100mM of final ionic strength), to a final protein
concentration of 200 mM. The fully reduced sample was prepared anaerobically inside a glovebox by
incubation with a slight excess of sodium dithionite. All spectra were recorded using a microwave
frequency of 9.39 GHz, a modulation amplitude of 1.0 mT, and a microwave power of 2 mW. Spectra

were analyzed and simulated using SpinCount [89].

5.5.6. NMR spectroscopy

NMR experiments were acquired in a Bruker Avance Ill 600 MHz spectrometer equipped with a 5
mM triple resonance cryoprobe (TCI). The residual H:O signal was used as an internal reference for
the calibration of the 'H chemical shifts relative to DSS at O ppm [90]. The different spectra were
processed and analyzed using TopSpin 3.5.7 (Bruker BioSpin, Karlsruhe, Germany). 1D H-NMR
spectra were acquired for the protein’s oxidized state at 25 °C, with 32k data points, a spectral width
of 96 kHz, with a total of 2048 transients, and water presaturation. For the samples in the reduced
state, 1D 'H-NMR spectra were acquired at 25 °C, with 16k data points, a spectral width of 19 kHz, with
atotal of 1024 transients, and water presaturation.

Protein samples were prepared with 100 uM concentration in 32 mM sodium phosphate buffer pH
7 with NaCl (100 mM of final ionic strength). The buffer was prepared either in pure D20 orin 90% H.0
and 10% D:0. The pH values of the samples were measured with a glass microelectrode and were not
corrected for isotope effects. For sample reduction, the NMR tubes were sealed with a gas-tight
serum cap, and the air was flushed out to avoid possible reoxidation. Then, the samples were reduced
directly in the NMR tube with gaseous hydrogen (Air Liquide) in the presence of catalytic amounts of
hydrogenase from D. vulgaris Hildenborough. To ensure that the protein samples were kept in the

completely reduced state, the NMR tubes were left in a hydrogen atmosphere.

5.5.7.Redox titrations followed by visible spectroscopy

Redox titrations were performed at 15 °C inside an anaerobic glovebox (LABstar, MBraun) with
argon circulation and Oz levels kept under 1 ppm. The visible spectra were recorded in an Evolution
300 spectrophotometer (Thermo Scientific), connected to the anaerobic glovebox interior via fiber
optics. The cytochrome samples were prepared with 10 uM protein concentration in 80 mM sodium
phosphate buffer with NaCl (250 mM final ionic strength) at pH 7 and 8. The solution potentials were
measured using a combined Pt/Ag/AgCl electrode (Crison), calibrated with quinhydrone (Merck)
saturated solutions at pH 4 and 7. The following mixture of redox mediators was added to the
solution with a final concentration of 1.3 uM each, as described in the literature [91], to ensure a good
equilibrium between the redox centers of the proteins and the working electrode: potassium
ferricyanide (Merck, E®=+430 mV), p-benzoquinone (Sigma-Aldrich, E® =+280 mV), tetramethyl-1,4-
phenylenediamine (Acros Organics, EY = +260 mV), 1,2-naphtoquinone-4-sulphonic acid (Acros
Organics, E” =+215mV), 1,2-napthoquinone (Acros Organics, E® = +143 mV), trimethylhydroquinone
(Acros Organics, E9 = +115 mV), phenazine methosulfate (Sigma-Aldrich, E® = +80 mV), phenazine

ethosulfate (Sigma-Aldrich, E” =+55mV), gallocyanine (Alfa Aesar, E® =+21 mV), methylene blue (Alfa
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Aesar, EY = +11 mV), indigo tetrasulfonate (Sigma-Aldrich, E® = =30 mV), indigo trisulfonate (Acros
Organics, E” = -70 mV), indigo disulfonate (Sigma-Aldrich, E = -120 mV), 2-hidroxy-1,4-
naphthoquinone (Alfa Aesar, E” = =145 mV), anthraquinone-2,6-disulfonate (Acros Organics, E® =
-185 mV), anthraquinone-2-sulfonate (Sigma-Aldrich, E® = =225 mV), safranine O (Alfa Aesar, E® =
—-280 mV), neutral red (Fluka, E® = -325 mV), benzyl viologen (Sigma-Aldrich, E” = =345 mV), diquat
(Fluka, E® =-350 mV) and methyl viologen (Acros Organics, E” = -440 mV). To check for hysteresis
and verify reversibility, each redox titration was performed in both oxidative and reductive
directions, using sodium dithionite as a reducing agent and potassium ferricyanide as an oxidizing
agent. The experiments were performed at least two times and the reduction potentials (relative to
SHE) were found to be reproducible within + 5 mV. The reduced fraction of each cytochrome domain
was determined by integrating the area of the a-band (552 nm) above the line connecting the flanking
isosbestic points (542 and 560 nm) to subtract the optical contribution of the redox mediators. Each
measured potential value was corrected to the SHE and a modified sequential model was fitted to the
data using Origin Pro 8.5.

Modified sequential model

The different macrostates of a triheme cytochrome can be grouped into four oxidation stages,

connected by three oxidation steps of one electron each, containing the same number of oxidized

hemes (Figure 5.10).
E{ E; E3
@O/ =« L@ =« (L@ -
PO P1 P12 P123
Fully Oxidation Oxidation Fully
Reduced stage 1 stage 2 oxidized
(So) (S1) (S2) (S3)

Figure 5.10. Electronic distribution scheme for a triheme cytochrome. The gray hexagons represent the
different macrostates of the triheme cytochrome. The smaller inner hexagons represent heme groups. The
reduced hemes 1,2 and 3 are colored green, orange and blue, respectively. Po, P, P12, and P23 refer to the species

with 0, 1, 2 or 3 oxidized hemes, respectively.

For triheme cytochromes, the variation of the reduced fraction (RF) with the solution redox
potential is described by Equation 5.1, which is usually used in the experimental fitting of the data

obtained through visible redox titrations:

3 + 26| E-EDzr] 4 pl@E-E -]
RF = 7 7 7 G
3(1+ el EEDRz] 4 o|@E-ES-EDgr] | e[(sE—E?—ES—Eg)ﬁ])

In this equation, the variables E, E?, EY and E? represent the experimental measured potential and

the standard reduction potential for each oxidation step, respectively; F represents the Faraday
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constant (96486 C mol?); T represents the temperature (288 K); and R represents the molar gas
constant (8.314 J K* mol?).

In the case of most triheme cytochromes, the experimental data can be fitted directly using the
equation presented above. This happens because the three hemes of these proteins all have an equal
contribution (0.3(3)) for the absorption of the a-band throughout the visible redox titration.
However, in the case of GSUO105, as described and discussed above, the last heme to oxidize has a
significant lower contribution for the absorption of the a-band (lower molar extinction coefficient at
552 nm). Therefore, in order to fit the experimental data using the model presented, the weighted
contributions of each heme were allowed to vary freely. Furthermore, the last heme to oxidize was
considered to be independent from the two remaining hemes. Equation 5.2, which follows the same
considerations as the one presented for a three redox-center system, was used to fit the data for the

two first hemes to oxidize (here designated as hemes 1and 2 - Hiand H>):

2+e [(E_E?)RF_T]

RF (H,/H,) = (5.2)

2 (1 + el & 5z7] 4 @5 -EDR7],

Then, for the last heme to oxidize (here designated as heme 3 - Hs), a single redox-center individual
model was used to fit the experimental data (Equation 5.3):

RF (H3) = (5.3)

1+e [(E_Eg):_T]

Finally, to describe the global redox behavior of GSU0105, a weighted fitting was made using
Equation 5.4:

Wy + W3) (RFy, /u,) + W3 (RFy,)

RF GSU0105 =

5.4)

In this equation, Wi, W> and Ws represent the weighted contributions of hemes 1, 2 and 3,
respectively, for the overall reduced fraction of GSUO105. RFy, /4, and RFy, represent the reduced
fractions for the first two hemes to oxidize (H: and H.) and for the third heme to oxidize (Hs),
respectively. The fitting obtained revealed that the first two hemes to oxidize (H: and H:) have an
equal contribution of 0.39 + 0.02 for the overall reduced fraction of the cytochrome, whereas the

final heme to oxidize (Hs) has a contribution of 0.22 + 0.01.
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6. Conclusions and future perspectives

The growing recognition of the environmental, economical, technological and social challenges
posed by the existence of unsustainable practices is slowly driving society towards the application of
sustainable alternatives. The impacts of climate change, including the rise of global temperatures,
extreme weather events and loss of biodiversity, have underscored the necessity of reducing carbon
emissions and mitigating environmental degradation. Moreover, the depletion of essential natural
resources, including fossil fuels and freshwater, has accelerated the search for renewable energy
sources and more efficient management of our planet’s resources.

MET harness the unique abilities of electroactive microorganisms to generate electricity, clean
waste and produce valuable chemicals, thus emerging as promising solutions to some of the key
sustainability challenges faced by our society [1]. Nevertheless, the widespread application and
efficiency of these technologies is still limited, mostly due to unoptimized and low-current
producing electron transfer between microorganisms and electrodes. Consequently, understanding
the fundamental phenomenonathatgovern EET in electroactive microorganisms from the structural
and functional perspective is a paramount step towards the optimization of these processes [2].

The work developed in this Thesis stands as a significant contribution towards our understanding
of the EET pathways of Geobacter bacteria, widely recognized as one of the groups of electroactive
microorganisms with the greatest biotechnological potential [3].

Initially, taking advantage of a state-of-the-art protein structure prediction method, AlphaFold [4],
we provided valuable insights into the porin-cytochrome complexes of G. sulfurreducens. The ability
of AlphaFold to accurately define the heme binding sites of multiheme cytochromes, and the
structural homology observed between the predicted models and proteins with experimentally
determined structures, helped identify new functional hypotheses. The ability of the different
proteins of the putative porin-cytochrome gene clusters to assemble into outer membrane
complexes was also investigated, which in turn clarified their general architecture. Overall, these
computational predictions gave us a clearer understanding of these unsought complexes, and were
used as a guide for optimized protein cloning, resulting in an extensive library of constructs (Table
2.4) that sets the stage for future biochemical studies.

During the final stages of this Thesis, the release of AlphaFold 3 [5] allowed us to test the reliability
of the AlphaFold 2 model predictions and, in particular, of the heme binding sites. Remarkably, the
AlphaFold 3 predictions match those of AlphaFold 2, while avoiding structural violations and clashes
near the heme binding pockets. The release of this version, for which the source code is unfortunately
not available, shows how fast the field of computational biology is evolving and how it is altering the
pace and scope of biological discoveries.

The functional and structural studies on Ext] showed that the protein homodimerizes through the
establishment of anintermolecular disulfide bridge. We hypothesize that this dimerization might be
regulated by mechanisms of disulfide bond formation (oxidation) or cleavage (reduction), which
would allow monomer ExtJ to interact with Extl, and to work as a porin lid, which would indirectly
control the passage of molecules through this outer membrane channel. To confirm this hypothesis,

interaction studies between Ext] and Extl must be performed in the presence and absence of a
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reducing agent, to probe for the effect of the oligomerization state of ExtJ in such assembly. Ideally,
these studies would be complemented with in vivo assays in which the extracellular levels of target
molecules are quantified, to further elucidate the fidelity and potential cellular impact of such
mechanism.

The tridimensional structure of Ext), determined by NMR, shows that the protein is structurally
homologous to flavin-binding proteins, but biomolecular interaction studies demonstrate that the
proteinis unable to bind FMN. Nevertheless, the notorious similarity between the structural features
of flavin-binding proteins and Ext] might be a key towards the elucidation of this protein’s function.

The AlphaFold model of PgcA showed that the protein possesses a fuzzy global arrangement with
three cytochrome domains linked by unstructured stretches. Biophysical studies performed on the
individual domains and the full-length cytochrome showed that PgcA establishes a flexible electron
chain, adopting multiple conformations that promote intra- and intermolecular electron transfer at
variable distances. This mechanism, which might be advantageous during metal reduction, had not
been previously described, which led us to place PgcA within a new class of cytochromes, termed
“microbial heme-tethered redox strings”. In the near future, interaction studies with PgcA and other
putative electron transfer partners, such as the PpcA-family cytochromes and the OmcS nanowire,
will be performed to clarify potential synergetic electron transfer pathways.

Finally, GSUO105 demonstrated unique structural and functional features, that distinguish it from
other triheme cytochromes. Additional experiments should be performed to probe the exact nature
of the putative pH-dependent spin-state interconversion mechanism, and complemented with the
structure determination of the cytochrome in both redox states. This would allow us to identify the
distal ligand of heme I and to map the redox-linked conformational changes that result in the spin-
state interconversion. As a preliminary step, we have prepared six mutated versions of the
cytochrome by replacing the putative heme I axial ligand lysine residues (Lys*, Lys®? and Lys®®) for
either histidine or methionine residues. The primers required for these substitutions were designed
using the QuickChange Primer design program (Agilent Technologies) and are shown on Table 7.6.
Based on the AlphaFold predictions, Lys®? is the most likely candidate, meaning our efforts should
focus initially on the K62H and K62M mutants. One of these versions will hopefully have a low-spin
configurationin both redox states, which might increase the cytochrome’s stability and facilitate the
remaining studies. Moreover, all this information will be complemented by interaction studies with
possible physiological partners of GSU0105.

Globally, this Thesis stands as a testimony of the remarkable versatility of Geobacter bacteria. The
ability to study such a diverse array of proteins, cytochromes and protein complexes within this
single organism highlightsits unique metabolic flexibility and adaptability. Each chapter of this work
delvesinto different components of the bacterium’s EET networks (Figure 6.1), showcasing how each

element is woven into the survival strategy of this singular metal-reducing microorganism.
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Figure 6.1. Updated view of the EET pathways of G. sulfurreducens. The main components of the EET pathways

are represented either by their respective AlphaFold models (all inner membrane quinol dehydrogenases and
outer membrane porin-cytochrome complexes) or by their experimentally determined structures (cryo-EM
structures of the OmcE (PDB: 7TFS [6]), OmcS (PDB: 6EF8[7]), and OmcZ (PDB: TLQS5[8]) cytochrome nanowires,
and solution or X-ray crystallography structures of the PpcA (PDB: 2LDO [9]), PpcB (PDB: 3BXU [10]), PpcC (PDB:
3H33 [11]), PpcD (PDB: 3H4N [11]) and PpcE (PDB: 3H34 [11]) periplasmic cytochromes). The heme groups of the
PpcA-family cytochromes and cytochrome nanowires are represented as gray and red sticks, respectively. The
ImcH cytochromeis represented as a dimer, according to [12]. The pLDDT scores of the AlphaFold models which

were not previously represented in this Thesis can be found in Figure 7.10.

These complementary results are a small but important stepping-stone towards the development
of sustainable MET, whose industrial scale application will require efforts from multiple disciplines,
including material sciences, microbiology, electrochemistry and biochemistry. These technologies

hold the potential to help mitigate the sustainability challenges currently facing mankind.
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7. Appendix

7.1. AlphaFold models with pLDDT score coloring

Throughout this Thesis, AlphaFold was extensively used to predict the structural models of various
individual proteins and complexes [1]. For visual representation purposes, these models were mostly
represented in specific colors, rather than with their corresponding pLDDT color code. The following

figuresinclude this data.

GSU2515
(92.8)

Figure 7.1. AlphaFold models represented in Chapter 1. Each protein is identified along with its average pLDDT
score (in parenthesis). For reference, a pLDDT color scale bar is shown.

Figure 7.2. AlphaFold models of Cyc2 and PioAB. Each protein is identified along with its average pLDDT score

(in parenthesis). For reference, a pLDDT color scale bar is shown.
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O—

OmcB (92.2) OmcC (91.2) PLDDT .5 OmabcB OmabcC
S 0 A

Figure 7.3. AlphaFold models of OmabcB/C porin-cytochrome complexes. Each individual protein or complex
isidentified alongwith itsaverage pLDDT score (in parenthesis). For reference, apLDDT color scale bar is shown.
“CF” and “DB” refer to the ColabFold [2] and AlphaFold protein structure database [1, 3] models predicted for
OmaB/C.

ExtBCD-C (92.2)

ExtBCD-E (92.2)
\9‘ /’\ e

W

ExtD ESMF ExtD DB ExtD CF ExtD CF2
(34.5) (42.6) (57.2) (53.2)

Figure 7.4. AlphaFold models of ExtABCD porin-cytochrome complex. Each individual protein or complex is
identified along with its average pLDDT score (in parenthesis). For reference, a pLDDT color scale bar is shown.
“CF”, “DB” and “ESMF” refer to the ColabFold [2], AlphaFold protein structure database [1, 3] and ESMFold [4]
models predicted for ExtD, respectively. ExtBCD-C and ExtBCD-E refer to ExtBCD porin-cytochrome complex

models in which ExtD is found either in a “contracted” or “extended” configuration, respectively.
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P s P, 'I '
ExtEFG (A) (74.5)  ExtEF (B) (92.5)  ExtE (90.3) ExtEFG (C) (73.2)
Figure 7.5. AlphaFold models of ExtEFG porin-cytochrome complex. Each individual protein or complex is

identified along with its average pLDDT score (in parenthesis). For reference, a pLDDT color scale bar is shown.

The (A-C) identification refers to the panels of Figure 2.18.

L
ExJ (92.1) Extl (96.1) ExtK (95.6) 0 w100

Figure 7.6. AlphaFold models of ExtHIJKL porin-cytochrome complex. Each individual protein or complex is

identified along with its average pLDDT score (in parenthesis). For reference, a pLDDT color scale bar is shown.
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pLDDT

0

Figure 7.7. AlphaFold models of the ExtJ] homodimer, and of the Extl) and ExtJKL complexes. Each individual
protein or complex is identified along with its average pLDDT score (in parenthesis). For reference, a pLDDT

color scale bar is shown.

Monomer ExtJ-FAD Dimer ExtJ-FAD
(81.5) (76.3)

Figure 7.8. AlphaFold 3 models of monomer and homodimer ExtJ with FAD. Each individual protein, complex or
ligand is identified along with its average pLDDT score (in parenthesis). For reference, a pLDDT color scale bar is

shown.

.
A\

—

i

V4

GSU0105 oLDDT GSU0105

AF2 (70.3) 0 e 100 AF3 (76.9)

Figure 7.9. AlphaFold 2 and 3 models of GSUO105. Each individual protein or ligand is identified along with its

average pLDDT score (in parenthesis). For reference, a pLDDT color scale bar is shown.
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CbcVWX (88.1)

CbcSTU (89.4)
S )

CbcMNOPQR
(87.5)

Figure 7.10. AlphaFold models of different quinol hydrogenases of G. sulfurreducens. Each individual protein or
complexisidentified along with its average pLDDT score (in parenthesis). For reference, a pLDDT color scale bar

is shown. The average pLDDT scores of the remaining quinol hydrogenases are shown in Figure 7.1.
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7.2. Supplementary tables

Table 7.1. Assignment of the H, 2C and N resonances of ExtJ. The spectra used for the protein assignment were
acquired at 25°Cin aBruker Avance Neo 500 MHz spectrometer equipped with a5 mM triple resonance Prodigy
cryoprobe (TCI), with a1 mM protein sample in 32 mM sodium phosphate buffer pH 6 (100 mM of final ionic
strength) with1mM DTT.

Residue Atom S (ppm) Residue Atom 8 (ppm)
Al C 178.15 F4 Hgp2/3 3.27
Ca 52.54 Hs12 7.15
Cp 19.28 Hei 6.71
H 8.42 H¢ 6.65
H« 4.29 N 118.92
Hp 1.33 S5 C 173.73
N 126.23 Cq 56.62
G2 C 173.14 Cp 65.83
Cq« 45.45 H 8.81
H 8.92 Ha 5.53
He 3.76 Hp2 3.75
Has 4.20 Hps 3.83
N 109.96 N 114.61
S3 C 173.30 G6 C 171.11
Cq« 57.87 Cq 45.20
Cp 66.60 H 8.51
H 8.29 Hw 3.61
Hu 5.94 Has 4.65
Hg2 3.76 N 108.08
Hgps 3.93 K7 C 176.27
N 113.03 Ca 54.11
F4 C 171.95 Cs 35.36
Cq« 56.65 Cy 24.38
Cs 41.04 Cs 29.25
Cs12 133.05 Ce 41.92
Cap 129.36 H 8.37
Ct 129.31 Ha 5.04
H 9.52 Hgp2/3 1.67
Ha 5.17 Hyz/3 1.30
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
K7 Hsz/3 1.67 K10 H 7.52
Hez 2.63 Ha 4.43
Hes 2.98 Hp2 1.72
N 120.62 Hps 1.83
V8 C 177.05 Hy23 1.32
Ca 63.80 Hs2/3 1.64
Cp 31.47 Hez/s 2.96
Cu 22.35 N 121.03
Cy2 22.67 Vil C 174.48
H 9.15 Cq 62.99
Hq 4.16 Cp 33.92
Hg 2.15 Cu 20.94
Hy 0.68 Cy 21.25
Hy2 0.77 H 8.59
N 125.21 Ha 4.38
V9 C 176.05 Hp 1.89
Cq« 61.45 Hy 0.79
Cs 33.33 Hy2 0.83
Cn 19.07 N 125.82
Cy2 21.87 D12 C 175.81
H 8.94 Ca 52.24
Hq« 4.65 Cs 42.00
Hp 2.25 H 8.98
Hy 0.80 Ha 4.86
Hy2 0.96 Hp2 2.31
N 123.08 Hps 2.74
K10 C 173.34 N 128.34
Cq« 57.08 G13 C 173.93
Cs 36.14 Cq 47.38
Cy 25.00 H 8.96
Cs 29.33 He 3.54
Ce 41.94 Hus 3.97

311



Structural and functional insights on the electrifying pathways of Geobacter sulfurreducens

Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
G13 N 115.56 V16 H 9.70
E14 C 175.41 Ha 4.65

Ca 57.39 Hgp 2.15
Cp 30.48 Hy 1.61
Cy 37.37 Hy2 0.90
H 8.92 N 127.87
Ha 4.02 T17 C 173.89
Hp2 2.05 Cq 62.71
Hgs 2.51 Cp 69.26
Hy2 2.23 Cy 21.25
Hys 231 H 9.31
N 125.69 Ha 5.12
K15 C 176.05 Hg 3.98
Ca 55.83 Hy2 1.01
Cp 33.50 N 124.66
Cy 25.77 V18 C 173.63
Cs 29.37 Cq 59.66
Ce 41.07 Cs 34.66
H 7.91 Cu 21.57
H« 5.16 Cy 20.47
Hp2 1.48 H 9.54
Hgps 2.00 Ha 4.92
Hy2s3 1.10 Hg 1.83
Hs23 2.04 Hy 0.89
He2 2.27 Hy2 0.70
Hes 2.76 N 127.73
N 117.71 K19 C 175.57
V16 C 174.71 Ca 54.89
Cq« 61.13 Cs 35.52
Cs 35.53 Cy 24.82
Cu 19.20 Cs 29.52
Cy2 21.78 Ce 41.88
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
K19 H 9.29 K22 H 7.55
Ha 5.14 Ha 4.18
Hp2 1.61 Hp2/3 1.64
Hps 1.83 Hyz/3 1.19
Hy2s3 1.32 Hsz/3 1.63
Hs2s3 1.63 He2 2.94
He> 2.95 Hes 2.97
Hes 2.99 N 115.77
N 127.25 V23 C 174.29
A20 C 175.63 Cq 59.44
Cq« 50.41 Cp 32.24
Cp 23.19 Cu 21.21
H 9.28 Cy2 21.66
H« 4.97 H 8.48
Hp 1.36 Ha 3.31
N 133.00 Hg 1.65
E21 C 176.91 Hy 0.46
Cq« 58.80 Hy2 0.57
Cp 29.90 N 126.16
Cy 36.41 P24 C 177.24
H 8.81 Ca 617.78
Hq 4.13 Cs 32.88
Hgp2/3 2.08 Cy 27.31
Hy2 2.29 Cs 49.67
Hys 2.35 Ha 4.21
N 119.87 Hg2 0.66
K22 C 174.43 Hgs 2.02
Cq« 55.37 Hy2 0.39
Cs 34.11 Hys 1.36
Cy 24.39 Hs2 1.67
Cs 28.92 Hs3s 2.67
Ce 42.03 A25 C 177.91
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
A25 Ca 54.43 A27 N 127.46
Cs 18.41 K28 C 174.83
H 8.49 Ca 53.33
Ha 3.88 Cp 35.76
Hp 1.40 Cy 23.59
N 120.63 Cs 29.36
W26 C 176.90 Ce 42.03
Ca 54.89 H 6.78
Cp 28.41 Ha 4.48
Ca1 128.72 Hg2 1.31
Ces 120.30 Hps 1.71
Ca 113.52 Hy23 1.29
Co 120.50 Hsz/3 1.69
Cn2 125.12 Hez/s 2.99
H 6.55 N 119.67
H« 4.42 K29 C 177.17
Hg2 3.12 Cq 58.95
Hgps 3.58 Cp 32.26
He1 7.36 Cy 24.52
Hea 10.63 Cs 29.63
Hes 7.31 Ce 41.87
Hz 7.26 H 8.57
Hz 6.78 Ha 3.53
Hn2 7.16 Hp2/3 1.67
N 109.21 Hy23 1.36
Ner 131.43 Hs2/3 1.74
A27 C 172.58 Heo/s 3.05
Ca 51.06 N 120.44
Cs 15.52 G30 C 174.06
H 6.96 Ca 44.58
Ha 4.03 H 9.20
Hp 0.51 Hw 3.50
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
G30 Hos 4.36 Q34 Cp 30.44
N 115.60 Cy 34.39
A3l C 117.08 H 8.80
Cq« 52.69 Ha 513
Cs 19.42 Hg2 1.83
H 8.20 Hps 2.05
Ha 4.42 Hy23 2.23
Hp l.61 Hex 6.82
N 122.88 He22 7.36
H32 C 174.75 N 116.59
Ca 55.22 Ne2 111.33
Cp 29.51 A35 C 176.86
Ca 135.67 Cq 52.66
H 8.79 Cp 23.02
H« 5.15 H 8.14
Hg2 2.98 Ha 4.77
Hgps 3.06 Hp 1.40
Ha 8.37 N 124.66
N 120.15 S36 C 175.33
V33 C 172.71 Cq 58.79
Cq« 58.80 Cp 63.49
Cs 34.43 H 9.59
(O] 22.81 Ha 4.06
Cy 18.72 Hg2 3.61
H 8.34 Hgs 4.24
Hq 5.14 N 118.57
Hp 2.40 G37 C 174.48
Hy 1.03 Ca 45.67
Hy2 0.51 H 8.84
N 115.77 Hw 3.78
Q34 C 175.92 Has 4.19
Cq« 54.74 N 106.34
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
G38 C 176.15 T41 Hg 3.62
Ca 43.65 Hy2 0.82
H 8.36 N 109.34
Hoo/s 3.89 142 C 176.23
N 109.10 Ca 62.54
M39 C 173.19 Csp 36.22
Cq« 52.45 Cu 27.66
Cp 33.18 Cy2 17.84
Cy 32.13 Ca1 13.44
H 8.61 H 8.77
Hq 5.94 Ha 4.29
Hg2 1.80 Hp 2.09
Hgs 2.15 Hyi2/13 0.70
Hy2s3 2.44 Hy2 0.55
N 120.36 Hs1 0.76
P40 C 174.43 N 124.45
Cq« 62.64 V43 C 175.57
Cs 33.15 Cq 62.40
Cy 26.48 Cs 32.86
Cs 49.25 (O 21.99
Ha 4.52 Cy2 20.62
Hp2 0.44 H 9.24
Hgs 1.02 Ha 4.32
Hy2 0.99 Hg 2.09
Hys 1.35 Hy 0.89
Hs/3 2.99 Hy2 0.84
T41 C 175.14 N 126.57
Cq« 60.05 E44 C 173.19
Cs 71.18 Cq 56.07
Cy2 21.09 Cs 33.17
H 7.16 Cy 36.08
Hq 4.94 H 7.44
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
E44 H« 4.47 G47 C 173.61
Hp2 1.98 Ca 47.86
Hps 2.05 H 8.99
Hy2s3 2.07 Ha2 3.55
N 117.35 Hus 3.94
V45 C 174.89 N 116.93
Cq« 62.08 D48 C 173.93
Cp 34.27 Cq 53.17
(O] 21.06 Cp 40.04
Cy2 21.09 H 8.30
H 8.72 Ha 4.52
Hu 4.61 Hp2 2.66
Hg 1.89 Hps 3.30
Hyu 0.82 N 126.71
Hy2 0.84 E49 C 175.22
N 123.70 Cq 54.90
K46 C 176.31 Cs 32.24
Cq« 54.78 Cy 37.03
Cs 33.49 H 7.83
Cy 24.51 Ha 5.27
Cs 29.08 Hg2 1.63
Ce 41.91 Hgs 2.05
H 9.07 Hy23 2.43
H« 4.59 N 117.34
Hpas3 1.77 V50 C 173.78
Hy2 1.33 Cq 60.20
Hys 1.67 Cp 34.82
Hs2 1.25 Cyn 20.94
Hss 1.44 Cy2 21.72
Hez 1.64 H 9.06
Hes 3.02 Ha 4.61
N 129.37 Hg 1.96
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
V50 Hyi2 0.90 K53 Hg2 1.41
N 120.89 Hgs 1.84
V51 C 175.37 Hyz 1.24
Ca 61.61 Hys 1.35
Cp 32.63 Hs2 1.86
Cu 20.31 Hss 2.08
Cy2 20.79 Hez/s 2.96
H 8.85 N 122.81
Hu 4.40 F54 C 176.61
Hp 1.93 Cq 57.71
Hyu 0.93 Cp 43.55
Hy2 0.77 Cs12 131.90
N 126.23 H 8.96
L52 C 175.10 Ha 4.61
Cq« 53.20 Hg2 2.77
Cp 45.52 Hps 3.34
Cy 26.95 Hsi2 7.27
Cs12 25.65 Hea 7.18
H 9.66 He> 7.09
Hp2 0.92 Hz 7.14
Hgs 1.93 N 128.17
Hy 1.57 G55 C 174.83
Hs12 0.53 Cq 45.36
N 128.76 H 8.69
K53 C 175.76 Hw 4.04
Cq« 55.36 Hus 4.20
Cs 34.44 N 106.54
Cy 24 .45 K56 C 178.28
Cs 29.38 Cq 60.29
Ce 41.91 Cs 32.71
H 9.23 Cy 25.15
Hq 5.01 Cs 29.40
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Table 7.1. Continued.

Residue Atom 6 (ppm)
K56 Ce 42.03
H 8.78
Ha 3.81
Hp2/3 1.84
Hy2 146
Hys 1.84
Hs2/3 1.69
He2 2.27
Hes 2.92
N 122.81
AS57 C 179.91
Cu 54.71
Cs 17.96
H 8.57
Ha 4.15
Hp 1.43
N 120.28
K58 178.734
Cq 57.39
Cs 32.08
Cy 25.01
Cs 28.07
Ce 42.06
H 7.74
Ha 4.12
Hg2/3 1.99
Hy23 1.50
Hsz/3 1.76
He2 2.61
Hes 2.90
N 117.62
A59 C 178.37

Residue Atom 6 (ppm)
A59 Ca 178.37
Cp 54.31
H 18.45
Ha 3.58
Hg 1.31
N 121.24
A60 178.54
Cq 53.80
Cp 18.48
H 7.27
H« 4.06
Hp 1.41
N 115.36
Kél 176.31
Ca 55.21
Cp 32.86
Cy 24.82
Cs 29.37
Ce 42.03
H 7.35
Ha 4.29
Hp2 1.83
Hgps 2.03
Hy2 0.83
Hys 1.51
Hsz3 1.68
Hez/3 2.96
N 114.61
162 C 174.51
Ca 61.46
Cp 37.39
Cu 27.27
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
162 Cy2 18.28 Té64 Hg 4.11
Cs1 12.67 Hy2 116
H 7.37 N 117.61
Ha 3.82 D65 C 175.11
Hp 1.69 Ca 57.08
Hy 0.00 Cp 39.73
Hyis 0.80 H 9.04
Hy2 0.61 Ha 4.32
Hs1 0.00 Hp2/3 2.98
N 123.08 N 117.96
Ké63 C 177.99 S66 C 172.96
Cq« 54.15 Cq 58.02
Cs 34.11 Cp 64.90
Cy 24.52 H 7.49
Cs 29.07 Ha 4.55
Ce 41.85 Hp2/3 4.04
H 8.22 N 113.04
Hq« 4.61 S67 C 174.08
Hp2/3 1.80 Ca 58.04
Hy2 1.24 Cp 64.50
Hys 1.63 H 8.66
Hs2 1.23 Ha 5.20
Hs3 1.40 Hp2/3 3.78
Hez 2.66 N 115.77
Hes 2.95 Mé68 C 174.13
N 125.41 Cq 55.05
Té64 C 174.48 Cp 37.35
Cq« 64.26 Cy 30.78
Cs 68.39 Ce 16.68
Cy 22.47 H 8.93
H 8.60 Ha 4.71
Hq 3.67 Hg2 1.69
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
Mé68 Hps 1.86 §71 Ha 5.47
Hy2 212 Hp2 3.68
Hys 2.43 Hps 3.84
He 1.89 N 120.62
N 124.66 E72 C 176.51
T69 C 173.26 Ca 56.92
Cq« 62.56 Cp 30.04
Cp 69.89 Cy 35.15
Cy2 21.55 H 7.65
H 8.40 Ha 3.57
Hq« 4.69 Hgp2/3 1.21
Hg 3.92 Hy2 1.23
Hy2 1.10 Hys 1.51
N 122.20 N 124.65
170 C 174.59 S73 C 174.12
Cq« 60.52 Cq 57.54
Cp 38.67 Cp 64.10
Cu 28.44 H 8.88
Cy2 19.28 Ha 4.38
Ca1 14.98 Hp2 3.68
H 9.17 Hgs 3.71
Hq« 4.62 N 118.50
Hp 0.62 A74 C 178.07
Hy 1.09 Cq 52.55
Hyis 0.62 Cs 19.50
Hy2 0.79 H 8.44
Ha: 043 Ho 4.29
N 130.61 Hg 1.32
S71 C 172.64 N 127.25
Cq« 57.08 G75 C 173.93
Cp 65.83 Ca 45.37
H 9.22 H 8.35
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Table 7.1. Continued.

Residue Atom 6 (ppm) Residue Atom 6 (ppm)
G75 Hoo/s 3.88 Q79 H 8.24
N 107.84 Ha 431
D76 C 176.25 Hp2 1.98
Ca 54.42 Hgs 211
Cp 41.38 Hy2/3 2.34
H 8.20 Hexn 6.84
Hu 4.55 He2 7.54
Hp2s3 2.63 N 120.66
N 120.35 Ne2 112.42
A77 C 177.76 G80 C 173.27
Ca 52.71 Cq 45.36
Cs 19.10 H 8.38
H 8.18 Heoss 3.97
H« 4.26 N 110.16
Hp 1.34 C81 C 178.77
N 123.91 Ca 59.42
L78 C 177.40 Cs 29.11
Ca 55.20 H 7.86
Cs 42.13 Ha 4.39
Cy 26.87 Hp2/3 2.92
Cs1 24.68 N 122.74
Cs2 23.28
H 8.16
Hg2 1.53
Hgs 1.63
Hy 1.55
Hs1/2 0.85
N 120.49
Q79 C 176.16
Cq« 55.98
Cp 29.54
Cy 33.84
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Table 7.2. SAXS data collection. The data is shown for all four Ext) samples. “HS” and “LS” stand for high (32 mM
sodium phosphate buffer pH 6 (100 mM of final ionic strength)) and low (8 mM sodium phosphate buffer pH 6
(25 mM of final ionic strength)) salt concentrations, respectively. The protein concentration values presented

refer to those of the samples selected for data analysis.

Sample ExtJWT Ext)WT +DTT Ext) C81* (HS) ExtJ C81* (LS)
[Protein] (mg/mL) 7.649 14.863 14.606 7.000
Instrument ESRF BM29 ESRF BM29 ESRF BM29 ESRF BM29
Wavelength (A) 0.9919 0.9919 0.9919 0.9919
g-range (AY) 0.01-0.50 0.01-0.50 0.01-0.50 0.01-0.50
Detector Pilatus3 2M Pilatus3 2M Pilatus3 2M Pilatus3 2M
Detector distance (m) 2.827 2.827 2.827 2.827
Beam size (um?) 700x700 700x700 700x700 700x700
Exposure time (s) 10x1 10x1 10x1 10x1
Temperature (K) 293 293 293 293

Table 7.3. Assignment of the NMR signals of the heme substituents and heme axial ligands of the cytochrome
domains of PgcA in the reduced state. The spectra used for this assignment were acquired at 25 °C with samples
prepared in 32 mM sodium phosphate buffer with NaCl (100 mM final ionic strength) at pH 7. The heme

substituents are labeled according to the IUPAC-IUB nomenclature for tetrapyrroles [5].

'H& (ppm)
Heme substituents
Domainl Domain 2 Domain 3

2!CHs 3.56 3.60 3.67
3H 5.86 5.81 5.88
32CHs 1.95 1.97 2.06
5H 9.88 9.80 9.91
7'CH3 3.96 4.07 3.85
8H 6.33 6.39 6.28
82CH;3 241 2.46 2.31
10H 9.35 9.37 9.31
12!CHs 3.47 3.46 3.45
15H 9.42 9.40 9.68
18!CH;3 3.23 3.28 3.10
20H 9.09 9.21 9.21
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Table 7.3. Continued.

'H& (ppm)
Heme axial ligands
Domain 1 (Met3) Domain 2 (Met3%) Domain 3
Hq« 2.41 241 -
Hg -0.23 -0.24 -
Hp -0.44 -0.41 -
Hy -2.76 -2.67 -
Hy -3.12 -3.26 -
€CHs -3.52 -3.32 -

Table 7.4. Assignment of the NMR signals of the heme substituents and heme axial ligands of the cytochrome
domains of PgcA in the oxidized state. The spectra used for this assignment were acquired at 25 °C with samples
prepared in 32 mM sodium phosphate buffer with NaCl (100 mM final ionic strength) at pH 7. The heme

substituents are labeled according to the IUPAC-IUB nomenclature for tetrapyrroles [5].

Domain1 Domain 2 Domain 3
Heme substituents
BC§ IH§ BC§ IH§ BC§ IH§
2ICHs -10.46 5.00 -21.36 9.09 -32.66 13.19
7'CHs -60.18 35.18 -48.59 27.45 -26.26 16.04
12'CHs -31.47 14.48 -43.72 20.83 -41.55 17.78
2.05 3.04 -2.79
13!CH: -17.50 -7.28 7.57
11.27 4.27 0.05
-1.96 -0.74 0.45
132CH: 91.21 74.59 50.77
1.27 -0.36 1.12
3.42 3.29
17'CH: -19.73 14.10 -16.14 -2.68
16.08 5.29
0.14 -0.67 1.13
17?CH; 109.80 98.11 74.37
4.61 2.77 1.55
18'CH;3 -52.95 33.44 -62.65 35.83 -57.32 26.49
Domain1 Domain 2 Domain 3
Heme axial ligands
BCH IH& BCH IH& BCH IH&
CH« 74.50 9.48 - - - -
His*"* CHp: 8.78 - -
19.23 - -
CHgs 18.66 - -
Met30 eCHs 9.80 -17.93 - - - -
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Table 7.4. Continued.

Domain1 Domain 2 Domain 3
Heme axial ligands
BCH IH& BCH IH& BCH IH&
CH« - - 93.19 10.52 - -
His3¢5 CHg: - 9.24 -
- 16.26 -
CHegs - 21.03 -
Met32 eCHs - - - -13.72 - -
CH« - - - - 90.58 10.11
Hig*#59/41 CHg: - - 9.54
_ . 20.40
CHegs - - 15.58
CH« - - - - 82.08 8.80
His*59/41 CHp: - - 7.02
- - 22.94
CHegs - - 12.92

Table 7.5. Redox-active windows and apparent midpoint reduction potential values of cytochromes from G.
sulfurreducens. The redox-active windows of each cytochrome were determined from potentiometric redox
curves considering 1-99% range for protein reduction/oxidation. Eqpp stands for “apparent midpoint reduction
potential”, whichis equal to the point at which the oxidized and reduced fractions are equal. The values used for

OmcSin Figure 4.16 are those of the monomer form.

Protein Redox-active window (mV) Eapp (MV)
CbcL[6] 330 -194
ImcH [7] 350 -197
PpcA [8] 285 -117
PpcB [8] 270 -137
PpcC[9] 265 -143
PpcD[10] 275 -132
PpcE [10] 280 -134
PgcAD1 230 -48
PgcA D2 235 -65
PgcAD3 240 -106
OmcS (monomer) [11] 320 -212
OmcS (nanowire) [12] 360 -130
OmcZ [13] 405 -220
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Table 7.6. Sequences of the primers used to produce the GSUO105 putative lysine axial ligand mutants. The

substitution sites are underlined. The primers forward (fw) and reverse (rv) were purchased from Invitrogen.

Primer

DNA sequence (5" - 3’)

GSUO0105_K33H_fw
GSUO0105_K33H_rv
GSUO0105_K33M_fw
GSUO0105_K33M_rv
GSU0105_K62H_fw
GSUO0105_K62H_rv
GSUO0105_K62M_fw
GSUO0105_K62M_rv
GSUO0105_K66H_fw
GSUO0105_K66H_rv
GSUO0105_K66M_fw
GSUO0105_K66M_rv

ATGCAACGTCTGTCACAGTCATAACCCGGCCATGGTAAAA
TTTTACCATGGCCGGGTTATGACTGTGACAGACGTTGCAT
TCGAATGCAACGTCTGTCACAGTATGAACCCGGCCATGG
CCATGGCCGGGTTCATACTGTGACAGACGTTGCATTCGA
CGGCGAACGCCTCATGGGACATGGGCAGCCTA
TAGGCTGCCCATGTCCCATGAGGCGTTCGCCG
CGAACGCCTCATGGGAATGGGGCAGCC
GGCTGCCCCATTCCCATGAGGCGTTCG
GGAAAGGGGCAGCCTCATGACAAGGCGTCGCTG
CAGCGACGCCTTGTCATGAGGCTGCCCCTTTCC
GAAAGGGGCAGCCTATGGACAAGGCGTCG
CGACGCCTTGTCCATAGGCTGCCCCTTTC
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7.3. MD simulations - Additional plots

The 250 ns MD simulation of the AlphaFold model of the Ext) homodimer showed stable physical

parameters across the entire calculation (Figure 7.11), thus ensuring its reliability.
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Figure 7.11. Physical parameter plots for the MD simulation of the Ext) homodimer. The variation of the total and
potential energies, pressure, and temperature of the system over the 250 ns MD simulation is shown. The data
was analyzed with GROMACS 2020 [14, 15].
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7.4.PyMol script for insertion of c-type hemes in AlphaFold models

The AlphaFold models of all cytochromes presented in this Thesis were enriched with c-type hemes
using local alignments and libraries of this cofactor in PyMol [16]. These libraries consist of repeated
versions of a PDB file containing the c-type heme group of the crystal structure of the OmcF
monoheme cytochrome (PDB: 3CU4 [17]), together with the corresponding cysteine residues for the
covalent binding of the heme vinyl groups, the proximal axial histidine for Fe coordination and the
two remaining residues of the CXXCH heme-binding motif (Cys3-Ala3¢-Gly*’-Cys8-His*?). This file is
repeated as many times as the number of heme binding motifs of each target protein model.

The PyMol script conceived for this purpose is shown below, using a pentaheme cytochrome with
the hypothetical heme binding motifs C?>-X-X-C?8-H?°, C>7-X-X-C¢0-H¢!, C8%-X-X-C®2-H%3, C'?>-X-X-C!%8-
H™? and CY70-X-X-C73-HY*;

load model.pdb
load hemel.pdb
load heme2.pdb
load heme3.pdb
load heme4.pdb
load heme5.pdb
#loads the AlphaFold model and the corresponding number of c-type heme groups

sele regionl, model and resi 25+28+29
align hemel, regionl

seleregion2, model and resi 57+60+61
align heme2, region2

sele region3, model and resi 89+92+93
align heme3, region3

sele region4, model and resi 125+128+129
align heme4, region4

sele region5, model and resi 170+173+174
align hemes, regionS

#aligns the c-type heme groups with the corresponding residues of the CXXCH motifs

remove (resi 35-39 & hemel)
remove (resi 35-39 & heme2)
remouve (resi 35-39 & heme3)
remove (resi 35-39 & heme4)
remove (resi 35-39 & heme$)

#removes the residues of the CXXCH motif of the reference OmcF PDBfiles
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cd C:\Users\folder
save model_hemes.pdb, all

#allows the user to save the enriched AlphaFold model in the desired folder

As shown, this script requires a pre-analysis of the protein sequence and AlphaFold model, so that
the cysteine and histidine residues of the canonical and non-canonical heme binding motifs can be
identified and indicated in the script. Upon alignment, the residues of the CXXCH motif of the OmcF
cytochrome are removed and the PDB file of the target AlphaFold model enriched with c-type hemes
is saved on a desired folder.

Ideally, following this step, side-chain packing optimization and all-atom energy minimization
protocols should have been employed for model refinement, however, considering the nature of our

analysis, the models obtained after application of the PyMol script were of sufficient quality.
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