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Abstract

Abstract

Decades of uranium-related activities such as ore mining, nuclear power generation, weapon manufacture, storage of
nuclear wastes, have contributed to the release of U in the environment. U occurrence is concerning, since in surface
environments, U is typically found in the U(VI) oxidation state, as uranyl, complexed with various ligands, and is highly
soluble. Therefore, this toxic metal is likely to leech into soils and contaminate surface waters and groundwaters. In
addition, owing to the long half-lives of the predominant isotopes 238U and 23°U, U is considered as a persistent contam-
inant over geological timescales. For several decades, efforts have focused on the development of in situ remediation

solutions to tackle U pollution in the subsurface, and limit its mobility.

With this aim, interest in the metabolic potential for U(VI)-respiration by dissimilatory metal-reducing bacteria (DMRB),
such as Shewanella oneidensis MR-1, has seen a significant increase. This metabolically-versatile bacterium has been
reported to reduce mobile U(VI) to typically insoluble crystalline and amorphous U(IV). The reduction of U(VI) in S.
oneidensis MR-1 is coupled to the oxidation of an electron donor, which feeds electrons into an electron transport chain,

extending from the cytoplasm to the outer-membrane of the cells.

The microbially mediated reduction of U(VI) to U(IV) is the result of a two-step process. It is assumed that one electron
is first transferred to U(VI) to form a pentavalent U(V) intermediate, followed by the abiotic disproportionation of two
U(V) atoms into U(IV) and U(VI). However, evidence for this mechanism is limited to experimental systems rich in car-
bonate, which permits the rapid disproportionation of U(V). Thus, it remains unclear whether a second, biologically-
mediated, electron transfer to U(V) is possible under conditions in which disproportionation is limited. To explore this,
a novel U(V)-dpaea complex, that is stable in water at pH 7, was utilized to investigate the second step of the reduction
mechanism. Here, we observed that U(V) can be biologically reduced by an additional one-electron transfer, resulting

in the accumulation of U(IV) without the need for disproportionation.

To improve our understanding of the molecular mechanism of U-dpaea reduction, we incubated mutant strains of S.
oneidensis MR-1, lacking (i) only outer-membrane c-type cytochromes or (ii) all c-type cytochromes, with solid phase
U(VI)-dpaea and aqueous U(V)-dpaea. We determined that U(VI)-dpaea reduction proceeds via the initial dissolution of
the solid phase and that U(V)-dpaea reduction is mediated by outer-membrane c-type cytochromes. In particular, in
vitro reactions between the purified outer-membrane c-type cytochrome MtrC and U(V)-dpaea demonstrated that MtrC

can directly transfer electrons to U(V)-dpaea.

Finally, we sought to determine the factors that influence electron transfer kinetics between DMRB and U. To this end,
we reacted U(VI) coordinated by various aminocarboxylate ligands with purified MtrC. Here, U speciation significantly
impacted reduction rates and appeared to be related to the binding strength of the U-MtrC interaction, i.e., hydrogen

bonding versus electrostatic.
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All together, these findings provide further insights in the reduction mechanism of U by DMRB, and underline the im-

portance of U speciation in controlling the pathway and rate of electron transfer.

Keywords

Pentavalent U(V), electron transfer, uranium reduction, disproportionation, Shewanella oneidensis MR-1, c-type cyto-

chromes, MtrC, Ms-edge HR XANES, bioremediation.

xiii



Résumé

Résumeé

Au cours du siecle passé, les activités industrielles liées a I'Uranium telles que I’extraction miniére, la mise au point
d’armes atomiques, la production d’énergie nucléaire, ainsi que le stockage des déchets radioactifs, ont contribué a la
contamination de I’environnement. La présence d’U dans les environnements surfaciques est préoccupante puisqu’il
s’y trouve principalement sous la forme d’uranyle(VI), complexé a une variété de ligands, remarquablement soluble
dans I’eau. Par conséquent, ce métal toxique peut aisément s’infiltrer dans les sols et contaminer les eaux de surface et
les eaux souterraines. Par ailleurs, les deux isotopes naturels de I'uranium 23U et 235U, en raison de leurs longues demi-
vies, font de cet élément un contaminant persistant a I’échelle des temps géologiques. Ainsi, au cours des derniéeres
décennies, de nombreux travaux scientifiques ont porté sur I’étude et le développement de méthodes de remédiation

in situ, afin de pallier la contamination du sous-sol en U, et également de limiter sa mobilité.

Dans ce cadre, un grand intérét s’est porté sur le potentiel métabolique pour la respiration d’U(VI) des bactéries réduc-
trices de métaux (DMRB), comme par exemple Shewanella oneidensis MR-1. Ce microorganisme au métabolisme ver-
satile, peut réduire I’'U(VI) mobile en une phase généralement insoluble d’U(IV), cristalline ou amorphe. La réduction de
I'U(VI) par S. oneidensis MR-1 est couplée a I'oxydation d’un donneur d’électron. Les électrons ainsi générés circulent

du cytoplasme a la membrane externe, via une chaine de transport d’électrons constituées de cytochromes de type c.

Le transfert de deux électrons de la bactérie a I’'U(VI) se produit en deux étapes. Il est supposé qu’un premier électron
soit transféré a I’'U(VI) pour former I'intermédiaire pentavalent, U(V), puis que deux atomes d’U(V) dismutent abioti-
qguement en U(VI) et U(IV). Cependant, ce mécanisme a été décrit expérimentalement dans des milieux riches en car-
bonates qui favorisent la dismutation spontanée de I'U(V). Ainsi, un second transfert d’électron biologique a I’'U(V) serait
envisageable dans des conditions limitant la dismutation. Afin de vérifier cette possibilité, un complexe d’uranyle(V)
récemment synthétisé, 'U(V)-dpaea, stable dans I'eau a pH 7, a été utilisé pour explorer la deuxieme étape du méca-
nisme de réduction. Nous avons ainsi établi que dans des conditions adéquates, I'U(V)-dpaea peut étre biologiquement

réduit par le transfert d’un électron supplémentaire, et qu’il ne dismute pas.

Afin de mieux appréhender le mécanisme de réduction de I’'U-dpaea, nous avons incubé des souches mutantes de S.
oneidensis MR-1, destituées (i) seulement des cytochromes de type c situés sur la membrane externe, ou (ii) de tous les
cytochromes de type ¢, avec de I'U(VI)-dpaea solide et de I'U(V)-dpaea. Nous avons déterminé que la réduction de
I’'U(VI)-dpaea se produit via dissolution du solide, et que I’'U(V)-dpaea est réduit par les cytochromes de type c de la
membrane externe. Notamment, in vitro, la réaction du cytochrome de type ¢ MtrC de la membrane externe avec de

I’'U(V)-dpaea, a prouvé que MtrC peut directement transférer des électrons a I'U(V)-dpaea.

Enfin, nous avons cherché a déterminer quels facteurs influencent la cinétique de transfert d’électrons entre I'U et les

DMRB. Nous avons donc fait réagir différents complexes d’U aminocarboxylate en présence de MtrC. Nous avons
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notamment observé que la nature du complexe d’U impacte la cinétique de réaction, et que le type d’interaction entre

le complexe d’U et MtrC, de nature électrostatique ou via des liaisons hydrogenes, pourrait en étre I'origine.

Pris ensemble, ces résultats apportent un nouvel apergu du mécanisme de réduction de I’U par les DMRB. lIs soulignent
que le mécanisme et la cinétique de transfert d’électron sont particulierement sensibles a la nature des complexes d’U

considérés.

Mots-clés
Uranium(V) pentavalent, transfert d’électrons, dismutation, Shewanella oneidensis MR-1, cytochromes ¢, MtRC, Mas-

edge HR XANES, biorémediation.
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Chapter 1: Introduction

Chapter 1 Introduction

1.1 Uranium: history, chemical and physical properties, and environmental
behavior

1.1.1  Uranium history

The German chemist Martin Klaproth discovered uranium (U) while analyzing pitchblende, a U oxide mineral, from the
Joachimsthal silver mine, in Czech Republic in 1789. At that time, the phenomenon of radioactivity had not yet been
brought to light. U was therefore used routinely as a coloring agent to give a yellow-green color to glass and orange, red
or black tones to the glazes of ceramics. About a century later, in 1896, Henri Becquerel carried an experiment to inves-
tigate whether the radiations emitted from U were resulting from sunlight exposure (Figure 1.1.A.). He placed a white
photographic plate with a U ore in a cupboard, away from any source of light. After developing the photographic plate,

displaying fogged areas, he realized that the activity of U was independent from sunlight (Figure 1.1.B.).

' - : T O Il Yk Jns T A A
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(A) http://scihi.org/henri-becquerel-and-radioactivity/
(B) https://timeline.web.cern.ch/becquerel-discovers-radioactivity
(C) https://www.franceculture.fr/emissions/Isd-la-serie-documentaire/quatre-femmes-de-science-44-marie-curie-le-radium-lestomac

Figure 1:1. Discovery of radioactivity. A. Henri Becquerel in his laboratory; B. The photographic plate revealing the radiation of the U ore; C. Marie
Curie in her laboratory.

This result was confirmed by Marie Curie, Henri Becquerel’s doctoral student (Figure 1.1.C.), who worked on the char-
acterization of the rays emitted by U. Only then was U recognized as a radioactive material. Following this discovery,
Marie Curie investigated the radiation emitted by pitchblende. She found that the rays emitted by pitchblende were

more intense than those of uranium. She hypothesized that other radioactive elements were contributing to the strong
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emission of pitchblende. Helped by her husband Pierre Curie and the chemist Gustave Bémont, she processed tons of
uranium ore in order to isolate two new radioactive elements, named polonium and radium. Radium was thought to be
beneficial for health and, as a result, a highly sought-after commodity at the beginning of the twentieth century. To
meet the economic demand for radium, an intense uranium mining activity started in the early 1900s. Only after Hahn
and Strassman discovered nuclear fission in 1938 did U chemistry and physics become leading research topics. All linked

activities contributed to anthropogenic release of U in the environment.

1.1.2 Physicochemical properties of the metal U

U is a radioactive and toxic metal belonging to the f-element series in the Mendeleyev periodic table, more precisely to
the actinide elements. U occurs naturally in the terrestrial crust, with an average content of 4 mg/kg of crust?, in the
form of a variety of minerals in association with a wide-range of other elements (reactive non-metals, alkali metals,
transition metals, metalloids, lanthanides, and other actinides). Among these minerals, uraninite (UO2) is the most wide-
spread along with pitchblende (mixed U oxides). The natural isotopes of U are 233U (99.28% abundance) and fissionable
235U (0.71%) as well as 22*U (0.0054%) with respective half-lives of 4.47 billion years, 704 million years and 159 thousand
years. In light of the slow decay of the most abundant natural isotopes 233U and 2*°U, U can be used as a marker to date
geological processes. In addition, the natural isotopes 233U and 3°U are commonly used for the production of nuclear
energy. As 23°U is fissile, it breaks down into two smaller nuclei upon impact by a neutron (Figure 1.2.A.). As for 238U, can

be transmuted to plutonium 239 upon absorption of a neutron and can also undergo fission (Figure 1.2.B.).

Due to these properties, U is a key element to fuel nuclear energy, one viable alternative to coal, and a friendlier process
regarding CO2 emissions, although it leaves a heavy legacy of radioactive waste which must to be treated, confined and
stored. However, permanent nuclear waste repositories are not yet operational but there is one repository under con-
struction in Finland. In other countries, repositories are either in the permitting stage or being developed through sci-
entific investigations. Because of its unusual radioactive properties, a great interest has arisen in U chemistry leading to
the synthesis of various compounds whose structures, physicochemical and electronic properties were characterized.
In these compounds, U is found in four oxidation states +lII, +IV, +V, +VI, with +VI being the highest oxidation state as

the electronic configuration of U is [Rn]5f36d17s2, hence six electrons in the valence orbitals.
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Figure 1:2. Fission and transmutation of U. A. Fission of 23*U; B. Transmutation of 233U in Plutonium 239 and subsequent fission of Plutonium 239.
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1.1.3 Uranium in the environment

Decades of U-related activities such as ore mining, processing for nuclear fuel and weapons, storage of nuclear waste,
have contributed to the release of uranium to the environment. In water, soil, and sediments, U occurs in two principal
oxidation states, +VI and +IV, i.e., U(VI) and U(IV). Their abundance and predominance in a specific subsurface setting
depend on the chemical composition and the redox profile of subsurface sediments and groundwater. In oxygenated
environments, the highest oxidation state, U(VI), prevails, and forms ionic complexes with hydroxo-, carbonato-, phos-
phato- functional groups'?, associates with humic substances such as fulvic acid, and complexes with organic matter?.
Hence, U(VI) is highly soluble and mobile in the subsurface, which facilitates its transport within the aquatic compart-
ment of the subsurface. Nevertheless, in environments hosting reducing conditions, U(IV) predominates. In the absence
of strong organic ligands, U(IV) forms stable solid phases, and thus has the propensity to immobilize U. The transition
from U(VI) species to U(IV) species requires the transfer of two electrons to the U atom. Electron transfers in the envi-
ronment are typically mediated by minerals phases3=®, dissimilatory metal reducing bacteria (DMRB)-1° or other mi-
croorganisms. Occulted by the two prevalent oxidation states U(VI) and U(IV), the environmental chemistry of pentava-
lent U(V) is scarcely documented. In fact, U(V) tends to spontaneously disproportionate to U(VI) and U(IV) in aqueous

solution at circumneutral pH values?, and further, it reacts rapidly with Oz to undergo oxidation.

1.1.4 Pentavalent U(V)

The interest in U(V) compounds has several origins. In the mid-20% century, it was challenging to study this reactive
oxidation state of U, given its high reactivity with oxygen and water?!. Nowadays, the technical progresses achieved in
the design of laboratory equipment permit conditions where U(V) persists. As a result, the study of U(V) chemistry has
flourished?2. The electronic configuration of U(V), [Rn]5f1, with a single electron in the 5f orbital, makes it an amenable
system to study f-orbital properties using spectroscopic, magnetic, or electron paramagnetic spectroscopy methods. In
addition, the occurrence of U(V) in U systems is more frequent than initially thought. For instance, in spent nuclear fuel
waste meant to be stored in deep geological repositories, a closer look to the U chemistry and oxidation states revealed
that U(V) forms and persists. Indeed, U(V) mixed-oxide compounds emerge from successive disintegrations of U nucleus
in spent nuclear fuels. Hence, local oxidation increases and triggers a rearrangement of UO: into U(V)-bearing mixed-
oxides such as U409, U307, U30s, and UOs. Furthermore, U(V) was also observed in the structure of titanate ceramics,
upon to stabilization of high-level nuclear waste prior to storage?>?*. In addition, the radiolysis of water, resulting in
reactive radicals promoted surface oxidation of UO2 to U(V) in stored spent fuels?. Finally, a few geochemical studies
have evidenced the presence of U(V) associated with environmental systems, related to biochemical transformations
of the U(VI) moiety®?6-33,

Until recently, most of the pentavalent U(V) chemistry was performed in non-aqueous media. Non-aqueous media
chemistry was an attractive field, in particular for the development of efficient nuclear fuel reprocessing based on aque-
ous/organic separation3*. Two principal forms of U(V) exist. The uranyl(V) form has characteristic short axial dioxo bonds
of about 1.9 A, a shorter form of which is found in uranyl(VI) (1.8 A) (Figure 1.3.A.). Compared to uranyl(V), the so-called
uranate(V) has a more crystalline and symmetric structure, which lacks the short dioxo-uranyl bonds (Figure 1.3.B.). In

uranate(V) the coordination number of uranium is lower or equal to 8.
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Figure 1:3. U(V) structures. A. Uranyl structure in the tri carbonato complex of U(V) [U(V)O2(COs)3]> with the characteristic short dioxo bonds in

blue, B. examples of uranate(V) structure incorporated in magnetite and green rust.

The first uranyl(V) complex was serendipitously identified in the early 2000s but the results were not reproducible. A
few years later, the first reproducible uranyl(V) complex was synthetized in non-aqueous media and consisted of a linear

polymeric complex of U(V)-iodide®® (Figure 1.4.A.).
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Figure 1:4. First stable uranyl(V) complexes. A. First uranyl(V) complex synthesized in a reproducible manner; B. first uranyl(V) complex stable in

water at pH 7.

The low stability of uranyl(V) in water is due to cation-cation interactions (CCl) occurring between the U(V) atom and
the oxygen atom of the dioxo bond of another U(V) atom (Figure 1.5). This phenomenon is particularly evident in U(V)
because the single unpaired electron in the 5f orbitals provokes the lengthening of the dioxo bonds compared to that
of U(VI). Hence the axial oxygens in U(V) are more Lewis basic, and amenable to interact with other U(V) atoms. Upon

interaction, an electron is transferred between the two closer U(V) centers, leading to the disproportionation of U(V) to

U(Iv) and U(VI).
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cation-cation interaction

Figure 1:5. Cation-cation interaction between two uranyl(V) nuclei resulting in disproportionation in U(VI) and U(IV).

The protonation of U(V) was first thought to trigger its disproportionation3®, which is nowadays accepted as the conse-
quence of CCl interactions3”8, As the result of the propensity of U(V) to disproportionate, few studies have character-
ized uranyl(V) complexes in agueous conditions. Until recently, only one uranyl(V) complex has been stabilized for over

a period of a few days in water at a pH greater than 113°. The tri-carbonato [U(V)02(COs)3]> was synthetized
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electrochemically, and its structure was analyzed by extended x-ray absorption spectroscopy fine structure (EXAFS) and
compared to that of [U(VI)02(COs)3]*. U(VI) and U(V) displayed similar geometries, except that the bond lengths of both
the axial and equatorial oxygens were longer in the U(V) complex (U(VI): 1.81 A and 2.44 A; U(V): 1.91 A and 2.50 A
respectively). Recently, our collaborators at the group of complex chemistry at EPFL successfully synthetized a uranyl(V)
complex stable in anaerobic aqueous medium at pH 7% (Figure 1.4.B.). Their strategy was to use a bulky aminocarbox-
ylate ligand to saturate the equatorial plan of the U nucleus, hence preventing cation-cation interactions that lead to
disproportionation. The ligand dpaea?” (dpaeaH: = bis(pyridyl-6-methyl-2-carboxylate)-ethylamine) is pentadentate and
surrounds the equatorial plan. This recent finding suggests that other U(V) species may be stabilized in water in presence
of appropriate organic ligands. In fact, another stable aqueous complex of U(V), U(V)-dpa (dpa = dipicolinic acid, found
in bacterial endospores), was then characterized by the same group®. These results open new horizons to the environ-
mental chemistry of U(V), for which stabilization can be achieved in aqueous media in presence of appropriate organic

ligands.

1.2 Biologically mediated redox reactions of uranium in the environment

1.2.1 Biotransformation of uranium

Microbial-U interaction in the environment have been broadly studied and are categorized in four main classes: biore-
duction, biomineralization, biosorption and bioaccumulation. The underlying interest in these mechanisms resides in
their ability to immobilize U in the subsurface. Hence, they are namely scrutinized for their potential in bioremediation
processes of U contaminated sites. Bioreduction consists in the transfer of electrons from bacteria to U(VI), hence
changing the oxidation state and consequently the chemistry of U. The biological reduction of U will be further discussed
in the following paragraph. Regarding biomineralization, it consists in the precipitation of a mineral U phase at the
surface of bacteria upon release of biologically produced ligands such as phosphate, carbonate, sulfate or hydroxide?-
45, Biomineralization is often chosen as an alternative when U immobilization by reduction is not feasible. However, the
biomineralization process also occurs after U reduction, namely resulting in crystalline U(IV) or non-crystalline U(IV)
species'®!4, As for biosorption, it describes the sorption of a metal to the cell surface through functional moieties such

as carboxylic, amino, phosphato, hydroxo, and sulfhydryl groups®. Finally, U bioaccumulation refers to the intake of U

inside the bacterial cells due to membrane permeability.

1.2.2 Bioreduction of uranium

Initially, the occurrence of insoluble U(IV) species, such as the uraninite crystal (UO2) was believed to arise from abiotic
U(VI) reduction*%0. However, it has been observed that extracts of Micrococcus lactilyticus could quantitatively reduce
U(VI) in presence of H2%. Following this discovery, Lovley et al.?® published the first work aiming at characterizing the
microbial reduction of U(VI) by dissimilatory metal reducing bacteria (DMRB) such as Geobacter metallireducens GS-15
and Shewanella putrefaciens. To date, numerous studies have evidenced U(VI) reduction by microorganisms, such as
Cellulomonas sp.%8, Clostridium sp.'*>2, Desulfovibrio sp.1*535, Geobacter sp.1%?%5, and Shewanella sp.1%13585 The re-
duction of U(VI) by DMRB is coupled to the oxidation of an electron donor, often an organic carbon source such as

lactate or acetate. Two electrons are provided from the microorganism to the external electron acceptor U(VI). The rate
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of reduction and the final U(IV) species (soluble, crystalline or amorphous'®) depend on the initial environmental con-
ditions, i.e. pH and electrochemical potential Ex, the available electron donors, U speciation, and the microbial commu-
nity. The most commonly reduced U species when pH values range from 5.0 to 8.5, and the carbonate concentration is
low are carbonate-associated complexes, such as (UO2)2(OH)sCOs", and hydroxyl complexes such as UO2(OH)s™. In the
presence of higher carbonate concentrations, the bi-carbonato [U(VI)O2(COs):2]?"and tri-carbonato [U(VI)O2(COs3)3]*

2~ occur, and render U

complexes form. In the presence of calcium in the groundwater, Ca2U02(C0O3)3 and CaUQO2(C03)3
reduction less amenable, probably due to a lower redox potential compared to the above-mentioned carbonate com-
plexes®® and a stronger complexation constant. For example, the logK of Ca;U02(COs)s has a logK of 30.55+0.255%,
whereas that of [U(VI)02(COs)3]* is 16.94+0.1252. In addition, U(VI) can form organic complexes with ligands such as
oxalate, malonate, citrate, or the aminocarboxylate ligands NTA and EDTA, for which bioreduction has been observed®-
5. In most cases, upon reduction, U(IV) precipitates at the surface of the bacterial cells, in association with the extra

polymeric substance if any, or inside the periplasm of the cells”33>386 (Figure 1.6). However, in organic-rich environ-

ments, for instance in presence of the previously listed ligands, U(IV) is more soluble and remains in the aqueous phase.

Figure 1:6. U reduction product nature and localization. TEM images from cell suspensions of S. oneidensis MR-1 incubated with uranyl(Vl)-acetate

C. S. oneidensis MR-1in BP medium
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Modified from Marshall et al. 2006 Modified from Bernier-Latmani et al. 2010

showing the location of the precipitated U(IV) product A. in association with the EPS matrix and B. inside the periplasm of the cells. C. Difference in
the crystallinity of U(IV) products upon U(VI) reduction by S. oneidensis MR-1 depending on the incubation conditions. Top part shows crystalline
UO: precipitated at the cell surface, bottom part shows amorphous U(IV) phases, called non-crystalline U(IV), often associated with phosphate

groups.
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1.2.3 Reduction mechanism of U(VI): the pentavalent U(V) intermediate

1.2.3.1 First step: one electron transfer from U(VI) to U(V) species

Two electrons need to be transferred from the bacteria to U(VI) to form U(IV). It has been evidenced, experimentally,
by Renshaw et al. that a first one electron transfer occurs, and U(VI) is reduced to a pentavalent U(V) intermediate?. In
that work, they performed EXAFS, at the Ls-edge of U, on whole cells and supernatants of Geobacter sulfurreducens
cultures inoculated with U(VI)-carbonate over 24h. The authors observed a progressive change in the U structure over-
time by examining the daxial( U(VI1)-0), daxiai(U(V)-0O) and dequatorial(U(V1,V)-0) features in the Fourier transforms of the EX-
AFS signals (Figure 1.7.A.). These data suggest that uranyl(V) started to form starting at 2h of incubation, with the highest
abundance after about 4h. In fact, after 4h of incubation, they observed the stretching in the U-O dioxo bond compared
to that of the uranyl(VI) in both the whole cell culture and the culture supernatant. The bond length of one dioxo oxygen
increased from 1.8A to 1.91A in the whole culture and from 1.8A to 1.92 A in the culture supernatant. These bond
lengths correspond to that measured in the [U(V)02(CO3)3])*> reference. Further, density functional theory (DFT) calcula-
tions of uranyl(VI) reduction by the periplasmic c-type cytochrome PpcA of G. sulfurreducens® support the mechanism
proposed by Renshaw et al.?%. According to the calculations, two uranyl(V1) centers bind to a carboxylic residue in the
active site of PpcA, and intermediate U(V)-bearing complexes U(VI)-U(V) and U(V)-U(V) form via two consecutive one-
electron transfers. In addition, the occurrence of U(V) in bacterial systems using laser fluorescence spectroscopy was
reported in a microbial biofilm and recently in G. sulfurreducens. In the work of Grossman et al., nanoparticles of U(V)
were detected in a multi-species biofilm incubated with aqueous U(VI)?. They identified the nanoparticles using confo-
cal laser microscopy and using a wavelength of 408nm. Some nanoparticles had an emitted fluorescence ranging from
415nm to 475 nm, characteristic of U(V) species. Jones et al. followed the evolution of the intensity of the fluorescence
emittance at 525nm, characteristic of the uranyl(VI)-O bond, in G. sulfurreducens cultures incubated with aqueous U(VI)-
acetate®’. They obtained a saw-tooth profile, where the decreases in intensity were interpreted as reduction of U(VI) to
U(V), which does not fluoresce at 525nm. Finally, recently Vettese et al. and Molinas et al. reported the occurrence of
U(V) species identified in S. oneidensis MR-1 cultures by U Mas-edge high resolution x-ray absorption near edge spectros-
copy (HR-XANES). In the work of Vettese et al., U(V) was identified in both cell suspensions and cell pellet after 4.5h of
incubation with U(VI) carbonate (Figure 1.7.B.). They report that the U(V) species persisted up to 120.5h in association
with the cells. However, the speciation of U(V) remains unclear as they could interpret their M4-edge data either using
a uranate(V) or uranyl(V) standard. Also, Molinas et al. observed that the reduction of solid phase U(VI)-dpaea by S.
oneidensis MR-1 results in the formation of uranyl(V)-dpaea in the supernatant of the cultures, starting at the early

stages of incubation and remaining stable for a few days.
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Figure 1:7. Evidence of U(V) with various bacterial species. A. EXAFS spectra of G. sulfurreducens cell suspensions and supernatants over 24h. B. M4-
edge HR-XANES of cell suspensions and a cell pellet. Contribution from U(V) is clearly evidenced in the 120h cell pellet. The two arrows indicate
(from left to right) the contribution from U(IV) and from U(V). C. Aqueous concentration of uranyl(VI) (grey) and total U (red) measured by lumines-
cence spectroscopy, The aqueous uranyl(VI) concentration displays the saw-tooth profile believed to account for successive reduction of U(VI) to

U(V) and subsequent disproportionation of U(V).

1.2.3.2 Second step: disproportionation or additional one electron transfer?

The fate of uranyl(V) species was first assessed by Renshaw et al., by investigating the ability of G. sulfurreducens to
reduce stable neptunium(V), a proxy for U(V)?. They argued that thermodynamically, if U(V) can be biologically reduced,
then Np(V) should. Over 218h, the aqueous concentration of Np(V)O2" dropped by about 13%, in the culture with and
without electron donor, and of about 10% in dead cell cultures. The aqueous Np phase was still in the Np(V)O2* form
after 218h, however the cell pellets were not analyzed for Np speciation. Thus, the authors concluded that as G. sul-
furreducens did not reduce Np(V)), U(V) would not be either, and therefore U(V) would disproportionate to form U(IV)
species. Likewise, Sundararajan et al. calculations concur to invoke the disproportionation of the two uranyl(V) moieties
bound to PpcA&Z (Figure 1.8). Such observations were later supported experimentally by Jones et al., and more recently
by Vettese et al.33* In fact, they observed that the fluorescence intensity of uranyl(Vl) in G. sulfurreducens and S.
oneidensis MR-1 cultures respectively, displayed a saw-tooth profile (Figure 1.7.C.). They proposed that the repeated

increases in intensity may correspond to U(V) disproportionation to U(VI) and U(IV), consequently leading to an increase
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of the intensity detected for U(VI). Nonetheless, the latter investigations were performed using a carbonate-rich buffer,

which promotes the disproportionation of U(V) at neutral pHZ3®.

H,O OH»y H,O  OH» H,O  OH»
OH . OH OH
0 oe\‘OT\SUFé\E\) P o, 2O= -o_‘g oW a O\Uﬂ :
H 2, | =" s || Y O, ||V| OH
L D DS (o
O7||\H20 OH; O/||\HO OH, o/“\ OH,
H,0' © “OHy OH, O “oH,
uvn-ugvy uv)-ugn) H* uvn-udvy
HO /OHéH A Ho /OHZ
v W2 |v \\OH;
o PHe P~ oy !
e {/O/""r"/vr'/ l Z aC-< s, ||V| ,
TN, T o /n\Ho ‘o,
H,0 © TOH, H,0' O TOHp
UvD-u(v) UvD-U(v)

Figure 1:8. Mechanism of U(VI) reduction modeled by DFT calculations. A. Binding site of uranyl(VI) to a glutamate residue close to heme 1 of PpcA,

B. modeled mechanism of U(VI) reduction to a U(V)-U(V) bound to PpcA, and disproportionation of U(V) to U(VI) and U(IV).

1.2.3.3 Biological reduction of Np(V) and Pu(V)
Identically to U, higher oxidation states of Np and Pu are soluble and mobile in the subsurface, whereas lower oxidation
states have the tendency to form solid phases. Regarding Np, as mentioned in the previous paragraph, Renshaw et al.
did not observe reduction of Np(V) by G. sulfurreducens. However, Icopini et al. proved that S. oneidensis MR-1 could
reduce both, free Np(V) and complexed Np(V) to citrate, whereas G. metallireducens could only reduce Np(V)-citrate,
Furthermore, Lloyd et al. coupled two microorganisms to reduce and precipitate Np(V)€. In the later study, Shewanella
putrefaciens reduced Np(V) to Np(IV) species, subsequently precipitated into insoluble Np(IV) phases by Citrobacter sp..
Also, a sulfate-reducing consortium exhibited reducing activity toward Np(V)Z. As for Pu reduction, both Pu(VI) and
Pu(V) were reduced by G. metallireducens and S. oneidensis MR-1, as nanoparticles of Pu(IV) associated with the cell
surface were observed by transmission electron microscopyZ. Pu(lV) can be further reduced to Pu(lll), which is more
soluble, but its reductive mobilization depends in the initial Pu(IV) species. In fact, Boukhalfa et al. demonstrated that
an amorphous phase of Pu(lV) could be partially reduced to Pu(lll) by S. oneidensis MR-1 but not by G. metallireducens.
However, a Pu(IV)-EDTA complex was rapidly converted to Pu(lll) by both bacteriaZ2. The differences observed between
the different microorganisms may be related to the difference in electron donor, i.e. lactate for Shewanella species and
acetate for Geobacter species. Lactate forms stronger complexes with free radionucleides, and may lower their toxicity

for the microorganism.
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1.2.4 Bioremediation

Ultimately, the efforts in understanding the molecular mechanism of U reduction are aimed at providing better strate-
gies to efficiently mitigate U contamination in the subsurface. Previously, the most commonly used methods were
pump-and-treat of the aquifer, or flushing the groundwater until aqueous U concentration reached acceptable levels.
These techniques were often set up over long periods of time and had limited efficiency. The alternative of using micro-
organisms was investigated on several contaminated sites, in the US, for instance at the well-studied Oak Ridge site in
Tennessee, or Rifle site in Colorado. Bioremediation includes techniques using biosorption, biomineralization and bio-
immobilization, often by reduction. Multiple laboratory tests were performed on contaminated groundwater to evalu-
ate the possibility of up-scaling bioreduction to contaminated sites. U(VI) can successfully be removed from contami-
nated groundwater, as Lovley et al. demonstrated, incubating Desulfivibrio desulfuricans with groundwaters originated
from a former mining site, and from the Hanford site in Washington”®. However, in the field, many parameters influence
the ability of microorganisms to reduce U(VI), i.e., the presence of other electron acceptors such as oxygen, Fe(lll), NOs
or SO4%, the Ex-pH conditions, the in-situ microbial community, the type of electron donors, the hydrology of the site,
etc. In practice, the indigenous microbial communities are stimulated by the injection of an electron donor in the con-
taminated aquifer. Then, the concentrations of U are monitored overtime, along with the type of metabolism estab-
lished and the associated microbial communities. Each site needs specific tuning depending on the local conditions in
order to set-up efficient remediation strategies. For instance, at the Oak Ridge site, Madden et al. investigated several
selected electron donors to stimulate the microbial communities, such as methanol, ethanol, glucose’®. They showed
that glucose and methanol were more favorable for U reduction, but all three donors stimulated predominantly bacteria
from the Geobacter sp.. Moreover, at the Rifle site, Anderson et al. attempted to use acetate as an electron donor in
the contaminated area’®. During the nine first days, the concentration in U(VI) decreased in the groundwater as Fe(ll)
concentrations increased, pointing to the reduction of U(VI) coupled to that of Fe(lll). In the following 50 days of acetate
injection, sulfate was depleted and some U was remobilized. A switch was observed in the microbial community from
Geobacter sp. to sulfate-reducing bacteria. Two additional experiments were run at Rifle and reported by Williams et
al.’®. Injections of acetate were set-up two successive summers, lasting 31 and 110 days, respectively. The dominant
metabolisms were iron reduction and sulfate reduction, respectively. As Anderson et al. observed, with the sulfate re-
duction, U concentrations increased in the groundwater, but were successfully lowered back down by increasing the
concentration of acetate injected. Some bacteria from the Geobacter sp. were still active with higher acetate concen-
tration during the sulfate-reducing phase. Another example of fine-tuning of the conditions was the concomitant re-
moval of U(VI) and technetium(VII) studied by Istok et al. on a field with unusually high concentrations of NO3 77, Upon
donor injection, removal of NO3 and Tc(VIIl) occurred in parallel, however, U concentrations were stable. Addition of
electron donor allowed iron-reducing condition to set-in with Geobacter sp., and fostered U removal. These examples
prove that bioreduction is a successful bio-immobilization process, and encourage further studies on the mechanism of

U reduction in order to pinpoint the mechanistic steps and the associated chemistry of the intermediates.
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1.3 Electron transfer mechanism in Shewanella oneidensis MR-1

Henceforth in this thesis, the focus will be on the microorganism S. oneidensis MR-1, model microorganism for this work.
S. oneidensis MR-1 is a well characterized metal-reducing bacteria, fast-growing, and there are efficient genomic tools

to develop mutant strains to investigate the pathways of U reduction.

1.3.1 The versatile microorganism S. oneidensis MR-1

S. oneidensis MR-1 belongs to the Shewanella genus, which describes about 70 species of mostly facultative anaerobes,
Gram-negative, non-fermentative y-Proteobacteria. These rod-shaped microorganisms are found in many aquatic envi-
ronments, and can adapt to various ecosystems’®, including fresh and saline water, shallow or deep marine sediments,
ice-cold’® or equatorial climates, but also polluted areas. They are known in the food industry for being associated with
spoiled food. In fact, the Shewanella gender was first identified in putrid butter by Derby et Hammer in 1931%, The
strain S. oneidensis MR-1 (Figure 1.9.A.) was discovered in 1988 in Lake Oneida (New York State) and was reported by

Nealson et al. as a manganese oxide reducer®!,
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Figure 1:9. S. oneidensis MR-1 anaerobic metabolism. A. TEM image of S. oneidensis MR-1 showing its membrane extension extending in the extra-

cellular medium. B. Anaerobic respiration of Shewanella sp. and possible interactions with other microbial communities.
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S. oneidensis is limited in the type of carbon source it can use. It grows with simple molecules such as lactate, formate,
formate combined to Hz, and amino acids. Under aerobic conditions, it uses the tricarboxylic acid (TCA) cycle®?, whereas
under anaerobic conditions, the oxidation of the carbon source is coupled to the reduction of a variety of electron
acceptors (NO3,, SO4%, Fe(lll), Mn(1V), U(VI),...)”® (Figure 1.9.B.). Nowadays, S. oneidensis MR-1 is often used as a model
organism for lab-based environmental studies, in field remediation campaigns, but also applied to microbial fuel cells

studies®3.

1.3.2 Electron transfer from the cytoplasm to the outer-membrane

1.3.2.1 Up to MtrA

The carbon source, lactate for instance, is oxidized in the cytoplasm of the cells, resulting in the reduction of electron
carriers such as NAD* or FAD", that initiate the electron flow. NADH and FADH are in turn oxidized by the inner mem-
brane menaquinone pool, i.e., the quinone (Q) is reduced to quinol (QHz). QH2is oxidized by the dehydrogenase CymaA,
a tetraheme c-type cytochrome anchored in the inner membrane. Then, CymA redirects electrons to periplasmic multi-
heme c-type cytochromes®4. The most abundant periplasmic c-type cytochromes are the fumarate reductase FccA and
the small tetraheme c-type cytochrome STC. Both can receive electrons from CymA8>87 and shuttle them across the
periplasm to the outer-membrane (Figure 1.10). Other periplasmic c-type cytochromes are likely also involved in this

electron transfer.

1.3.2.2 MtrA to MtrC-OmcA

From the periplasm, the electrons enter the MtrCAB porin complex embedded in the outer-membrane, linking the
periplasm to the extracellular medium (Figure 1.10). MtrCAB is composed of the two decaheme c-type cytochromes
MtrA and MtrC. MtrA faces the inside of the cells, and MtrC is exposed at the surface of the cells. MtrA is inserted inside
into a B-barrel porin protein MtrB and MtrC sits on the top®. This porin-complex facilitates electron transfer from the
periplasm to the cell surface via direct heme-heme contact between MtrA and MtrC8-%2, An additional c-type cyto-
chrome OmcA is co-expressed with the MtrCAB operon and locates at the surface of the cells in close interaction with
MtrC'7°%%, OmcA was proposed to form a 1:2 MtrC/OmcA complex with MtrC®>%3, but was not find in association with
the crystal structure of MtrCAB®, suggesting a weak interaction. MtrC and OmcA are terminal reductases which can
transfer electrons to extracellular electron acceptors'’°1%, The MtrCAB complex spans a window of reduction poten-
tials from O to - 400 mV versus the standard hydrogen electrode (SHE) and thus, have the ability to receive electrons
from the periplasm and transfer them to a wide range of electron acceptors®'. A paralogous porin complex also exists

in S. oneidensis MR-1, MtrFDE: MtrF is the homologue of MtrC, MtrD that of MtrA, and MtrE that of MtrB.
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Figure 1:10. Electron transfer chain in S. oneidensis MR-1 with U(VI) as the electron acceptor.

1.3.2.3 The outer-membrane decaheme c-type cytochromes

Among the four outer-membrane c-type cytochromes in S. oneidensis MR-1, MtrC, MtrF, and OmcA, MtrC and OmcA
are the most studied because of their major contribution to the metal reduction mechanism. MtrC and OmcA have
common characteristics which are essential for metal reduction. The structure of MtrC was resolved at a resolution of
1.8A% and that of OmcA at 2.7A%. MtrC is about 90 A x 60 A x 40 A, and its size suggests that it is mostly exposed on the
cell surface®*. The heme-binding motif CXXCH in the protein are highly conserved®®°’8, Each cytochrome is made up of
four domains: two heme-domains (hemes 1 to 5 and 6 to 10) forming a cross-like arrangement, and two B-barrel do-
mains which scaffold the two pentaheme domains. In MtrC, hemes 5 and 10 are exposed at opposite ends of the struc-
ture suggesting that they may be sites for electron exchange with electron donors and acceptors (Figure 1.11.A. and B.).
Hemes 2 and 7 are oriented towards the B-barrel domains, and could be binding sites for proteins or electron shuttles

such as flavins®”?° (Figure 1.11.A. and B.).
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Figure 1:11. MtrC structure. A. Crystal structure of MtrC, showing electron entrance and exit, interaction sites with other protein or electron shuttle,

when associated to the MtrCAB porin complex. B. Heme chain embedded in MtrC structure. The electrons flow from heme 5 to heme 10, or 2and 7.

1.4  Mechanism of electron transfer to electron acceptors in S. oneidensis MR-1

We will now on focus on the mechanism of electron transfer in S. oneidensis MR-1.

1.4.1 Direct or indirect transfer

The electron transfer occurs between the outer-membrane c-type cytochromes and the extracellular environment. In
S. oneidensis MR-1, electrons are carried through a chain of c-type cytochromes from the cytoplasm to the outer-mem-
brane of the cells. Once the electron has reached the outer-membrane of the cells, three possible mechanisms have
been suggested. Either, (i) there is direct contact between the outer-membrane cytochromes and the extracellular elec-
tron acceptor, (ii) bacteria secrete reduced low-molecular weight shuttles (e.g., flavins or AQDS) to provide the electron
acceptor with electrons, or (iii) the transfer occurs through bacteria conductive pili, or nanowires, for instance in G.
sulfurreducens. In S. oneidensis MR-1, membrane extensions mimic the role of conductive pili by extending into the

extracellular medium.

1.4.1.1 Direct contact
MtrC and OmcA are key mediators of electron transfer, as S. oneidensis MR-1 mutants lacking MtrC and OmcA were

severely impaired in Fe(lll) reduction??®1% but also partially impaired in U(VI) reduction?’. In addition, in vitro, purified
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reduced MtrC and OmcA were oxidized by Fe(lll)-chelated soluble species!®?1%, suggesting that electrons are directly
delivered from the outer-membrane c-type cytochromes. Indeed, Ross et al. investigated the reduction rates by
stopped-flow spectrometry of three soluble complexes of Fe(lll), Fe(lll)-NTA, Fe(lll)-EDTA and Fe(lll)-citrate and com-
pared those to whole cells kinetics'®. In that work, both MtrC and OmcA were re-oxidized upon interaction with the
Fe(lll) soluble complexes, implying electron transfer by direct contact. Reduction rates were similar to those observed
by Wang et al.’%, In addition, Ross et al. probed the reduction of the insoluble iron oxide goethite, and concluded that
MtrC and OmcA can directly reduce solid phase iron%. Furthermore, experiments carried out using proteoliposomes
have evidenced that direct electron transfer is possible between the MtrCAB complex and soluble Fe(lll) or insoluble
Fe(lll) oxides 891 105,106 |n those experiments, the MtrCAB porin complex was inserted in the membrane of proteolipo-
somes filled with methyl viologen, an electron carrier and color redox indicator'®. Upon exposure to electron acceptors,
reduced MV inside the proteoliposomes turned blue, suggesting that electrons were flowing out of the proteoliposomes
to reduce soluble Fe(ll)°}, or the insoluble Fe(lll) phases goethite, lepidocrocite and hematite®. Hence these studies
support the role of the outer-membrane c-type cytochromes MtrC and OmcA in transferring electrons directly to elec-

tron acceptors.

1.4.1.2 Indirect electron transfer mediated by soluble electron shuttles

Hartshorne et al. and White et al. demonstrated that the rate of reduction of soluble Fe(lll) species by purified MtrC or
OmcA is slower than that of the whole cells, suggesting that electron transfer may be enhanced by additional compo-
nents in the cells®%. When a biofilm of S. oneidensis MR-1 was grown on a carbon electrode, an electron flow was
detected, by measuring a current. Upon replacement of the initial medium, the current decreased suggesting that sol-
uble electron transfer mediators secreted were responsible for most of the electron transfer. These mediators were
identified to be flavins molecules'®, Okamoto et al. confirmed that the presence of flavin molecules enhances the rate
of electron transfer to a tin oxide electrode. Moreover, they demonstrated that flavins interact with outer-membrane
cytochromes, as an unstable intermediate of the flavin was identified, probably in association with MtrC or OmcA%,
Furthermore, using proteoliposomes, Wang et al. proposed that the flavin FMN can behave either as a co-factor of the
MtrCAB complex, or as an electron free shuttle!'?. Finally, in Kotloski et al., the bfe gene coding for the bacterial flavin
adenine dinucleotide exporter was deleted from S. oneidensis MR-1. The strain was impaired in the reduction of several

iron oxides, and recovered its function when flavins were added to the bioreactor!!?.

1.4.1.3 Membrane extension

S. oneidensis MR-1 produces membrane extensions which extend into the extracellular environment. They were most
recently imaged by cryo-tomography!!? (Figure 1.9.A.). These membrane extensions are made of a succession of vesicles
which are coated with the outer-membrane c-type cytochromes where electron transfer can take place, both by direct

or indirect contact as presented above.

1.4.2 Reduction of U by c-type cytochromes

The MtrCAB-OmcA complex involved in Fe(lll) reduction was also shown to play a key role in U reduction. A mutant
lacking all c-type cytochromes was incubated with U(VI)-carbonate and shown to be impaired in U reduction. Mutants

lacking the outer-membrane c-type cytochromes MtrC, OmcA, or both were partially impaired!’. In addition, in vitro
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experiment reacting purified MtrC or OmcA with uranyl(VI)-citrate were conducted and the redox status of the protein
hemes followed by stop-flow spectrophotometry’. MtrC could reduce U(VI) as its hemes were being re-oxidized upon
reaction, whereas OmcA could not, even if the mutant strain of S. oneidensis MR-1 lacking OmcA was deficient with
respect to U(VI) reduction. Furthermore, DNA microarray analysis was performed to examine the gene expression pro-
file of S. oneidensis MR-1 during U(VI) reduction?3. 121 genes were upregulated while U(VI) was reduced belonging to
two main categories: cytochromes and stress proteins. Genes encoding cytochromes and other electron transport pro-
teins corresponded to putative cytochromes, cytochrome synthesis proteins, reductases and proteins involved in re-
duction of other electron donors. Namely, genes encoding for proteins involve in Fe(lll) electron transport chain, mtrC,
mtrB, mtrA, and omcA were upregulated, confirming the activity of MtrC and OmcA towards U reduction. As for flavins,
Cherkouk et al. observed that riboflavins were not involved in U(VI) reduction although they enhanced reduction rate
of Tc(VII), Np(V) and Pu(IV)'*4, Nevertheless, cyclic voltammetry tests using riboflavin, FMN and FAD showed that flavins

chemically reduce U(VI)1*®

1.4.3 Substrate-binding sites in c-type cytochromes from metal-reducing bacteria

If the involvement of c-type cytochromes in the reduction of soluble metal complexes and insoluble mineral phases was
extensively studied, it is still not clear whether MtrC or OmcA have a dedicated binding site for these electron acceptors.
In addition, the type of interaction existing between the protein and the substrates is poorly documented. Investigations
of binding to iron oxides (Fe203), using phage display technology led to the identification of possible binding motifs in
MtrC and OmcA™8, Interestingly, the amino acid sequences of the identified binding motifs were spotted in the se-
qguence of MtrC (Ser-Pro-Ser) and OmcA (Thr-Pro-Ser) close to the terminal heme 10. Molecular dynamics studies re-
vealed that the serine residues involved in these sequences form hydrogen bonds with hematite mineral*(Figure
1.12.A.). These results support those of Kerisit et al., who performed molecular dynamic simulations on the binding of
the small tetrahem c-type cytochrome STC and hematite surface!’’. Most of the mineral-protein interactions found
involved binding of a solvent-exposed heme. Most likely the heme binds to the mineral surface with the propionate
functional groups of the heme or the carboxylic groups of the residues of amino acid, such as glutamate and aspartate,
via hydrogen bonds!?’. In addition, Fukushima et al. proposed that MtrF can interact electrostatically with the negatively
charged hematite surface, via a positively charged patch near hemes 6 and 7 (Figure 1.12.B.). They performed protease
foot-printing analysis on MtrF reacted with hematite nanoparticles. When reconstituting the protein sequence, they
noticed that some regions were missing, probably corresponding to sites the protease could not access because they
were obstructed by iron particles. Additionally, binding to U(VI) was investigated computationally by a single study.
Sundararajan et al. looked for a U binding site in the periplasmic tetraheme c-type cytochrome PpcA from G. sulfurre-
ducens® (Figure 1.12.C.). According to the calculations, U(VI) binds to the glutamate 31 residue of PpcA, in close vicinity
to heme 1. Overall, these studies of potential binding sites suggest that c-type cytochromes are extremely versatile

proteins which can interact electrostatically, via hydrogen bonds, or covalent bonds with a variety of substrates.
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Figure 1:12. Proposed types of interaction between c-type cytochromes from DMRB bacteria. A. Electrostatic interaction between MtrF and nano-

particles of iron oxide; B. Hydrogen bonds between MtrC and the surface of hematite; C. Covalent bonds formed between PpcA and uranyl(VI).

1.5 Objectives of the thesis

The uranium biological reduction pathway(s) have been extensively studied, using a variety of metal-reducing bacteria,
as it has proven to be an efficient method to remediate contaminated sites, and also provides insights into the redox
cycle of U on Earth. However, the mechanism of reduction remains only partially understood. The transformation of a
wide range of U(VI) complexes to U(IV) species was well-characterized, but the mechanistic steps were not yet deci-
phered. Recent studies suggest that U(V) forms as an intermediate, and it was proposed that as U(V) is unstable in water
under environmental conditions, as it likely disproportionates to U(VI) and U(IV). Yet, direct experimental evidence ac-

counting for U(V) disproportionation upon biological reduction of U(VI) are limited.

This works aims at investigating the mechanistic steps of U(VI) and U(V) reduction bound to an organic ligand, at both
the cell and the enzymatic level. In fact, we found out, through a collaboration with the Group of Complex Chemistry at
EPFL, that an aminocarboxylate ligand, dpaea, could stabilize U(V) in water at pH 7.5. This class of ligands is ubiquitous
in the environment and could be potential stabilizers for U(V). We chose to focus on the DMRB S. oneidensis MR-1 and
its outer-membrane c-type cytochrome MtrC. On the one hand, at the cellular level, we are interested in studying the
formation of U(V) and its subsequent transformation to U(IV), in presence of the dpaea ligand. On the other hand, at
the enzymatic level, we seek to investigate the role of c-type cytochromes in the transformation of U(V) to U(IV). In

addition, we intend to explore the parameters which control the interaction between MtrC and U, using a series of
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aminocarboxylate ligands (NTA, EDTA and DTPA). Hence this thesis was conceived in three main parts: (i) Chapter 2
exposes the mechanistic steps of U(VI)-dpaea and U(V)-dpaea reduction by S. oneidensis MR-1; (ii) Chapter 3 focuses on
the role of c-type cytochromes in the reduction of solid phase U(VI)-dpaea and aqueous U(V)-dpaea, in particular that
of MtrC; and (iii) Chapter 4 provides an insight in the molecular underpinnings of U(VI) reduction by the c-type cyto-

chrome MtrC. A fifth chapter highlights the take-away messages and the future outlooks of this project.

1.5.1 Chapter 2: Biological reduction of a U(V)-organic ligand complex

In this chapter, our goal was to follow the reduction of solid phase U(VI)-dpaea to U(IV) species. In particular, we aimed
at identifying whether U(V)-dpaea formed and how it was further transformed to U(IV) species. We demonstrated that
S. oneidensis MR-1 can reduce U(VI)-dpaea to U(V)-dpaea, and that U(V)-dpaea can be biologically reduced to U(IV) via
an additional active one-electron transfer from the bacteria to the U complex. Hence, we gave direct experimental
evidence here for the transformation of a U(V) complex to U(IV), and ultimately showed that U(V)-ligand can be reduced

and does not necessarily undergo disproportionation.

1.5.2 Chapter 3: Role of c-type cytochromes in the reduction of U(VI)-dpaea and U(V)-dpaea
complexes
Here, we worked with both whole cells and the purified enzyme MtrC. We first investigated the reduction of solid phase
U(VI)-dpaea and U(V)-dpaea using the wild-type strain and two mutant strains of S. oneidensis MR-1. The mutant strains
lacked either the outer-membrane c-type cytochromes or either all c-type cytochromes. We observed that solid phase
U(VI)-dpaea reduction proceeds via dissolution of the solid, followed by reduction of the soluble U(VI), and that U(V)-
dpaea reduction relies on c-type cytochromes, in particular the outer-membrane cytochromes. We then used a simpli-
fied system consisting of the isolated c-type cytochrome MtrC to further investigate the transformation of U(V) to U(IV).
We showed that MtrC can directly transfer electrons to U(V)-dpaea, and therefore bolstered the previous finding un-

derlying that U(V)-dpaea undergoes biological reduction by a one-electron transfer, and not disproportionation.

1.5.3 Chapter 4: Speciation-dependent electron transfer from the c-type cytochrome MtrC to
U(VI)-ligand complexes
In this last experimental chapter, we sought to provide insights in the kinetics of reaction and the interaction between
the c-type cytochrome MtrC of S. oneidensis MR-1 with soluble U(VI) substrates. To this end, we followed the kinetics
of reduction of four U(VI) complexes, U(VI)-NTA, UVI)-EDTA, U(VI)-DTPA and U(VI)-carbonate by both strain MR-1 cells
and purified MtrC. We additionally probed the binding extent with both MtrC oxidized and MtrC reduced. With MtrC
oxidized, we aimed at evaluating the binding extent of the U(VI) complexes, and with reduced MtrC to quantify the
binding of the U(IV) product of reduction. Eventually, we performed Ms-edge-XANES on reduced MtrC reacted with
U(VI)-carbonate to follow the reduction over 20min. Our results suggest that the rate of reduction is speciation depend-
ent with both, strain MR-1 cells and MtrC. In particular with MtrC, two clusters of reaction rates were observed. We
proposed to correlate these to the nature of the interaction between MtrC and the soluble U(VI) substrates. Hence, we

suggest that faster rates could be explained by weak electrostatic binding of the U substrates to MtrC, and slower rates
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by stronger binding via hydrogen bonds. As for strain MR-1, we reported here reduction rates of U(VI) bound to NTA,

EDTA and DTPA.
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Chapter 2 Biological reduction of a U(V)-or-
ganic ligand complex

Chapter 2 studies the biological reduction of U(VI)-dpaea and U(V)-dpaea by the microorganism Shewanella

oneidensis MR-1. The U-dpaea complexes were used as models to simulate the behaviour of similar U-ami-

nocarboxylate ligands which could be found in the environement.
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Abstract

Metal-reducing microorganisms such as Shewanella oneidensis MR-1 reduce highly soluble species of hexavalent uranyl
(U(VI)) to less mobile tetravalent uranium (U(IV)) compounds. The biologically-mediated immobilization of U(VI) is being
considered for the remediation of U contamination. However, the mechanistic underpinnings of biological U(VI) reduc-
tion remain unresolved. It has become clear that a first electron transfer occurs to form pentavalent (U(V)) intermedi-
ates, but it has not been definitively established whether a second one-electron transfer can occur or if disproportion-
ation of U(V) is required. Here, we utilize the unusual properties of dpaea? ((dpaeaH.=Bis(pyridyl-6-methyl-2-carbox-
ylate)-ethylamine)), a ligand forming a stable soluble aqueous complex with U(V), and investigate the reduction of U(VI)-
dpaea and U(V)-dpaea by S. oneidensis MR-1. We establish U speciation through time by separating U(VI) from U(IV) by
ion exchange chromatography and characterize the reaction end-products using U Ms-edge High Resolution X-ray Ab-
sorption Near-Edge Structure (HR-XANES) spectroscopy. We document the reduction of solid phase U(VI)-dpaea to
aqueous U(V)-dpaea but, most importantly, demonstrate that of U(V)-dpaea to U(IV). This work establishes the potential
for biological reduction of U(V) bound to a stabilizing ligand. Thus, further work is warranted to investigate the possible

persistence of U(V)-organic complexes followed by their bioreduction in environmental systems.

2.1 Introduction

The environmental behavior of uranium (U) is driven by its redox chemistry. In its oxidized cationic form, U(VI) (UO2%*),
it is highly soluble and mobile when forming stable complexes with appropriate ligands (e.g., carbonate)*?, whereas in
its reduced form, U(IV), it tends to precipitate as crystalline U oxides® or in an amorphous U phase®. These physico-
chemical properties have been proposed for the remediation of U-contaminated areas by immobilizing U as U(IV)Y".

1013,11,19,17,118 ¢\;ch a5 dissim-

The transition from U(VI) to U(IV) occurs via the transfer of 2 electrons by a microorganism
ilatory metal-reducing bacteria (DMBR) Geobacter sulfurreducens®® or Shewanella oneidensis MR-1317118 or a reduced
mineral phase, such as ferrous iron-bearing minerals®>*®!° In both mineral and biological cases, a pentavalent U(V)
intermediate has been shown to form following a one-electron transfer to the U(VI) moiety®7120.26:28.29-31,121 'Fyrther-
more, U(V) appears to persist under certain environmentally-relevant conditions®’, however it remains challenging to
detect it, due to its sensitivity to oxidation and its ability to undergo rapid disproportionation to U(VI) and U(IV), through

the interaction of two uranyl(V) cations (i.e., cation-cation interaction, CCl) 3.

If the biological formation of U(V) has been documented repeatedly as the result of a one-electron transfer from bac-
teria to U(VI), the transformation of U(V) to U(IV) has yet to be clarified. Indeed, it has been suggested in multiple studies
that uranyl(V) forms and disproportionates to uranyl(VI) ion and a U(IV) species?®2°-31121 |n those studies, U(VI) reduc-
tion was monitored in a carbonate-rich buffer in the presence of Geobacter sulfurreducens®®3°, Shewanella oneidensis
MR-13! or a microbial biofilm?°. Direct experimental evidence of uranyl(V) arose from EXAFS analysis of the incubation
supernatants of G. sulfurreducens®, and recently from Ms-edge HR-XANES on cell suspensions of S. oneidensis MR-131,
As for the second step of the biological reduction, these studies support the disproportionation of uranyl(V), which leads
to U(VI) and U(IV). In fact, Renshaw et al. justify uranyl(V) disproportionation in their system by substituting stable Np(V)

to U(V) in their experiment and reporting its lack of reduction?®. By analogy, the authors conclude that U(V) would not
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either, and thus that U(V) disproportionates to form U(IV). Such observations were later supported by Jones et al.3* and
more recently by Vettese et al.3!, who report a saw-tooth profile for uranyl(Vl) fluorescence in cell suspensions of G.
sulfurreducens and S. oneidensis MR-1, respectively®®3l, The repeated increases in the U(VI) fluorescence intensity,

forming the saw-tooth profile, are interpreted as U(V) disproportionation releasing uranyl(VI).

However, these experiments were conducted in carbonate-rich buffer?®3! in which the disproportionation of U(V) is
rapid at circumneutral pH!?2. In the environment, biological U(VI) reduction often occurs in organic-rich environ-
ments!?312% |n light of the fact that other pentavalent actinides, such as Np(V) and Pu(V), are reduced to Np(IV)®” and
Pu(IV)’ by S. oneidensis, stabilization of U(V) by organic ligands may allow the direct biological reduction of U(V) to

u(Iv).

In order to fully characterize the mechanism of biological transformation of U(V) to U(IV), we sought direct evidence of
the biological reduction of U(V) by S. oneidensis MR-1, using an original approach—the stabilization of soluble U(V) with
the novel ligand, dpaea? (dpaeaH.=Bis(pyridyl-6-methyl-2-carboxylate)-ethylamine). Dpaea belongs to the class of ami-
nocarboxylate ligands, characterized by one or more nitrogen atom(s) bonded to a carboxylic group via a carbon atom.
These ligands have the propensity to chelate metal ions (such as Fe3*, Cu?*, Zn?*)'%>, Dpaea contains the pyridinecarbox-
ylate metal-binding groups also found in dipicolinic acid. Aminocarboxylate ligands are found naturally in the environ-
ment. In fact, they are produced as dipicolinic acid in bacterial endospores*?®, or nicotianamide in gramineous plants??’.
In addition, because of their chelation potential, they are applied to remediate metal-contaminated sites (for instance

ethylenediaminetetraacetic (EDTA), nitrilotriacetic acid (NTA), ethylenediamine-N,N'-disuccinic acid (EEDS))*?®, or sup-

port radionuclide extraction in nuclear wastes (for instance, diethylenetriaminepentaacetic acid DTPA)!2%130.133,132,

The two goals of this work were to confirm that U(V) forms as a pathway intermediate in the presence of complexing
ligands such as dpaea and to establish whether U(V)-dpaea undergoes further biological reduction to U(IV). We would
like to note that direct reduction of the U(V)-dpaea complex by chemical reagents has been recently observed by some
of the authors in both organic solvents and in water-affording monometallic ([U"(dpaea)(OBpin)2(py)] and trimetallic
([Na(H20)s{U(dpaea)}s(u-0)2(-OH)(uz-SO3)]) complexes, respectively*!. Previously reported complexes of dpaea with
uranium include U(VI)-dpaea ([UO2(dpaea)]), U(V)-dpaea ([K(2.2.2.crypt)][UO2(dpaea)]), U(IV)-dpaea (U(dpaea)s)*>*
and the trinuclear uranium(IV) p-oxo/hydroxo bridged cluster [Na(H20)s{U(dpaea)}s(u-0)2(u-OH)(us-SO3)] obtained
from the chemical reduction of U(VI)- and U(V)-dpaea in water. The U(V)-dpaea complex is stable and soluble in water
at pH 7, allowing for the persistence of the ordinarily transient pentavalent species?’. Here, we monitored U oxidation
state through time using a combination of spectroscopic, spectrophotometric, and separation techniques. We report
the reduction of U(VI)-dpaea to uranyl(V)-dpaea, and observe the further reduction to a solid-phase, non-crystalline
U(IV) product. Hence, we suggest that the biological reduction of U(VI)-dpaea occurs via two successive one-electron
transfers, rather than via disproportionation of the U(V)-dpaea intermediate. The reaction proceeds as follows: (i) U(VI)-

dpaeags) to U(V)-dpaeaaq), and then (ii) U(V)-dpaeaaq) to non-crystalline U(IV) and organic complexes of U(IV)s).
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2.2 Experimental methods

2.2.1 Construction of the ccmG deletion mutant

Regions flanking ccmG (SO_0267) in S. oneidensis MR-1 were amplified by PCR with primers ccmG_5'0O/ccmG_5'l and
ccmG_3'l/cemG_3'0 (table S1), fused by overlap extension PCR and cloned into suicide plasmid pMQS [2]. Overnight
cultures of S. oneidensis MR-1 and Escherichia coli WM3064 with the plasmid pMQS-ccmG, carrying the ccmG deletion
construct (table S2) were mixed and incubated on LB agar with diaminopimelic acid (DAP). Next, S. oneidensis colonies
with a single crossover plasmid insertion were selected on LB agar supplemented with 50ug/mL kanamycin (without
DAP). Individual colonies were streaked on LB with kanamycin, and then grown in LB devoid of NaCl followed by incu-
bation on LB agar plates (without NaCl) supplemented with 10% sucrose to select for a second crossover event. Colonies
were then streaked in parallel on LB agar plates with kanamycin and LB with sucrose, and kanamycin sensitive and
sucrose resistant colonies were tested by PCR using primers ccmG_FO/ccmG_RO (table S1). Colonies containing a dele-
tion of ccmG were identified by the size of the PCR product and a deletion was further indicated by the white color of
the colonies compared to the reddish color of the WT strain. The PCR product of the mutant strain used was additionally

sequenced to confirm the deletion of ccmG.

2.2.2 Strain growth and conditions

To grow Shewanella oneidensis MR-1 and AccmG, a liquid pre-culture was started from a frozen stock (-80°C) and grown
overnight in Luria-Bertani (LB) medium at 30°C in a shaking incubator (140 rpm). An aliquot of this pre-culture was
further inoculated in fresh LB with a starting ODsoo of 0.1. When the culture reached an ODsoo of 2 (mid- to late-expo-
nential phase), the cells were harvested by centrifugation at 9,610 xg for 10 minutes at room temperature, and washed
three times anoxically with modified Widdel low phosphate (WLP) medium at pH 7.3, prior to amendment with U. The

modified WLP medium lacked bicarbonate and phosphate to prevent their complexation of U (Table S3).

2.2.3 Resting cell experiments

2.23.1 Reduction of U(VI)-dpaea
All manipulations were performed inside a nitrogen-atmosphere anaerobic chamber (MBraun, Germany), with 0> < 0.1
ppm. S. oneidensis MR-1 was incubated, under non-growth conditions, in anoxic modified WLP medium (Table S3) in
the presence of solid phase U(VI)-dpaea ([UOz(dpaea)] MW =583 g.mol?) at an equivalent aqueous concentrations of
2.5 mM, and synthesized as previously described*, along with 20 mM of lactate as the electron donor. The starting
ODsoo of the incubations was measured to be 1. The incubations were maintained in the dark at room temperature,
inside the anaerobic chamber. At several time points, an entire culture was sacrificed for analysis purposes. Solid phase
U was separated by centrifugation (10 minutes at 12,100 xg) and the supernatant was further filtered through 0.2 um
PTFE filters (Whatman, Maidstone, United Kingdom). Aliquots of the filtered supernatant were saved for U concentra-
tion determination and for HR-XANES measurements. In the latter case, the supernatant and the solid phase were in-
stantaneously frozen in the glovebox with a cold trap filled with liquid nitrogen. Both solid and aqueous phases were

also retained for further separation by ion exchange chromatography, as described below.
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2.2.3.2 Reduction of U(V)-dpaea
As U(V) is highly sensitive to oxidation, all materials were left at least 24 hours under vacuum prior to entering the anoxic
chamber, and allowed to equilibrate for 2-3 days under anoxic conditions before use. Regarding the preparation of the
cells, in addition to the three washes in modified anoxic WLP, 10 min cycles of vacuum followed by nitrogen injection
were done (in the headspace of a 10 mL anaerobic glass vial). Two sets of experiments were performed. The first set
(called ‘biological’), used as a starting material U(V)-dpaea biologically produced via reduction of U(VI)-dpaea with S.
oneidensis MR-1 (described above). The supernatant of the culture incubated with U(VI)-dpaea was recovered by filtra-
tion through 0.2 um filters. As U(VI)-dpaea is insoluble, the majority of U in solution was expected (and later confirmed)
to be U(V)-dpaea. The second set (called ‘synthetic’) used synthetic U(V)-dpaea prepared as previously described
(([K(2.2.2.cryptand)][UO2(dpaea)] MW = 998.93 g.mol?)*°, For both starting materials, S. oneidensis MR-1 was incubated
with soluble U(V)-dpaea and 20 mM lactate. The initial concentration of U in the ‘biological’ set was 50 uM (correspond-
ing to about 100 pg of U(V)-dpaea) and in the ‘synthetic’ set, 30 uM (corresponding to 60 pg of U(V)-dpaea). Both types
of systems were incubated for 41 days in the glovebox, in the dark.
All experiments were conducted in duplicate and a no-cell control experiment was performed in parallel. The no-cell
control experiment consisted of U(V)-dpaea, either ‘biological’ or ‘synthetic’, in modified WLP anoxic media (identical
to the one used for the cells) in the presence of 20 mM lactate. At specific times, entire cultures were sacrificed from
each ‘biological’ and ‘synthetic’ U(V)-dpaea incubations, and associated no-cell or inactive cell controls (where relevant),
followed by separation of U(VI) and U(IV) by ion exchange chromatography. Confirmatory UV-vis characterization was
performed in selected cases (Text S1 and Figure S1).
Additionally, experiements were conducted with a control consisting of a deletion mutant lacking one gene from the
maturation system of the c-type cytochrome pool, AccmG (Text S2, Figure S2, Tables S1 and S2).
In order to analyze the end-product of reduction by U Ms-edge HR-XANES spectroscopy, solid phase U was recovered
by centrifugation after 4 days of incubation of S. oneidensis MR-1 with 400 uM biologically produced U(V)-dpaea and

stored frozen until analysis.

2.2.4 lon-exchange chromatography

lon exchange chromatography was performed to resolve the U oxidation state in both the solid and aqueous phases as
a function of time, for both the U(VI) and U(V) reduction experiments described in the previous sections. Separation
was achieved with Dowex 1x8 powder (100-200 mesh; chloride form) packed in polypropylene chromatography col-
umns (Poly-Prep®, Bio-Rad, Hercules, California, United-States) inside the anaerobic chamber. The Dowex resin is a
strongly basic cationic resin which allows the separation of U(VI) from U(IV) in an HCl-acidified sample33134, For U(VI)
reduction experiments, aqueous phases (supernatants) were collected and diluted in anoxic HCl to a final concentration
of 4.5M HCI, and solid phases (cell pellets) were digested in 4.5M HCI. After digestion, samples were loaded onto resin
slurry-packed columns that were pre-treated with 4.5 M HCI. The U(IV) fraction was eluted first in about 30 mL of anoxic
4.5M HCI (15 bed volumes), followed by elution of the U(VI) fraction in 0.1M HCI, again in approximately 15 bed volumes

of eluent. All separations were performed in analytical grade HCI.
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2.2.5 Uranium quantification

U concentration was measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Perkin-Elmer ELAN DRC 2)
for both filtered supernatants and samples eluted from the ion exchange chromatography test. Dilutions to a range of
1 to 10 ppb of U were performed in a matrix of 1% HNOs prior to analysis. All samples were measured in technical
duplicates. Measurement and standard deviation values for the ion-exchange chromatography results are gathered in
Table S4 for all measurement U concentration was measured by Inductively Coupled Plasma Mass Spectrometry (ICP-
MS, Perkin-Elmer ELAN DRC 2) for both filtered supernatants and samples eluted from the ion exchange chromatog-
raphy test. Dilutions to a range of 1 to 10 ppb of U were performed in a matrix of 1% HNOs prior to analysis. All samples
were measured in technical duplicates. Measurement and standard deviation values for the ion-exchange chromatog-

raphy results are gathered in Table S4 for all measurements.

2.2.6 HR-XANES

U Ms-edge (3.726 keV) HR-XANES was used to elucidate the oxidation state of U in selected samples. Spectra were
collected at the station for actinide science (ACT) at the CAT-ACT beamline at the Karlsruhe Research Accelerator (KARA),
Karlsruhe, Germany. The CAT-ACT beamline is equipped with a Johann type X-ray emission spectrometer?®>. The incident
beam was monochromatized by a Si(111) double crystal monochromator (DCM) and focused onto the sample to a spot
size of about 500 um x 500 um. The X-ray emission spectrometer consists of four Si (110) crystals with 1 m bending
radius and a single diode VITUS silicon drift detector (Ketek, Germany), which together with the sample are arranged in
a vertical Rowland circle geometry. A UO2 reference was used to calibrate the spectra. The main absorption maximum
was set to 3.275 keV. The sample cells were placed in an inert gas cell and were constantly flushed with He, maintaining
anoxic conditions. The X-ray spectrometer was inside a He flushed box in order to minimize intensity loss due to absorp-
tion or scattering of photons. Wet pastes and liquid samples were loaded into the sample holder in an anaerobic cham-
ber, frozen immediately and stored on dry ice until the measurements. Regarding data processing, normalization and
linear combination fits (LCF) were performed using the ATHENA software®3. The spectra obtained for the wet pastes
and the liquids were modeled using the references U(VI)-dpaea, U(V)-dpaea and U(IV)-dpaeaz, for which spectra were
also collected and analyzed in the same manner. The goodness of fit was evaluated with two statistical parameters, the

R-factor and the reduced x?, which were minimized by the fitting algorithm.

2.2.7 Electron microscopy

The solid phase U(IV) product associated with the biomass of a 3-month-old incubation was collected by centrifugation
(10 minutes at 12,100 xg) in a N2 atmosphere. The pellet was resuspended in 100uL anoxic 100% ethanol. 2 pL of this
mixture were loaded onto an ultra-thin carbon grid (Electron Microscopy Sciences CF200-CU-UL; 200 um square mesh;
3-4 nm carbon foil; copper grid; silicon free) and allowed to dry in an anoxic chamber for 5 min. The grid was exposed
for about 1 min to the ambient atmosphere when mounted on the microscope holder. The samples were first analyzed
by Bright Field 9 STEM to describe the morphology of U, and then by energy dispersive x-ray spectroscopy (EDS) to
identify the predominant elements in association with U. The high-resolution TEM (HR-TEM) mode was used to probe
the crystallinity of the U(IV) product by recording Selected Area Electron Diffraction (SAED) patterns on the U morphol-

ogies of interest. The analysis was performed with a beam energy of 200 keV and a beam current of 1 nA.
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2.3

Results

2.3.1 Reduction of U(VI)-dpaea

Transformation of U(VI)-dpaea by S. oneidensis MR-1

U(VI) reduction by strain MR-1 has been studied extensively'®!317.11831 Here, in contrast to most previous studies, we

considered the reduction of solid phase U(VI), in the form of U(VI)-dpaea. In fact, we expected that the reduction of

U(VI)-dpaea would result in the formation of the soluble U(V)-dpaea complex, effectively reductively mobilizing U.

Therefore, we monitored U concentration in the incubation supernatants through time by ICP-MS. As illustrated in Fig-

ure 2:1.A., we observed an increase in the U concentration in the culture supernatants, up to 1.9 mM (corresponding

to 75% of total U) after 96h of incubation. The no-cell control experiments showed a low U concentration in solution

(50 uM, corresponding to 2% of total U in this experiment) due to the low solubility of the U(VI)-dpaea complex (Figure

S3). Thus, we propose that solid phase U(VI)-dpaea was being transformed by S. oneidensis MR-1, forming soluble U

species. In addition, we noticed that the aqueous phase turned pink.
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Figure 2:1. Incubation of MR-1 cells with U(VI)-dpaea. A. U concentration in the incubation supernatants (pink dots) and in no-cell controls (yellow

dots), measured from 0 to 96h of incubation with U(VI)-dpaea (in duplicates). B. U speciation in the solid phase and in the aqueous phase of the

incubations (in pg). The U(VI) and U(IV) fractions were obtained by ion exchange chromatography.
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Therefore, we attempted to follow the reaction by UV-vis spectroscopy (Figure S1.A.). UV-vis spectra of the aqueous
phase were collected at Oh, 24h and 72h. At Oh, we did not detect any light-absorbing compound. However, after 24h
and 72h, light absorbance was detected and the spectra showed a broad line with a maximum at 460nm. By comparing
this spectrum with the reference spectra of U(V)-dpaea under identical conditions, we hypothesized that U(V)-dpaea

was formed in the aqueous phase of the incubations.

2.3.1.2 lon exchange chromatography of U(VI) and U(IV)

In order to further confirm our hypothesis that the soluble U product that accumulated in the aqueous phase was
pentavalent U, we performed ion exchange chromatography. For each time point, we were able to delineate the con-
tribution of U(VI) and U(IV) as shown in Figure 2:1.B and Table S4. As the amount of solid phase U(VI)-dpaea decreased,
we observed the formation of a small amount of solid phase U(IV), and increasing U(VI) and U(IV) in the aqueous phase.
The ion exchange chromatography separation cannot directly identify U(V), because the samples are acidified prior to
loading onto the column. Acid treatment is known to disproportionate uranyl(V) and to produce equal proportions of
U(VI) and U(IV)*?2. We observed that, at all incubation times analyzed, aqueous U(VI) and U(IV) were distributed in the
supernatants at a contribution of 55% and 45%, respectively, suggesting that U(V)-dpaea formed and accumulated in
the supernatant. The slight excess of aqueous U(VI) (corresponding to 50uM U) was attributed to the solubility (albeit
low) of U(VI)-dpaea (Figure S3).

To confirm that the obtained ratio of U(VI) and U(IV) is a proxy for U(V)-dpaea, we eluted a preparation of 600 uM
synthetic U(V)-dpaea under similar conditions. After acidification and separation, U concentrations in the U(VI) and U(IV)
fractions were 294.6 uM and 294.4 uM, respectively. This test confirmed that a 1:1 U(VI)/U(IV) ratio obtained after ion

exchange chromatography separation, corresponds to U(V).

23.13 Ms-edge HR-XANES

To provide further evidence for the oxidation state of U in the aqueous and solid phases, we collected Ms-edge HR-
XANES spectra. Late time points were selected in order to ensure that a sufficiently high concentration of U had accu-
mulated in the aqueous phase to allow the acquisition of spectra with high signal to noise ratio (Figure 2:2). The energy
positions of the first intense absorption peak of the spectra of the U(IV)-dpaea, U(V)-dpaea and U(VI)-dpaea references
shift to higher energies in the order U(IV), U(V), U(VI) (Figure 2:2.A.). The energy positions of the spectral features are
listed in Table2:1. The spectra of U(VI)-dpaea and U(V)-dpaea displayed shapes typical for uranyl(VIl) (U02?*) and ura-
nyl(V), respectively®37138, The spectra obtained for the supernatants (aqueous phase) collected after 72h and 96h of
incubation (Figure 2:2.A.) resembled closely that of U(V)-dpaea, which confirms the ion exchange chromatography re-
sults (Figure 2:2:1.). The spectra of the samples feature two intense peaks with maxima at 3.7258 keV and 3.7272 keV
for the 72-hour sample and at 3.7260 keV and 3.7272 keV for the 96-hour sample. In comparison, the U(V)-dpaea stand-
ard exhibits peak maxima of those peaks at 3.7258 keV and 3.7271 keV (Table 2:1.).

60



Chapter 2: Biological reduction of a U(V)-organic ligand complex

Sample white line (keV) 2nd peak (keV) 3rd peak (keV)
Standards

U(IV)-dpaea: 3.7253 - -
U(V)-dpaea 3.7258 3.7271 3.7297
U(VI)-dpaea 3.7268 3.7288 3.7328
U(VI)-dpaea reduction

Aqueous phase 72h 3.7260 3.7272 3.7297
Aqueous phase 96h 3.7258 3.7272 3.7298
Solid phase 150h 3.7268 3.7289 3.7326
U(V)-dpaea reduction

Cell pellet 85h 3.7257 - -

Table 2:1. U Ms-edge main spectral features measured in this study.
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Figure 2:2. U Ms-edge HR-XANES spectra demonstrating reduction of (A) U(VI)-dpaea and (B) biologically-produced U(V)-dpaea. The references

U(VI)-dpaea (in red), U(V)-dpaea (in pink) and U(IV)-dpaea: (in blue) are presented in both panels. The spectra obtained for UO: is shown as a

dashed line. U(IV)-dpaeaz was used as a reference and likely does not fully characterize the U(IV) phases present. In addition to the references, the

spectra obtained for (A) the aqueous phase after 72h and 96h of incubation, and for (B) the solid phase (cell pellet) collected after 85h of incubation

of S. oneidensis MR-1 with U(V)-dpaea are presented.
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Moreover, linear combination fits (LCF) (Figure 2:2:3. and S4) revealed that both supernatants contained more than
80% U(V), as reported in Table 2:2.. Furthermore, the split peak at 3.7258-3.7260 keV to 3.7272 keV in both the uranyl(V)
standard and the samples (Figure 2:2:3.) indicated the presence of uranyl(V) rather than uranate(V)'?*'%’, Qualitative
analysis of M4 XANES data show that the U solid phase collected after 150 h (Figure S4) is mainly composed of U(VI)-
dpaea with small contributions of U(IV) and possibly U(V) (Table 2:2.). We interpret this result as the contribution of
residual solid phase U(VI) combined with a small amount of precipitated U(IV). We attribute the presence of U(V) in the

solid phase to the sorption of soluble U(V)-dpaea on the cells or the surface of U(VI)-dpaea.

A. 72h supernatant B . 96h supernatant
U(VI)-dpaea reduction U(VI)-dpaea reduction

1 1 1 ] L " 1 1

3.72 3.725 3.73 3.735 3.72 3.725 3.73 3.735

C . 150h cell pellet D . 85h cell pellet .
U(VI)-dpaea reduction U(V)-dpaea reduction

3.72 3.725 3.73 3.735 3.72 3.725 3.73 3.735
Energy (keV) Energy (keV)

—data
—fit

Figure 2:3. LCF fitting results (red) compared to the data (black) for the M4-edge HERFD-XANES spectra obtained for supernatants from the reduc-
tion of U(VI)-dpaea A. 72h, B. 96h and a spectrum obtained for the solid phase C. at 150h. Panel D represents a spectrum obtained at 85h for the

solid phase during the reduction of U(V)-dpaea.

Sample % U(VI)-dpaea % U(V)-dpaea % U(IV)-dpaea R factor Reduced x?
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U(VI)-dpaea reduction

Aqueous phase 72h 0 81.5+2.2 18.5+3.1 0.0103 0.2131
Aqueous phase 96h 3.7+£25 85.5+1.7 10.8+1.1 0.0061 0.1196
Solid phase 150h 74+14 179421 13.1+1.4 0.0064 0.0955

U(V)-dpaea reduction

Solid phase 85h 3.9+3.8 7.4+23 89+3 0.0061 0.2170

Table 2:2. LCF of the M4-edge HR-XANES spectra for samples described in Figure 2:2 and Figure S5 the text with the references U(VI)-dpaea, U(V)-
dpaea, U(IV)-dpaea.. We interpret these figures as supportive indicators for the presence of a given U oxidation state, providing qualitative infor-

mation about the distribution of the oxidation U states in the samples. The error bars are derived from the linear combination fit algorithm.

2.3.2 Reduction of U(V)-dpaea

In order to probe whether biological reduction of U(V)-dpaea occurred in these experiments, we performed two addi-
tional bio-reduction experiments with U(V)-dpaea as the starting substrate. The first, utilizing biologically-generated
U(V)-dpaea, was performed to establish the continuity of the reduction mechanism from U(VI) to U(IV). The second,
utilizing chemically synthesized U(V)-dpaea, was performed in order to systematically uncouple the second electron
transfer (U(V) to U(IV)) from the first (U(VI) to U(V)).

For this set of experiments, we validated the ion-exchange chromatography by testing it on decreasing U(V)-dpaea con-
centrations (from 220 uM to 4.2 uM). We noticed that the U(VI)/U(IV) ratio obtained after separation of U(V)-dpaea
was dependent on the initial U(V)-dpaea concentration in solution, before acid treatment (Figure S6). Therefore, the
results of the U(V)-dpaea reduction experiments, presented in the sections below, were corrected after establishing the
relationship between initial [U(V)-dpaea] and the percentage of U in the U(IV) fraction (Figure S7). We also evaluated
that the dpaea ligand does not have an effect on chromatography elution (Figure S8). The details of this correction factor

are reported in the Supplementary information (Text S3).

2.3.2.1 Reduction of biologically produced U(V)-dpaea
Aqueous U concentrations were monitored in incubations of S. oneidensis with biogenic U(V)-dpaea over up to 312
hours (13 days). Over this experimental time, we showed that the cell number decreased but remained greater than a
thousand cells/mL (experimental method described in Text S2, and results in Figure S9). Whilst the concentration of
aqueous U remained constant at around 50 uM in the controls without cells over the duration of the experiment, aque-
ous U in the biological incubations decreased steadily down to 30 uM (Figure 2:4.A.). In addition, as U(V)-dpaea was
removed from the aqueous phase, a concomitant increase in solid-associated U was observed (Figure 2:4.A.). In con-
trast, we did not observe the formation of a solid phase in the abiotic controls. lon exchange chromatography of the

solid phases recovered from the incubations revealed that they are composed of U(IV) (Figure 2:5.A.).
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Figure 2:4. Aqueous and solid phase U concentration through time in incubations with S. oneidensis MR-1 and no-cell controls with (A) biologically-
produced U(V)-dpaea (B) synthetic U(V)-dpaea.

A. B.

[U] (UM)

0 100 200 300 0 100 200 300
Time (h) Time (h)
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Figure 2:5. U oxidation state in the solid phase (cell pellet) and in the aqueous phase (supernatant) of (A) incubations with S. oneidensis MR-1 (B)
and no-cell controls, in presence of ‘biological’ U(V)-dpaea. The U(VI) and U(IV) fractions were obtained by ion exchange chromatography. The ion
exchange chromatography separation cannot directly identify U(V), because the samples are acidified prior to loading onto the column. Acid treat-
ment is known to disproportionate uranyl(V) and to produce equal proportions of U(VI) and U(IV). Therefore, here the equal proportions observed

for U(VI) and U(IV) in the supernatant are a proxy for U(V) (result demonstrated by U Ms-edge HR-XANES).
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We further substantiate U speciation in the solid phase using Ms-edge HR-XANES (Figure 2:2.B.). The spectra collected
for the solid phase U recovered after 85h of incubation showed a single peak at 3.7257 keV (Table 2:1.), similar to the
U(IV)-dpaea: standard, and LCF suggests a composition of ~90% U(IV) with a small contribution of U(V), most likely in a
uranate configuration (Figure 2:3.D and Table 2:2.).

To better delineate the nature of the U(IV) product, samples of the cell pellet recovered after 3 months of incubation
were analyzed by TEM. We pinpointed two major morphologies of the U(IV) product which are represented in Figure
2:6.. The first morphology corresponds to small aggregates of U, smaller than 200nm, distributed at the surface of the
bacteria (Figure 2:6. A-C.), and the second exhibits U-bearing clusters larger than 1um associated with biomass (Figure
2:6. D-F.). EDS spectra of the two types of U morphology showed the predominance of U and O for both types but only
significant contributions of N (Figure S10). SAED diffraction patterns also acquired on both morphologies display diffuse
rings, suggesting that both are non-crystalline (Figures S11 and S12). We propose that the type 1 morphology corre-
sponds to U(IV)-dpaea: (a sparingly soluble complex with an equilibrium solubility of 10 uM, Figure S3) and type 2 to
non-crystalline U(IV) typically expected in U(VI) reduction by bacteria®®. EXAFS analysis is needed to determine defini-

tively the structure of the end product.

Morphology type 1:
U dispersed at the
bacteria surface

G ——— 200 nm

Morphology type 2:

U clusters which \5
associate with

the bacteria

and EPS matrix

D. — 2y E. — Tum

Figure 2:6. STEM images acquired on S. oneidensis MR-1 incubated with U(V)-dpaea for 3 months. We mainly observed two types of uranium mor-
phologies. A, B and C describe morphology type 1 corresponding to U aggregates smaller than 200nm dispersed at the surface of the bacteria. D, E

and F show morphology type 2, in which U forms larger (> 1 microns or um) clusters in association with the bacterial cells
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2.3.2.2 Reduction of synthetic U(V)-dpaea
We observed similar results when the same experiment was conducted with synthetic U(V)-dpaea. Indeed, U remained
stable in the no-cell controls at around 27 uM (Figure 2:4.B.). In contrast, the amount of U in solution decreased steadily
in the culture supernatants down to 13 uM, with the concomitant formation of a solid phase (Figure 2:4.B). lon exchange
chromatography separation of the acid-solubilized solid phase also showed the predominance of solid U(IV) (Figure
$12). Furthermore, UV-vis spectroscopy of the aqueous phase showed (i) stability of U(V)-dpaea in the aqueous phase
in the absence of cells and (ii) a slight decrease in the absorbance for incubations with cells further supporting that U(V)-
dpaea was transformed by the bacteria (Figure S1.B.). Cell viability was monitored over 30 days (Figure S9), and shown

to decrease, as expected, but to remain above 103 cells/mL.

2.3.2.3 Reduction is the dominant mechanism
In order to confirm that the solid phase U(IV) observed in the incubations of S. oneidensis MR-1 with U(V)-dpaea was
the product of an active reduction mechanism, we probed the ability of a ccmG deletion mutant to carry out the reduc-
tion. The AccmG mutant lacks a key gene involved in the maturation of c-type cytochromes, and therefore is devoid of
these proteins. Hence, in an experiment similar to the one described above, we incubated AccmG cells, MR-1 wild type
(WT) cells, and a no-cell control with 550 uM synthetic U(V)-dpaea. As expected, AccmG cells did not transform U(V)-
dpaea over 336h (14 days) (Figure 2:7.A.), whereas we observed a 20% decrease in the concentration of U(V)-dpaea in
the incubations with MR-1 WT cells and a 2.5% decrease for the no-cell control. Cell viability showed similar trends in
both AccmG and WT incubations (Figure 2:7.B). This finding suggests that the presence of c-type cytochromes is required
for U(V)-dpaea reduction. Additionally, we can exclude disproportionation as a significant contributor to U(V)-dpaea
reduction. This is because U(V)-dpaea reduction does not occur in the presence of the AccmG mutant. Furthermore, the
complex is stable in the absence of cells (no-cell control), or in presence of inactivated cells (Text S4 and S5, Figure S14,
S15 and S16). In contrast, we observed the substantial decrease in the concentration of U(V)-dpaea in the presence of
active cells, providing evidence for microbial U(V)-dpaea reduction. These results concur to demonstrate that U(V)-

dpaea can be actively reduced by strain MR-1 cells via an electron transfer flow likely mediated by c-type cytochromes.
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Figure 2:7. Aqueous U(V)-dpaea concentration (A) and cell viability (B) through time in incubations with S. oneidensis MR-1, the deletion mutant

AccmG and a no-cell control.
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2.4 Discussion

2.4.1 Mechanism of U(VI)-dpaea reduction

We report that S. oneidensis MR-1 can reduce solid phase U(VI)-dpaea to uranyl(V)-dpaea by a one-electron transfer.
U(V)-dpaea is released in the culture supernatant and remains stable over the duration of the experiment. The use of
the dpaea ligand to coordinate and stabilize U(V) in water at pH 7 allowed for the accumulation of this intermediate in
solution. Our results are congruent with the Renshaw et al. and others 283%3! where a transient uranyl(V) species was
proposed to form in Geobacter sulfurreducens cell suspensions after 4 h of incubation. However, additionally, our sys-
tem evidenced the biological reduction of U(V)-dpaea by an additional one-electron transfer. Clearly, the enhanced
stability of U(V) afforded by the dpaea ligand extends the half-life of U(V) in solution, allowing this process to take place.
The significance of the results lies in the demonstration that S. oneidensis MR-1 cells are able to actively reduce U(V)-
dpaea. This finding is consistent with the reduction of Np(V) and Pu(V) by the same organism®”7%, It is conceivable that
the same would occur for U(V) organic complexes provided that they persist sufficiently long for biological reduction to
preempt disproportionation.

Thus, the molecular mechanism of U(VI)-dpaea reduction is distinct from that described by Sundararajan et al. for
[U(VI)O2(H20)s]?* %5, They assumed that a transient U(V) species formed after the transfer of two electrons from the c-
type cytochrome PpcA of Geobacter sulfurreducens to the associated U(VI)-U(VI) dimer. In the proposed scenario, a
U(V)-U(V) dimer is formed and disproportionates to U(VI) and U(IV). In this work, it is unlikely that such a dimer can
form because of the bulky pentadentate ligand dpaea. In fact, the dpaea ligand obstructs the equatorial plane of the U
atom, preventing CCl and thus, disproportionation. Therefore, we suggest that electron transfer involved a monomer
U(VI)-dpaea. Once U(V)-dpaea was formed in the supernatant, it remained stable until further reduction occurred. Spon-
taneous disproportionation was excluded since the structure was found to be stable up to three months in water at
pH=7%. Moreover, [U(V)-dpaea] remained unchanged in the no-cell controls over the course of our assays.

The reduction of water stable U(V)-dpaea to U(IV) implies that structural changes took place, namely the cleavage of
the two uranyl di-oxo bonds. The process may be facilitated by the functionalization of one of the uranyl oxygen atoms*%°
by hydrogen binding with an enzymatic residue of the outer-membrane cytochromes MtrC or OmcA. Also, the second
reduction step exhibited slower kinetics than the first, with half-lives of 984 hours (41 days) and 528 hours (22 days) for
the ‘biological’ and ‘synthetic’ U(V)-dpaea respectively, compared to 20 h for U(VI)-dpaea reduction to U(V)-dpaea. The
differences observed in the half-lives of ‘biological’ or ‘synthetic’ could be attributed to the initial concentration of U(V)-
dpaea in the incubations (60 uM for the ‘biological’ and 30 uM for the ‘synthetic’). It could also be that some residual
metabolites remained in the medium of ‘biological’ U(V)-dpaea and inhibited the reaction by interacting with the cell

surface.

2.4.2 Thermodynamic considerations

The MtrCAB protein complex in S. oneidensis MR-1 spans potentials from 0 to -400 mV (against the standard hydrogen
electrode (SHE))®°, and therefore accesses a large range of redox substrates. The reduction potential of U(VI)-

dpaea/U(V)-dpaea was -312 mV (SHE)*, thus, the first reduction step of U(VI) to U(V), lies within the reduction
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potentials accessible to the MtrCAB complex. It suggests that a one-electron reduction of U(VI)-dpaea by MtrC/OmcA
would be energetically favorable.

Regarding the second reduction step from U(V)-dpaea to U(IV), there is no reported redox potential for the U(V)-
dpaea/U(IV) in aqueous medium. Indeed, the absence of a redox wave on the cyclic voltammogram of U(V)-dpaea as-
sociated with the transition of U(V) to U(IV)) may be explained by the slow kinetics of electron transfer or by significant
structural rearrangements®'. However, dithionite, which is the reduced product in the sulfite/dithionite couple (HSO3*
/5204%), with an electrochemical potential of -660mV against SHE at pH 7, was shown experimentally to reduce U(V)-
dpaea to U(IV) in an aqueous solution buffered at pH 7 with HEPES*!. This observation implies that the redox potential
of U(V)-dpaea/U(IV) could be accessible by MtrC/OmcA and a one-electron reduction of U(V)-dpaea to U(IV), energeti-

cally favorable.

2.4.3 Environmental relevance

In this work, the dpaea ligand was a powerful tool to characterize the reduction mechanism of U reduction and to trap
the pentavalent species. This is an approach that allowed the elucidation of whether biological U(V) reduction was pos-
sible in the presence of organic ligands closely related to dipicolinic acid. With this point now resolved, it opens the door
for investigations with more environmentally relevant ligands.

Bulky ligands and ligands that can bind metal ions with a high number of donor atoms may contribute to slowing down
the disproportionation, by preventing CCl between two uranium nuclei. The dpaea ligand displays significant steric ef-
fects around the U nucleus because of the aromatic rings occupying the equatorial plane of the complex. In addition,
this ligand is pentadentate and therefore occupies five coordination sites at the metal center, which prevents dispro-
portionation*®!4! |n contrast, smaller ligands or ligands with a coordination number lower than 3 may allow CCl and
consequently disproportionation4?,

We expect that other polydentate ligands, with similar properties as dpaea, may stabilize uranyl(V) sufficiently to allow
the reduction of the U(V) species. For instance, we could envision other aminocarboxylate ligands such as EDTA, NTA,
or DTPA (used to extract radionuclides in the process of radioactive waste treatment!?®) may behave similarly. In addi-
tion, fulvic and humic acids, abundant in organic rich soils, have numerous carboxylic and hydroxyl functional groups
and are additional candidates to stabilize uranyl(V) in the subsurface.

Additional work, with the abovementioned ligands and in natural sediments, is needed to investigate these hypotheses.
Moreover, the dpaea system could be a valuable system to interrogate the isotopic signature associated with a single

one-electron transfer step and how it impacts the overall isotopic fractionation of biological U reduction.
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2.5 Conclusion

U(VI)-dpaea

Figure 2:8. Reduction of solid phase U(VI)-dpaea (in red). U(VI)-dpaea is reduced to soluble U(V)-dpaea (in pink) by a one-electron transfer. U(V)-

dpaea is released to the culture medium, and further reduced to amorphous U(IV) and organic complexes of U(IV), (in blue) by an additional one-

electron transfer.

In this first chapter, we investigated the mechanistic steps of U(VI)-dpaea reduction by S. oneidensis MR-1: We demon-
strated that U(VI)-dpaea is reduced via two single successive electron transfers: (i) solid U(VI)-dpaea to aqueous U(V)-

dpaea, (ii) U(V)-dpaea to U(IV) species (Figure 2:8.).
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Chapter 3 Mechanism of reduction of solid-
phase U(VI)-dpaea and aqueous U(V)-dpaea
complexes

Chapter 3 follows up on findings from chapter 2 and provides insights into the biological reduction of U(VI)-
dpaea and U(V)-dpaea by the microorganism S. oneidensis MR-1 and the purified multiheme outer-mem-

brane c-type cytochrome MtrC of S. oneidensis MR-1.
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Abstract

The biological reduction of soluble U(VI) complexes to form immobile U(IV) species has been used to remediate con-
taminated sites. Recent studies have confirmed that the reduction mechanism proceeds via a one electron transfer
forming pentavalent U(V) species, believed then to readily disproportionate. Nonetheless, biologically-formed U(V) per-
sisted in aqueous solution at pH 7 in the presence of a stabilizing aminocarboxylate ligand, dpaea®
(dpaeaHz=bis(pyridyl-6-methyl-2-carboxylate)-ethylamine). In addition, it is well established that multiheme c-type cy-
tochromes (MHC) are key mediators of electron transfer to aqueous phase U(VI) complexes in Shewanella oneidensis
MR-1. Hence, we aim at exploring the role of MHC in the reduction of U(V)-dpaea to U(IV) species, and at establishing
the mechanism of solid phase U(VI)-dpaea reduction. To that end, we investigated U-dpaea reduction by two deletion
mutant strains of S. oneidensis MR-1, lacking either all or only outer-membrane MHC, or by the purified outer-mem-
brane MHC MtrC. Our results suggest that (i) solid phase U(VI)-dpaea reduction occurs via dissolution followed by re-
duction by outer-membrane and periplasmic c-type cytochromes; and (ii) MtrC can directly transfer electrons to U(V)-

dpaea to form U(IV) species, underscoring the involvement of MHC in the reduction of this pentavalent U species.

3.1 Introduction

Uranium (U) contamination in the subsurface, resulting from past or present anthropogenic activities such as mining,
ore processing, and the production of weapons-grade U can be remediated biologically’?. To that end, subsurface mi-
croorganisms are stimulated to immobilize the highly mobile hexavalent U (U(VI)) species to less mobile tetravalent U
(U(IV)) species%*%3_ U(VI) and U(IV) are the most abundant oxidation states of U in the subsurface.

The biological reduction of metals and metalloids by Shewanella oneidensis MR-1 is an anaerobic process by which
electrons, released upon oxidation of the electron donor, feed an electron transfer chain, consisting of a sequence of c-
type cytochromes?® linking the cytoplasm to the extracellular environment. Thus, electrons from the cytoplasm are de-
livered to a periplasmic pool of c-type cytochromes, and then shuttled across the periplasm to, for instance, the c-type
cytochrome chain MtrA-MtrC, part of the MtrCAB porin complex embedded in the outer-membrane. The decaheme c-
type cytochromes MtrC and OmcA, located on the outer membrane of the cells and its finger-like extensions!!!, are

16,143,90,104 ' 5r to secreted flavin shuttles

terminal reductases that deliver electrons to extracellular electron acceptors
that mediate electron transfer0993:113,108
The role of multiheme c-type cytochromes (MHC) in the reduction of aqueous U(VI) was studied both experimentally

121 ‘Marshall et al. investigated a collection of S. oneidensis MR-1

by Marshall et al.’’, and theoretically by Sundadarajan
mutants to determine which c-type cytochromes were involved in the reduction of aqueous U(VI)-carbonate species.
The mutant lacking all c-type cytochromes (AccmC) lost the ability to reduce U(VI), underscoring the key role of these
proteins in U(VI) reduction. Moreover, single outer-membrane MHC deletion mutants AmtrC and AomcA, but also the
double cytochrome deletion mutant AmtrC-omcA displayed slower reduction rates as compared to wild type (WT) MR-
1. Such results suggest that both MtrC and OmcA are involved in electron transfer to aqueous phase U(VI)-carbonate.

Additionally, using purified MtrC and OmcA, they observed that MtrC, but not OmcA, could transfer electrons to U(VI)-

citrate. However, the fact that single and double outer-membrane MHC deletion mutants could still reduce U(VI)-
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carbonate hinted at periplasmic MHC-mediated electron transfer. Furthermore, Sundararajan et al. studied the mech-
anism of aqueous uranyl(VI) reduction by the c-type cytochrome PpcA of G. sulfurreducens using density functional
theory (DFT) calculations 6. According to their model, a single electron transfer is expected to occur from PpcA to U(VI),
producing U(V), followed by the spontaneously disproportionation of two U(V) to U(VI) and U(IV).

However, recent studies have revealed the persistence of an aqueous pentavalent U (U(V))-organic ligand complex at
circumneutral pH values under laboratory conditions*®32, The ligand in question, dpaea® (dpaeaH,=bis(pyridyl-6-me-
thyl-2-carboxylate)-ethylamine), is synthetic, but belongs to the family of aminocarboxylate ligands. These ligands occur
in the environment either naturally, for instance, dipicolinic acid in bacterial endospores?®!?’, or as a consequence of

144

human-related activities such as metal chelation in remediation processes'**, radionuclide extraction in nuclear

181132 or additives in detergents'#>1%6, We have recently demonstrated the biological reduction of U(V)-dpaea by

wastes
S. oneidensis MR-1, suggesting that upon stabilization of U(V), its biological reduction is possible. In fact, the reduction
of U(VI)-dpaea occurs via two single successive electron transfers: (i) solid phase U(VI)-dpaea is reduced to soluble U(V)-

dpaea, and (ii) U(V)-dpaea to solid-phase U(IV) species, such as U(IV)-dpaeaz, and non-crystalline U(IV)32.

While the reduction of aqueous U(VI) species has been abundantly documented, there is limited information about solid
phase U(VI) reduction. A kinetic model was developed to characterize the reduction of the mineral sodium boltwoodite
(NaU0,Si030H-1.5 H,0), and indicated that the dissolution of solid U(VI) precedes its reduction®’. A similar result was
observed with hydrogen uranyl phosphate crystals, for which dissolution was the first step*%. In addition, we recently
showed that in the presence a strong organic ligand, which favour the stabilization of U(V), solid phase U(VI)-dpaea was
mobilized to aqueous U(V)-dpaea. The mobilization of solid phase U(VI) may be of concern in contaminated areas, hence

a topic

Additionally, while the role of MHC in U(V) reduction has been exemplified in our previous work by showing the absence
of reduction of U(V) by a AccmG mutant (lacking c-type cytochromes), it is unclear whether outer-membrane or periplas-
mic and cytoplasmic MHC are involved. In this context, we sought to probe the implication of outer-membrane c-type
cytochromes in solid phase U(VI)-dpaea reduction to U(V)-dpaea, as well as in the subsequent electron transfer from
U(V)-dpaea to U(IV) species. We investigated the mechanism of reduction of U(VI)-dpaea and U(V)-dpaea at the cellular
level by constructing a deletion mutant strain lacking the outer-membrane c-type cytochromes MtrC, OmcA and MtrF

(strain AmtrC/omcA/mtrF). At the molecular level, we investigated the reaction between the purified c-type cytochrome

MtrC and solid/aqueous phase U(VI)-dpaea or aqueous phase U(V)-dpaea. We established that solid phase U(VI)-dpaea
reduction proceeds via dissolution prior to reduction to U(V)-dpaea by periplasmic and outer-membrane c-type cyto-
chromes. Additionally, purified MtrC reduced U(V)-dpaea to U(IV) species efficiently, implying that this outer-membrane

c-type cytochrome can be involved in the reduction of U(V)-dpaea.
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3.2 Experimental methods

3.2.1 Description of the mtrC/omcA/mtrF deletion mutant

Regions flanking mtrF (SO_1780) in Shewanella oneidensis AomcAAmtrC*” were amplified by PCR with primers
mtrF_5'0/mtrF_5'l and mtrF_3'l(DD)/mtrF_3'O(DD) (Table S1), fused by overlap extension PCR and cloned into suicide
plasmid pMQS®. The resulting plasmid, pMQS-mtrF(DD), was introduced into Shewanella oneidensis AomcAAmtrC by
conjugation from E. coli strain WM3064. Colonies with single crossover plasmid insertions were selected on LB agar
plates containing kanamycin, purified once on agar plates with kanamycin and resistant colonies were subsequently
grown overnight in LB (containing no NaCl) without antibiotic. Double crossover mutants were selected on LB agar plates
(containing no NaCl) supplemented with 10% sucrose. Sucrose resistant and kanamycin sensitive colonies were checked
by colony PCR for gene deletion using primers flanking the deleted region (mtrF_FO + mtrF_RO(DD)) (Table S1). Selected
clones were purified, genomic DNA isolated, and the region containing the deleted gene was amplified by PCR and the
deletion verified by Sanger sequencing (Table S2). Henceforth, for simplicity, the AmtrC/omcA/mtrF deletion mutant

will be referred as AOMC. ‘OMC’ stands for outer-membrane c-type cytochromes.

3.2.2 Strains and growth conditions

In addition to WT S. oneidensis MR-1 and the newly generated mutant, AOMC, this study also includes the previously
generated AccmG deletion mutant32. The three strains were first incubated in a liquid pre-culture started from a frozen
stock (-80°C) and grown overnight in Luria-Bertani (LB) medium at 30°C in a shaking incubator (140 rpm). An aliquot of
this pre-culture was further inoculated in fresh LB with a starting ODeoo of 0.1. When the culture reached an ODsoo of 2
(mid- to late-exponential phase), the cells were harvested by centrifugation at 9,610 xg for 10 minutes at room temper-
ature (Avanti J-26 XP, Beckman, Brea, California, US), and washed three times anoxically with modified Widdel low
phosphate (WLP) medium at pH 7.3, prior to amendment of U. The modified WLP medium lacked bicarbonate and

phosphate to prevent their complexation of U32

3.2.3 Preparation of ferrihydrite and Fe(III)-citrate

Fresh ferrihydrite was prepared by titrating 0.5M Fe(lll)-Cl with 10M NaOH until the pH value reached 7. After 30
minutes of equilibration, the precipitate was centrifuged and washed 5 times with deionized water (8,000 g, 10 min). A
Fe(lll)-citrate stock solution was prepared by dissolving Fe(lll)-citrate (Mw = 245.95g/mol) in deionized water and adjust-
ing the pH value to 7 with 10M NaOH. The obtained solution was filter-sterilized with 0.2 um filters. The final iron
concentrations in both the ferrihydrite and Fe(lll)-citrate solutions were measured by ICP-OES after digestion of an ali-

quot in 4.5M HCI. The suspension and solution were both stored at 4°C, wrapped in aluminum foil until use.

3.2.4 Reduction experiments with ferrihydrite and Fe(IlI)-citrate

All the experiments described in the following paragraph were performed inside a nitrogen-atmosphere anaerobic
chamber (MBraun, Germany), with Oz < 0.1 ppm. S. oneidensis MR-1, AOMC_and AccmG were prepared as described
above. They were incubated, in addition to a no-cell control, under non-growth conditions in a WLP modified medium3?

supplemented with 20 mM lactate, as the electron donor, and with 5 mM anoxic ferrihydrite or Fe(lll)-citrate as electron
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acceptors. The starting ODsoo of the incubations was calculated to be 1. The incubations were maintained in the dark at
room temperature, inside the anaerobic chamber. Fe(ll) was measured by the ferrozine assay and cell viability was

followed by streaking an aliquot of culture on LB agar plates. Each experimental condition was set up in duplicate.

3.2.5 Reduction of U(VI)-dpaea

S. oneidensis MR-1, AOMC, and AccmG were incubated, under non-growth conditions, in anoxic modified WLP medium
in the presence of solid phase U(VI)-dpaea ([UO2(dpaea)] MW =583 g.mol?) at an equivalent aqueous concentrations of
2 mM, synthesized as previously described?’, along with 20 mM of lactate as the electron donor. The starting ODeoo of
the incubations was measured to be 1. The incubations were maintained in the dark at room temperature, inside the
anaerobic chamber. At several time points, aliquots of the incubations were filtered through 0.2 um PTFE filters (What-
man, Maidstone, United Kingdom). Similarly, the three abovementioned strains were incubated on aqueous phase
U(VI)-dpaea obtained by filtering suspensions of solid phase U(VI)-dpaea in modified WLP medium supplemented with
20 mM lactate through a 0.2 um PTFE filter in order to remove the solid phase. The experimental details are similar to
those described for the solid phase U(VI)-dpaea experimental set up. Each experimental condition was set up in dupli-
cate. U was quantified by ICP-MS (ICP-MS 7900, Agilent, Santa Clara, California, US) as described in the Experimental

methods in chapter 1.

3.2.6  MtrC purification

Recombinant protein MtrC was expressed in the double mutant AomcAmtrC strain of S. oneidensis MR-1 LS331, kindly
provided by Liang Shi*’. 0.1 mM L-arabinose-induced culture supernatant was collected by centrifugation. To facilitate
purification, the Ni?*-NTA sepharose resin (Bio-rad) was added directly to the culture supernatant to a ratio of 8 mL of
resin per litter of supernatant. To allow the resin to bind, bottles containing MtrC and the resin were rotationally shaken
for 3 hours at 4°C. The resin was recovered by sedimentation and loaded onto a column for protein purification. The
protein was entirely eluted in a buffer made of 40 mM imidazole in 20 mM HEPES and 150 mM NacCl at pH 7.5. Imidazole
was washed by two successive dialysis steps. The protein was concentrated using ultrafiltration membranes. Following
elution and concentration, the purified MtrC migrated as a single band on an SDS-PAGE gel with an apparent mass of
75 kDa (Figure 3:1). The protein concentration was evaluated by bicinchoninic acid assay (Pierce™BCA Protein Assay Kit,

ThermoFisher Scientific, Waltham MA USA).

3.2.7 Reduction of MtrC

In an MBraun glovebox, the purified protein was reduced using sodium dithionite (Na2S204). Sodium dithionite was
added gradually, until the hemes were fully reduced. Their redox status was monitored by UV-vis spectrophotometry
(UV-2501P, Shimadzu, Kyoto Japan) in a wavelength range of 500 nm to 580 nm. An anaerobic quartz cuvette (Msscien-
tific, Berlin, Germany) was used for this purpose. Reduced MtrC is characterized by two peaks at 522 nm and 552 nm (B

and a Soret absorption peaks), whereas oxidized MtrC displays a maximum at 530 in this spectral region.

79



Chapter 3: Mechanism of reduction of solid phase U(VI)-dpaea and aqueous U(V)-dpaea complexes

180 kDa
130 kDa

100 kDa
75 kDa -

55 kDa

Protein gel Purified
ladder soluble MtrC

Figure 3:1. SDS-PAGE of purified recombinant MtrC isolated from AomcA/mtrC strain LS331 of S. oneidensis MR-1.

3.2.8 Dialysis

In order to remove the potential excess of sodium dithionite, which could react with U, the reduced protein was dia-
lyzed for about 18h using dialysis cassettes (Side-A-Lizer ®, ThermoFisher Scientific, Waltham MA USA) in the glovebox.
The buffer (buffer A) used was composed of 100mM HEPES and 50mM NacCl, and the pH was adjusted to a value of 7.5.
The redox status of the hemes was probed after dialysis in order to ensure that they were still fully reduced. The con-
centration was measured again with the BCA assay. To ensure that dialysis effectively removed excess sodium dithionite
from the protein solution, the same volume of sodium dithionite as that used to reduce the cytochromes was mixed to
buffer A in a similar ratio. The mixture of sodium dithionite in buffer A was dialyzed following the method described
above. After dialysis, the mixture was reacted with U(V)-dpaea. We did not observe reduction of U(V)-dpaea, suggesting
that the dialysis was efficient enough to remove excess reducing agent. The functionality of reduced and dialyzed MtrC
was tested using U(VI)-carbonate and U(VI)-citrate. MtrC reduced both substrates to an extent of 60% and 64%, respec-

tively, after 30 seconds (data not shown).

3.2.9 Reaction of MtrC with U(V)-dpaea or U(IV)-citrate

In the glovebox, five reactions were initiated as follows: (i) U(V)-dpaea in buffer A; (ii) U(V)-dpaea in buffer A with
oxidized MtrC, (iii) U(V)-dpaea in buffer A with reduced MtrC, (iv) U(IV)-citrate in buffer A, (v) U(IV)-citrate in buffer A
with oxidized MtrC. Reactions (i) and (iv) served to control the initial oxidation state of U, and in the case of U(V)-dpaea,
to assess its stability over the experimental time. U(V)-dpaea powder was resuspended in buffer A to a concentration
of 300uM. Aqueous U(IV)-citrate (200uM) was obtained from the reduction of U(VI)-citrate by S. oneidensis MR-1. Both
oxidized and reduced MtrC were prepared at a concentration of 300 uM. The reactions were initiated by mixing equal
volumes of U and MtrC in buffer A ((ii), (iii), and (v)), or U and buffer A ((i) and (iv)). Timepoints were collected by
removing an aliquot from the reaction mixture, and immediately loading it onto an ion-exchange chromatography resin
to separate U(VI) from U(IV). The heme redox status was probed before and after reaction by UV-vis spectrophotometry
to evaluate how they were influenced by U. U was quantify in both U(IV) and U(VI) fraction by ICP-MS as described in

the Experimental methods in chapter 1.
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3.3 Results

3.3.1 Mutant strains characterization with ferrihydrite and Fe(III)-citrate

In order to characterize the AOMC and AccmG strains, the strains were incubated with two Fe(lll) substrates: (i) ferrihy-
drite (solid phase Fe(lll)) or (ii) Fe(lll)-citrate (aqueous phase Fe(lll)). As expected, no significant ferrihydrite reduction
was observed with either AOMC or AccmG in the first 48h, whereas in the WT incubations, the Fe(ll) concentration
reached 758.6uM (Figure 3:2.A.). However, we noticed some reduction after 72h as the Fe(ll) concentrations in AOMC
and AccmG incubations increased from 143.1 uM to 223.2 uM and from 138.1 to 367.7 uM, respectively (Figure 3:2.A.).
We attribute this late reduction activity to cell death (Figure 3:2.C), lysis, and the subsequent release of intracellular
reducing agents. With Fe(lll)-citrate, we observed rapid Fe(lll) reduction in the incubations with the WT, with the reac-
tion reaching completion after 4h (Figure 3:2.B.). In contrast, in the incubations with AOMC, the Fe(ll) concentration
increased slowly but steadily to 4.12mM (Figure 3:2.B.). In contrast, AccmG was fully impaired in its capacity to reduce

Fe(Ill)-citrate in the first 24h, but a steady increase in Fe(ll) concentration was observed subsequently (Figure 3:2.B.).
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Figure 3:2. Characterization of S. oneidensis mutant strains with Fe(lll) substrates. A. and B. Fe(ll) concentration in the incubation supernatants of
MR-1 (pink dots), AOMC (blue dots), AccmG (yellow dots) and a no-cell control (black dots) from 0 to 72h of incubation with A. ferrihydrite, and B.

Fe(Ill)-citrate. C. cell viability of MR-1, AOMC and AccmG over time in incubations with Fe(lll)-citrate.
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The ability of AOMC to reduce soluble Fe(lll)-citrate could be attributed to the diffusion of the soluble complex into the
cell periplasm and its reduction by other c-type cytochromes (such as FccA or Stc). Alternatively, it could be that MtrA
in AOMC, with its solvent exposed terminal heme in absence of MtrC®, reduces Fe(lll)-citrate as Edward et al. suggested.
As for AccmG, cell death and lysis could account for the reduction of Fe(lll) , as the cell viability assay shows that cell
concentration decreased from about 108 to 10*(Figure 3:2.C.). In summary, both AOMC and AccmG showed impairment
in the reduction of solid and aqueous phase Fe(lll) substrates for 48 and 24 hours, respectively and, by extension, are

hypothesized to do the same for U.

3.3.2 Reduction of solid phase U(VI)-dpaea proceeds via dissolution followed by reduction

3.3.21 Solid phase U(VI)-dpaea
The WT, AOMC and AccmG strains were incubated with either 1mM solid phase U(VI)-dpaea (Figure 3:3.A.) or ~23 uM
aqueous phase U(VI)-dpaea (corresponding to the solubility limit of U(VI)-dpaea3?) (Figure 3:3.B.), at a cell concentration
of ODeoo of 0.1. We chose to incubate the cells at a lower ODeoo (it is usually ODeoo 1) to enhance any differences in
reduction rates between strains. Both the WT and AOMC strains displayed rapid reduction rates of solid phase U(VI)-
dpaea in the first 11h as the aqueous concentrations of U increased from about 100 uM to 1.27 mM and 1.1mM, re-
spectively (Figure 3:3.A.). This rapid rise of aqueous U concentrations was followed by a phase of slower increase, up to
1.97mM for WT incubations and up to 1.73mM for AOMC incubations. Based on our previous study, we infer that the
aqueous U released in the incubation supernatants corresponds to U(V)-dpaea32. As for AccmG, it was fully impaired in
solid phase U(VI)-dpaea reduction as the aqueous U concentration remained stable over the experimental time, oscil-
lating between 97 uM and 130 uM (Figure 3:3.A.). Furthermore, we observed a similar trend in the no-cell control, for
which aqueous U concentrations oscillated from 101 uM to 123 uM, the solubility limit of the solid U(VI)-dpaea stock
used in these experiments (variability in the solubility of U(VI)-dpaea has been reported depending on the stock). The
fact that AccmG could not reduce solid phase U(VI)-dpaea confirms the involvement of c-type cytochromes in solid
phase U(VI)-dpaea reduction. In addition, AOMC, lacking outer-membrane c-type cytochromes, could reduce solid phase
U(VI)-dpaea at a similar rate as compared to the WT. Therefore, it implies that U(VI)-dpaea can access another pool of
c-type cytochromes, likely that located in the periplasm. This result points to the dissolution of solid phase U(VI)-dpaea
as a prerequisite for the reduction of U(VI)-dpaea, prior to migrating through the outer membrane and being reduced

in the periplasm.
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Figure 3:3. Incubation of MR-1, AOMC and AccmG with U(VI)-dpaea. Aqueous [U]aq concentration in the incubation supernatants of MR-1 (pink
dots), AOMC (blue dots), AccmG (yellow dots) and a no-cell control (black dots) from Oh to 54h of incubation with A. solid phase U(VI)-dpaea; B.
aqueous phase U(VI)-dpaea.

3.3.2.2 Aqueous U(VI)-dpaea
To confirm that soluble U(VI)-dpaea could be reduced by our set of strains, we incubated them with the soluble fraction
of U(VI)-dpaea, which arises from its limited solubility in water at pH 732. As observed for solid phase U(VI)-dpaea, both
the WT and AOMC strains reduced aqueous U(VI)-dpaea by two third after 54h (Figure 3:3.B). In fact, the aqueous U
concentrations decreased from about 26 UM to 6.4 UM in incubations with the WT, and to 7.6 uM in incubations with
AOMC. Surprisingly, AccmG also showed reductive activity, as the aqueous U concentration decreased from 27.6 uM to
12.8 uM after 54h (Figure 3:3.B.). Analysis of aliquots of 2-week-old AccmG cell suspensions by ion exchange chroma-

tography revealed that 50% of the total U was eluted in the U(IV) fraction. Hence, AccmG could reduce about 15 uM of
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aqueous U(VI)-dpaea to U(IV) albeit at a slower rate than the WT or AOMC strains. As reported above, a similar behavior
was observed in presence of Fe(lll) substrates. AccmG was impaired in solid phase Fe(lll) reduction, but could reduce
aqueous phase Fe(lll) after 24h (Figures 3:2.A. and 3:2.B.). We attribute this activity towards soluble substrates to the
presence of intracellular redox metabolites released when cells lyse. We will investigate this point in future experiments
consisting of incubating lysed AccmG cells with soluble Fe(lll) and soluble U(VI)-dpaea. Alternatively, this observation
could be explained by the existence of non-cytochrome reducing agents that are ordinarily overshadowed by the activity
of c-type cytochromes. This activity may only be evidenced when low concentrations of U are considered, as is the case
here.

Overall, these results indicate that solid phase U(VI)-dpaea reduction proceeds first via dissolution of solid phase U(VI)-
dpaea to an aqueous U(VI)-dpaea species, followed by its subsequent reduction to U(V)-dpaea and then U(IV)-dpaea by
both outer-membrane and periplasmic c-type cytochromes. These results are congruent with the findings obtained with
the mineral sodium boltwoodite (NaUO2SiO30H-1.5 H,0)**” and hydrogen uranyl phosphate crystals'*. However, Yang
et al. proposed that three uranyl(VI) borate and boronate crystals can be reduced directly by strain MR-1 cells and does
not necessarily need dissolution®*°. They calculated the maximum amount of U(VI) dissolved which could be reduced

over the experimental time and observed that it was lower than the experimentally recovered amount of reduced U.

3.3.3 Role of c-type cytochromes in U(V)-dpaea reduction

3331 At the cellular level
We incubated the WT, AOMC, and AccmG strains at a cell density of ODsoo 1 with 550 uM of U(V)-dpaea. We increased
the cell density compared to the reactions with U(VI)-dpaea as the kinetics of reduction are known to be slower?, After
74h, the concentration of U(V)-dpaea showed a 12.3% decrease in the incubations with the WT, and of 3% in the incu-
bations with AOMC (Figure 3:4.A.). In comparison, in the no cell control, the U(V)-dpaea concentration remained stable
over the experimental time, which ensures that U(V)-dpaea did not undergo spontaneous disproportionation (Figure
3:4.A.). As previously published, we observed a 2% of U(V)-dpaea concentration in the incubations with AccmG 32. These

observations hint at the involvement of outer-membrane c-type cytochromes in the reduction of U(V)-dpaea.
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Figure 3:4. Incubation of MR-1, AOMC and AccmG with U(V)-dpaea. A.U concentration in the incubation supernatants of MR-1 (pink dots), AOMC
(blue dots), AccmG (yellow dots) and a no-cell control (black dots) from Oh to 72h of incubation with U(V)-dpaea; C. cell viability of MR-1, AOMC and

AccmG over the experimental time in incubations with U(V)-dpaea.

3.3.3.2 At the molecular level
To further decipher the involvement of MHC in the reduction of U(V)-dpaea, we investigated the reactions between
U(V)-dpaea and the purified c-type cytochrome MtrC from S. oneidensis MR-1. We studied MtrC in both its oxidized
state, i.e., when all hemes are in the Fe3 form, and in its reduced state, i.e., all hemes are in the Fe?* form. MtrC pro-
trudes from the surface of MR-1 cells and was shown to be a terminal reductase®. Therefore, MtrC is likely to transfer
electrons to electron acceptors such as U. The reaction between U(V)-dpaea and either oxidized or reduced MtrC was
monitored by ion exchange chromatography, to resolve the oxidation state of U after reaction. In addition, the redox
state of the MtrC hemes was probed by UV-vis spectroscopy, in order to assess potential electron transfer. The no-
protein control consisted of U(V)-dpaea only and thus, upon ion-exchange chromatography treatment (with acid) is
expected to yield 50% U(IV) and 50% U(VI), as a result of disproportionation. Any deviation from this ratio is attributable

to the reaction with MtrC.

85



Chapter 3: Mechanism of reduction of solid phase U(VI)-dpaea and aqueous U(V)-dpaea complexes

For the reaction between U(V)-dpaea and oxidized MtrC, we observed a 14% decrease in the U(IV) fraction (correspond-
ing to an equal increase in the U(VI) fraction) after 2min, relative to the no-protein control (Figure 3:5.A., Table 3:1.)

and the same result after the reaction proceeded for 4 hours (Figure 3:6, Table 3:2).
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Figure 3:5. MtrC reacted with U(V)-dpaea. A. Percentage of U(IV) obtained by ion exchange chromatography for the reaction between U(V)-dpaea
and either oxidized (light blue) or reduced (green) MtrC after 2 min of reaction. U(V)-dpaea in buffer (raspberry pink) was used as a control for acid
induced disproportionation which is expected for the ion chromatography separation. B. UV-vis spectra of the hemes of MtrC before (dotted black)

and after (solid line) reaction with U(V) dpaea for 2 hours.
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Standard de-

Reaction mixture %U(IV) viation [U] (uM) [MtrC] (uM) [U)/[MtrC]
U(V)-dpaea - 2min
U(V)-dpaea 47.62 1.72 117.70 / /
Oxidized MtrC 33.24 3.19 116.78 166.26 0.70
Reduced MtrC 98.02 0.81 120.51 155.70 0.77
dialysis control 49,59 2.55 119.52 / /
U(IV)-citrate - 2min
U(IV)-citrate 99.02 0.56 113.391 / /
Oxidized MtrC 98.78 3.97 113.713 102.20 1.15
solid U(VI)-dpaea
no protein control 4.32 4.25 137.78 / /
Reduced MtrC 57.6 2.27 153.873 166.06 0.7
soluble U(VI)-dpaea
no protein control 18.27 1.88 22.07 / /
Reduced MtrC 76.21 0.46 23.1 115.24 0.2

Table 3:1. Summary of the experimental results describing the reactions of U(V)-dpaea with either oxidized or reduced MtrC after 2 min, and also
with the dialysis control obtained by dialyzing the amount of sodium dithionite used to reduce MtrC. Additionally, the reaction of U(IV)-citrate with
oxidized MtrC is reported as well. We also included the results from the reaction between reduced MtrC and solid or soluble U(VI)-dpaea. The
%U(IV) was obtained by ion exchange chromatography separation. The ion exchange chromatography separation cannot directly identify U(V), be-
cause the samples are acidified prior to loading onto the column. Acid treatment is known to disproportionate uranyl(V) to produce equal propor-
tions of U(V) and U(IV). Therefore, here in the case of U(V)-dpaea, about 50% U(IV) is a proxy for U(V) (result demonstrated by U Ms-edge HR-

XANES). The table also reports the concentration of U and the concentration of MtrC, and also their ratio.
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Figure 3:6. Timeline of the reaction between MtrC and U(V)-dpaea. Percentage of U(IV) obtained by ion exchange chromatography of the reaction
between U(V)-dpaea and either oxidized (blue) or reduced (green) MtrC after 20s, 2h and 4h of reaction. U(V)-dpaea (pink) was used as a control to
ensure that no spontaneous disproportionation occurred during the experimental time. The ion exchange chromatography separation cannot di-
rectly identify U(V), because the samples are acidified prior to loading onto the column. Acid treatment is known to disproportionate uranyl(V) to
produce equal proportions of U(VI) and U(IV). Therefore, here, the equal proportions observed for U(VI) and U(IV) in the supernatant are a proxy for

U(V) (result demonstrated by U Ms-edge HR-XANES).
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Reaction mix- Time %U(IV) Standa'rd devia- (U] (uM) (MtrC] (uM) (U)/[MtrC]
ture tion
20s 50.48 0.33
U(V)-dpaea 2h 48.37 0.82 129.33 / /
4h 47.37 2.53
20s 35.75 1.76
Oxidized MtrC 2h 34.48 1.85 126.01 175.84 0.72
4h 32.15 1.33
20s 96.49 0.43
Reduced MtrC 2h 97.92 1.24 124.54 161.46 0.77
4h 97.32 0.64

Table 3:2. Summary of the experimental results describing the reactions of U(V)-dpaea with either oxidized or reduced MtrC over 4h. The %U(IV)
was obtained by ion exchange chromatography separation. The ion exchange chromatography separation cannot directly identify U(V), because the
samples are acidified prior to loading onto the column. Acid treatment is known to disproportionate uranyl(V) to produce equal proportions of U(V)
and U(IV). Therefore, here in the case of U(V)-dpaea, about 50% U(IV) is a proxy for U(V) (result demonstrated by U M4-edge HR-XANES). The table

also report the concentration of U(V)-dpaea and the concentration of MtrC, and also their ratio.

Furthermore, MtrC hemes were slightly reduced. Indeed, the local absorption maximum at 530nm (oxidized hemes)
shifted to 522nm and a second peak increased at 552nm. These spectral features are characteristic of reduced hemes
in MtrC (Figure 3:5.B. left panel).

This result can be interpreted in one of two ways: (i) 28% of U(V)-dpaea was oxidized to U(VI)-dpaea while the hemes
were reduced, suggesting an electron transfer from U(V)-dpaea to MtrC; or (ii) U(V)-dpaea has fully disproportionated,
and a part of the resulting U(IV) product was re-oxidized by MtrC to U(VI)-dpaea. To distinguish between these two
scenarios, we studied the reaction between soluble U(IV)-citrate and oxidized MtrC (Figure 3:7, Table 3:1.).

We did not observe any change in U oxidation state (Figure 3:7.A.), nor heme redox status (Figure 3:7.B.). Hence, we
concluded that no electron transfer occurred from U(IV)-citrate to oxidized MtrC. Such a result suggests that the inter-
action between U(V)-dpaea and the c-type cytochrome MtrC does not trigger the disproportionation of U(V)-dpaea and
that U(V)-dpaea was oxidized by transferring one electron to MtrC.

In parallel, we probed the reaction of U(V)-dpaea with reduced MtrC to confirm that U(V)-dpaea can be transformed to
U(IV) by a one-electron transfer. We noted a transformation of 98.8% of U(V)-dpaea to U(IV) species (Figure 3:5.A.), and
the hemes of MtrC were slightly oxidized (Figure 3:5.B. right panel), suggesting that MtrC donated electrons to U(V)-
dpaea. Thus, these findings support the previous report of the reduction of U(V)-dpaea in S. oneidensis MR-1 being
mediated by c-type cytochromes32,

We ruled out the possibility that U(V)-dpaea could be reduced by sodium dithionite left over from MtrC reduction step.

The details of the test are provided in the experimental methods and the results of the test in Table 3:1.
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Figure 3:7. MtrC reacted with U(IV)-citrate. A. Percentage of U(IV) obtained by ion exchange chromatography of the reaction between U(IV)-citrate
and oxidized MtrC (light blue) after 2 min of reaction. U(IV)-citrate in buffer A (dark blue) was used as a control for the U oxidation state. B. UV-vis

spectra of the hemes of MtrC before (dotted black) and after (light blue) reaction (2 hours) with U(IV) citrate.

To further support the fact that we did not observe c-type cytochrome-mediated disproportionation followed by reduc-
tion of the U(VI)-dpaea moiety, we set-up the reaction between either solid or aqueous phase U(VI)-dpaea and reduced
MtrC. We observed that 60% and 80% of U(VI) could be reduced by MtrC, respectively, after 2 min (Figure 3:8.A. and B.
and Table 3:1). In addition, in both reactions, we observed that the hemes of MtrC underwent slight oxidation (Figure
3:8.C. and D.), suggesting that electron transfer from the hemes occurred. Furthermore, the rate of reduction was
slower than that of U(V)-dpaea reacted with reduced MtrC (98.8% after 2 min). In fact, when reacting purified MtrC
with aqueous U(VI)-dpaea, ~17uM of aqueous U(VI)-dpaea (76% of the initial U(VI)) was reduced in 2 min, whereas
118.6 uM U(V)-dpaea (98.8% of initial U(V)) were reduced in 2min.-As the reduction from U(V)-dpaea to U(IV) is faster
than that from U(VI)-dpaea to U(IV), this experiment provides conclusive evidence that U(V) does not undergo dispro-

portionation followed by reduction of the oxidized fraction.
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The reduction rate of U(V)-dpaea and U(VI)-dpaea by the purified protein was observed to be much larger than that in
whole cells. We propose that isolated MtrC is more accessible to substrates because it presents additional electron exits
than MtrC embedded in the MtrCAB complex. In the MtrCAB structure, four out of the 10 MtrC hemes are solvent-
exposed. Namely, hemes 5 and 10 are located at opposite ends of the structure and hemes 2 and 7 are oriented towards
B-barrel domains that scaffold the two pentaheme domains®*°5. When embedded in S. oneidensis MR-1 cell mem-
branes, heme 5 receives electron from MtrA, whereas heme 10 is a favorable electron exit®#%. Hemes 2 and 7 on the
sides are potential binding sites for the outer membrane c-type cytochrome OmcA®? or flavin shuttles. It is possible that,
in purified MtrC, electrons can be transferred in and out of all four hemes, accelerating the reaction with electron ac-
ceptors. Moreover, it is likely that the redox potential of isolated MtrC differs from that of MtrC when the MtrCAB

complex is embedded in the cell membrane.
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Figure 3:8. MtrC reacted with U(VI)-dpaea. A. Percentage of U(IV) obtained by ion exchange chromatography for the reaction between reduced
MtrC and either (A) solid U(VI)-dpaea or (B) soluble U(VI)-dpaea after 2 min. C. and D. UV-vis spectra of MtrC hemes before (dotted black) and after

(solid U(VI)-dpaea: dark green, soluble U(VI)-dpaea: light green) reaction with U(VI)-dpaea.
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3.4 Conclusion

As expected, the construct lacking c-type cytochromes (AccmG) was severely impaired in the reduction of solid phase
Fe(Ill) (for 48h) or aqueous phase Fe(lll) (for 24h). Additionally, it was also impaired in the reduction of solid phase U(VI)-
dpaea and aqueous U(V)-dpaea. As for the reduction of aqueous U(VI)-dpaea, AccmG’s reducing activity was lower than
that of the WT and AOMC strains. Therefore, we can infer that c-type cytochromes are key mediators of the reduction
of U solid and aqueous phase substrates. Additionally, comparison of the reductive activities of WT and AOMC suggests
that not all pools of c-type cytochromes are required for U reduction. Indeed, AOMC reduced solid phase U(VI)-dpaea
at a rate and an extent similar to those of the WT, which supports the potential involvement of periplasmic c-type
cytochromes in the reduction of solid phase U(VI). Likely, periplasmic MHC can carry out to reduction of aqueous U(VI)-
dpaea in the absence of outer-membrane MHC. Finally, this study provides direct evidence that U(V)-dpaea can be
biologically reduced to U(IV) species by c-type cytochromes and that solid phase U(VI)-dpaea reduction is dissolution
controlled. The findings are summarized in Figure 3:9.

Nevertheless, the ability of a microorganism relies also on external parameters. In fact, we investigated two solid phases
(i) ferrihydrite whose solubility is ~2x10° M**! and whose electrochemical potential is +0.012 V (SHE) and (ii) U(VI)-dpaea
whose solubility is ~3x10°® M32 and electrochemical potential is -0.312 V (SHE). Thermodynamics suggest that ferrihy-
drite reduction by S. oneidensis MR-1, whose electron donating capability spans a window of redox potentials from 0 to
-400mV*°, would be more favorable. Nevertheless, ferrihydrite was scarcely reduced by AOMC after 48h (Figure 3:2.A.)
whereas the same strain reduced U(VI)-dpaea at about the same rate as the WT. This difference may be explained by
the difference in solubility, hence the availability of the solid substrates in the aqueous phase, and suggests that the
reduction of U(VI)-dpaea is controlled by dissolution. Thus, limited direct electron transfer to solid phase U(VI)-dpaea
takes place. These results underline that dissolution of a solid phase substrate is a crucial step for reduction.

As a follow-up, it would be judicious to study additional environmentally relevant aminocarboxylate ligands, as they
may also stabilize pentavalent U. It would provide a more complete overview of the fate of U(V) intermediates in the
environment and of the mechanistic paths and the kinetics of their biological reduction (i.e., disproportionation or re-
duction). In addition, the impact of U speciation on the mechanism of electron transfer remains to be explicited. This
would be key to studies of U isotopic fractionation during reduction, used as a marker to trace redox conditions across

geological time.
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Figure 3:9. Schematic representation of the evidenced mechanisms taking place in S. oneidensis MR-1 when incubated with solid phase U(VI)-dpaea
(red) and aqueous U(V)-dpaea (pink). 1- U(VI)-dpaea dissolution; 2- diffusion of dissolved U(VI)-dpaea; 3- reduction of dissolved or solid U(VI)-dpaea
by periplasmic and outer-membrane c-type cytochromes; 4- release of U(V)-dpaea in the culture medium; 5- reduction of U(V)-dpaea by the outer-

membrane c-type cytochrome MtrC to U(IV) (blue).
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Abstract

The metal-reducing bacteria Shewanella oneidensis MR-1 transfers electrons to metal electron acceptors such as U via
c-type cytochromes. The intracellular mechanism of electron transfer is well studied but the delivery of electrons to
external electron acceptors less well so. MtrC, a decaheme c-type cytochrome located on the outer-membrane of S.
oneidensis MR-1 transfers electrons to U(VI), both when embedded in the bacterial membrane and when purified. How-
ever, it is unclear how the electron transfer between the terminal heme of the protein and extracellular U(VI) occurs.
There remain uncertainties regarding the type of interaction, but also the parameters controlling the electron transfer.
We sought to shed light on some aspects of this process. We investigated the reduction kinetics of soluble U(VI) com-
plexes with four ligands: carbonate, nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA), and diethylene-
triaminepentaacetic acid (DTPA) by reduced MtrC and strain MR-1 cells. With MtrC, we observed two reaction rates,
one more rapid for U-EDTA and U-DTPA, and another slower for U-NTA and U-carbonate. We attributed these differ-
ences to the type of interaction with MtrC, i.e., electrostatic interactions with U-EDTA and DTPA and hydrogen bonds

with U-NTA and U-carbonate as there was no evidence of strong docking of U(VI) to MtrC.

4.1 Introduction

Uranium is a metal that is encountered in the environment mainly in two stable oxidation states: U(VI) under oxidized
conditions and U(IV) under reduced conditions. The electron transfer allowing U(VI) to be reduced to U(IV) can be per-
formed either abiotically>*®11° by a wide range of iron or sulfur-bearing minerals, or biologically!%11131%118 Djssimila-
tory metal-reducing bacteria (DMRB) are capable of delivering electrons to extracellular electron acceptors, often met-
als such as U. In particular, Shewanella oneidensis MR-1 transfers electrons to U(VI) via c-type cytochromes®’. In c-type
cytochromes, iron (Fe) centers surrounded by a porphyrin ring, designated as hemes, are embedded in the amino acid
structure. The Fe centers exist as one of two oxidation states in the hemes, either reduced Fe?* or oxidized Fe3*. By
switching from one to the other oxidation state, the hemes can transfer electrons.

MtrC, a decaheme c-type cytochrome located in the outermembrane of S. oneidensis MR-1, is a terminal reductase that
delivers electrons directly to electron acceptors'’-°>1%, MtrC receives electrons via a chain of c-type cytochromes linking
the cytoplasm to the external medium?88%152153 \When embedded in the outer-membrane, three out of ten MtrC hemes
are exposed to the extracellular medium®>*>*, These are hemes 2, 7 and 10. Heme 2 and 7 are binding sites for a second
outer-membrane decaheme c-type cytochrome, OmcA®?, or binding sites for flavin molecules®>°4%5, that shuttle elec-
trons to electron acceptors. Heme 5 is expected to be a favorable site for the transfer of electrons to extracellular
electron acceptors. In strain MR-1, extracellular electron transfer is the last step of a series of electron transfers along
a chain of c-type cytochrome, and is likely the rate limiting step in the overall mechanism of electron tranfer#, Several
studies have described the electron flow in multiheme c-type cytochromes and characterized the process step by step.
For instance, scanning tunneling spectroscopy, which is imaging of a surface at the molecular level by probing with a

sharp metallic tip to which a voltage is applied, or its extension, tunneling spectroscopy*>®

were applied to measure the
conductance of MtrC and OmcA*®’. In addition, quantum and molecular mechanics were applied to unveil the step by
step electron transfer in MtrF, a homologue protein to MtrC, giving insights into the redox properties of each heme®>8,

Furthermore, an alternative method to describe electron transfer within c-type cytochromes was derived from Marcus
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theory for redox reactions?®®. Marcus theory describes the parameters which may influence electron transfer during
redox reactions, which enable, in particular, the mathematical computation of the electron tunneling rates in biological
systems, i.e., rates at which electrons hop from one redox center to the other?, These parameters include AG?, the
free energy of the reaction, AG* the free activation energy, A the nuclear reorganization energy upon electron transfer,
Hoa the electronic coupling of the redox couple donor/acceptor, and the temperature. The free energy of activation can
be influenced by solvent polarization. Indeed, as the electron transfer is a rearrangement of charges, the electron trans-
fer rates strongly depend on the dielectric properties of the surrounding medium?®,

Yet, it is unclear how electrons are delivered to the electron acceptor. Several types of interactions have been reported
between various substrates and c-type cytochromes. Motifs have been identified for the binding of MtrC and OmcA to
solid iron substrates such as iron oxides (Fe203)%!, and hydrogen interactions invoked as the binding mechanism. In
MtrF, a homologue protein of MtrC, also located on the outer-membrane of S. oneidensis MR-1, a positively charged
pocket around heme 6 and 7 was identified, and found to be likely to interact electrostatically with the negatively
charged surface of Fe203%2. As for soluble iron substrates, hydrogen bonds were also involved in Fe(lll)-NTA binding to
the undecaheme c-type cytochrome of Shewanella species HRCR-6'3. In the case of U, the only evidence of interaction
with a c-type cytochrome was demonstrated theoretically by density functional theory calculations!?!. In that study,
U(VI) binds covalently to the carboxylic group of an amino acid residue, likely aspartate or glutamate. Based on this
limited evidence, the emerging view is that c-type cytochromes are versatile proteins that can interact electrostatically,
via hydrogen or covalent bonds, with various substrates.

Here, we study the interaction between U(VI) and MtrC, in particular, what controls the electron transfer rate and
whether U(VI) speciation impacts this rate. To that end, we chose to investigate a series of aminocarboxylate ligands
that are environmentally relevant, nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA) and diethylenetri-
aminepentaacetic acid (DTPA). These ligands are used to extract heavy metals and radionuclides, due to their strong
binding to metal ions'?%. Additionally, NTA, EDTA and DTPA exhibit increasing denticity, i.e., an increasing number of
atoms that can bind to a central atom such as uranyl. They are quadridentate, hexadentate, and octadentate ligands,
consisting of one to three basic amino nitrogen donors, and three to five carboxylic acid groups. In addition, we also
investigated U complexed to carbonate. We first reacted the four U complexes with reduced MtrC, i.e., with all hemes
in their Fe?* configuration, and followed the kinetics. We noticed that the reduction rates clustered in two groups.
Hence, we studied the binding extent of the U(VI)-ligand complexes with oxidized MtrC and the binding extent of U with
reduced MtrC. Under oxidized conditions, we observed a similar binding extent for all selected complexes of U. Under
reduced conditions, binding occurred only with the product of U(VI)-carbonate reduction, likely a mixture of U(V) and
U(IV) species, as Ms-edge HR-XANES measurements suggested. We suggest that the type and strength of interaction of
MtrC with the U-ligand complexes correlates with the reduction rates. In addition, with MR-1, we report the rates of
reduction of the three U aminocarboxylate complexes as we could follow U(IV) increases in solution. Similar reduction

rates were observed for U-NTA and U-EDTA, but the reduction rates were slower for U-DTPA and U-carbonate.
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4.2 Experimental methods

4.2.1 MtrC purification and reduction

MtrC was purified, reduced, and dialized as described previously in paragraphs 3.2.6, 3.2.7, and 3.2.8.

4.2.2 Preparation of the stock solutions

For the aminocarboxylate stock solutions, appropriate amount of NTA, EDTA, DTPA were dissolved in buffer A (com-
posed of 100mM HEPES and 50mM NaCl) to a final concentration of 30mM. The solutions were either kept oxic for the
oxic tests or flushed with N2 to remove the 02 and kept under anoxic conditions in a N2 MBraun glovebox. The oxic
carbonate stock was prepared by dissolving HCO3™ in buffer A to a concentration of 1M, minimizing the headspace of
the stock vial. For the anoxic carbonate stock, the HCOs™ powder was first degassed with N2, then introduced inside the

glovebox, dissolved in buffer A. Equilibration was allowed for 48h.

4.2.3 Kinetics of reaction

4.23.1 Purified MtrC
In the glovebox, working solutions of reduced MtrC or U(VI)-ligand were prepared to a concentration of 300uM. The
U(VI)-ligand working solutions were prepared by diluting the appropriate volume of U(VI)-Cl in the freshly prepared
ligand stock solutions. The redox status of the hemes was confirmed before the experiments by UV-vis spectroscopy.
Equal volumes of the working solutions of reduced MtrC and U(VI)-ligand were mixed, so the initial concentration of
reduced MtrC and U(VI)-ligand are equal to 150 uM. The sampling consisted of collecting a volume of the reaction
mixture after 5s, 15s, 30s and 60s and loading it immediately onto the ion-exchange chromatography resins to separate
U(VI) from U(IV). U was subsequently measured in each fraction by ICP-MS. The concentration of MtrC was controlled

by BCA assay in the reaction mixture. For each ligand, these reactions were performed in duplicates.

4.2.3.2 Strain MR-1
S. oneidensis MR-1 was incubated as previously described3?, under non-growth conditions, in anoxic modified WLP me-
dium (Table S1), in the presence of 400 uM U(VI)-ligand, along with 20 mM of lactate as the electron donor. The starting
ODesoo of the incubations was measured to be 1. The incubations were maintained in the dark at room temperature,
inside the anaerobic chamber. At several time points, an aliquot of the supernatant was further filtered through 0.2 um
PTFE filters (Whatman, Maidstone, United Kingdom). For NTA, EDTA, and DTPA, the U(IV) product is soluble®%'*, com-
plicating the quantification of U(VI) reduced. As for carbonate, the product forms a solid precipitate associated with the
biomass, filtration is sufficient to separate aqueous U(VI) and quantify its concentration over time. Thus, for NTA, EDTA
and DTPA experiments, the filtered aliquot was acidified with 4.5M HCI (final concentration). Hexavalent and tetravalent

U were then separated by ion-exchange chromatography??, as described below, to resolve the U oxidation state.

4233 Kinetics modelling
To model the kinetics of reaction between MtrC or MR-1 and the U(VI)-ligand complexes, we used first order or second

order kinetics models.
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For the reaction between MtrC and U(VI)-ligand complexes, both concentrations of MtrC and U(VI)-ligand are set to be
equal when the reaction starts, and both reactants are transformed in the course of the reaction. The reaction does not
follow the Michaelis-Menten model, for which the enzyme should be in large excess compared to the substrate. The

equation of the reaction between reduced MtrC and U bound to the different organic ligands is:

ligand—MtrC
—

K
MtrCregucea + UWVI) — ligand MtrCpartiaity reoxiaea + UUV) —ligand (Equation 1)

The first order kinetic model for this reaction is expressed as:

d[U(vD)-ligand](t) __

dt - kligand—MtrC[U(VI) - llgand](t) (Equation 2)

The second order kinetic model for this reaction can be written as:

d[U(vD)-ligand](t . .
D=0 8O = — Kigana-merc[UVI) = ligand] () [MtrCrequcea ) (t) (Equation 3)
However, in our experimental set-up: [U(VI) — ligand](t = 0) = [MtrC,egyuceq ](t = 0).and both reactants are trans-

formed simultaneously by the transfer of an electron from MtrC to U(VI)-ligand complexes so Equation 3 becomes:

d[U(vD)-ligand](t) . .
0 = ~ kugana-merc[UWVD) — ligand]*(¢) (Equation 4)

For the reaction between MR-1 cells and U(VI)-ligand under non-growing conditions, a first order reaction model was
used to described the data. The bacteria behave as a pool of electrons, which are in excess compared to the U(VI)-ligand
reactant. We will consider here that the electron pool is constant over the experimental time. In fact, the electron donor,

lactate is in large excess (20mM lactate for 400 uM U(VI)). The equation of the reaction can be written as:

ligand—MR-1

k
electron pool + U(VI) — ligand electron pool + U(IV) — ligand (Equation 5)

The first order kinetic applied to this reaction is expressed as:

dlu(v)—-li d](t . .
WA = — Kugana-un—1[U(V]) ~ ligand] (¢) (Equation 6)

A second order kinetic model was also applied to the data, with a similar expression as Equation 3 for comparison

purposes.

By integrating Equation 2, 4, 5 and 6, we obtained a linear relationship between [U(VI) — ligand](t) and the time t.

The slope of the linear relationship corresponds to Kiigand_mtrc Or Kiigand_mr-1.

4.2.4 Binding tests

42.4.1 Principle of the experiment
In order to investigate whether the U complexes bind to the purified protein, we used size-exclusion desalting columns
that are ordinarily employed to remove ions from a protein solution or to exchange a protein buffer. In our case, the

size exclusion columns allowed the separation of the protein fraction from the rest of the reaction mixture. The size
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exclusion column pores trap all components smaller than the exclusion size (40kDa in our case) and allow the elution of
the protein (MtrC, size of 74.5kDa) by centrifugation in a first fraction (called F1). In particular, once we reacted MtrC
with the U complexes, this technique allowed us to remove the free U from the reaction mixture and collect MtrC. If
any U is detected in the fraction F1, then it is likely bound to the protein, otherwise it would have remained in the pores
of the size exclusion column. Once the protein has been eluted, the trapped U is stripped from the columns by washing
the beads in 6M HCIl. We determined that 6 washes, from fraction F2 to F7 in this work, usually permit a recovery of 90

to 95% of the total U applied to the size exclusion columns.

4.2.4.2 Binding of U to oxidized MtrC
40kDa size-exclusion desalting columns (Zeba® Spin Desalting Columns, Thermofisher Scientific, Waltham MA USA) were
conditioned by 3 washes with buffer A. Working solutions of oxidized MtrC and U(VI)-ligand were prepared to a con-
centration of 300uM each. The U(VI)-ligand working solutions were prepared by diluting the appropriate volume of
U(VI)-Cl in the freshly prepared oxic ligand stock solutions. The reaction was initiated by mixing equal volumes of oxi-
dized MtrC and the U-ligand complex solutions, and allowed to proceed for 30min. No protein controls were set up by
mixing equal volumes of the U-ligand working solution with buffer A. Then, 100ul of the reaction mixtures were loaded
onto the size-exclusion columns and spun for 1.5min at 3500xg. The first fraction eluted, fraction F1, contains the pro-
tein. Then, 6 successive washes were performed by adding 350uL of 6M HCI and spinning for 1.5min at 3500xg and
fractions F2 to F7 recovered. U was quantified by ICP-MS and the concentration of MtrC evaluated in both the reaction

mixtures and the fractions F1 by the BCA assay.

4.2.4.3 Binding of U to reduced MtrC
A week ahead of the reaction, the 40kDa size-exclusion resins were degassed and introduced in the glovebox. They were
conditioned as described above, in anoxic buffer A. Working solutions of reduced MtrC and U-ligand were prepared as
mentioned above but using anoxic ligand stock solutions. The experimental steps are similar to those followed for oxi-
dized MtrC. Once the 7 fractions were recovered from the no-protein controls and the reaction mixtures with reduced
MtrC, ion-exchange chromatography was performed on fraction F1 and on a combined mixture of F2 to F7 to separate
U(VI) and U(IV). U was measured by ICP-MS and the concentration of MtrC was evaluated by BCA in the whole reaction

mixture and in the fraction F1.

4.2.5 Uranium quantification

U concentration was measured by Inductively Coupled Plasma Mass Spectrometry (ICP-MS 7900, Agilent, Santa Clara,
California, US) for both filtered supernatants and samples eluted from the ion-exchange chromatography test. Dilutions
to a range of 1 to 10 ppb of U were performed in a matrix of 1% HNOs prior to analysis. All samples were measured in

technical duplicates.

4.2.6 Mas-edge HR-XANES on U(VI)-carbonate reacted with reduced MtrC

426.1 Reaction
In the glovebox, a solution of 1.2mM of U(VI) and 10 mM carbonate was combined and mixed with an equal volume of

a solution of 600 uM of reduced MtrC were reacted by mixed to initiate the reaction. Consequently, the initial
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concentrations were 600 uM of U(VI)-carbonate and 300 uM of MtrC. Aliquots were collected at distinct time points
(30s, 1min, 2min, 5min and 20min) and placed in sample holders designed to fit into a N2-flushed cryostat. The sample

holders were sealed anoxically, snap frozen in a cold trap in the glovebox and kept frozen until measured.

4.2.6.2 U Mg-edge HR-XANES

U Ms-edge (3.726 keV) HR-XANES was used to elucidate the oxidation state of U as a function of time in the reaction
between U(VI)-carbonate and reduced MtrC. Spectra were collected at the station for actinide science (ACT) at the CAT-
ACT beamline at the Karlsruhe Research Accelerator (KARA), Karlsruhe, Germany. The CAT-ACT beamline is equipped
with a Johann type X-ray emission spectrometer®3>. The incident beam was monochromatized by a Si(111) double crystal
monochromator (DCM) and focused onto the sample to a spot size of about 500 pm x 500 um. The X-ray emission
spectrometer consists of four Si (110) crystals with 1 m bending radius and a single diode VITUS silicon drift detector
(Ketek, Germany), which together with the sample are arranged in a vertical Rowland circle geometry. A UO2 reference
was used to calibrate the spectra. The main absorption maximum was set to 3.275 keV. The sample cells were placed in
a cryostat flushed with N2, maintaining anoxic conditions. The X-ray spectrometer was inside a He flushed box in order
to minimize intensity loss due to absorption or scattering of photons.

Data processing consisted of normalization and linear combination fits (LCF) using the ATHENA software%. The spectra
obtained were modeled using the references U(VI)-carbonate, U(V)-iodide and U(IV)O2, for which spectra were also
collected and analyzed in the same manner. The goodness of fit was evaluated with two statistical parameters, the R-

factor and the reduced x?, which were minimized by the fitting algorithm.

4.3 Results

4.3.1 Kinetics of reduction

43.1.1 Reaction of MtrC with U complexed with NTA, EDTA, DTPA or carbonate.
Reduced MtrC, with all hemes in the Fe?* valence state, was reacted with U bound to the following series of aminocar-
boxylate ligands: NTA, EDTA, DTPA as well as to carbonate (Figure 4.1). The starting ratio of protein to U is reported for
each reaction mixture in Table 4.1, along with their respective concentrations. Experiments with the aminocarboxylate
ligands were performed in duplicate, and the values in Table 4.1 correspond to the average of the measurements for
both experiments, except for carbonate that represents a single experiment. The ratio U:MtrC was adjusted to be close

to 1, for consistency across reactions (0.98 for NTA, 1.36 for EDTA, 1.29 for DTPA and 0.91 for carbonate). In addition,
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the ligand concentration was adjusted to tune the speciation for a 1:1 U:ligand complex to prevail with the series of

aminocarboxylate ligands and to obtain the bi- and tri-carbonato complexes with carbonate (Table 4.2).

OH
o A‘ OH
/\(0 T HO, i’/
N /\/
HO o o o
o
OH OH
NTA EDTA DTPA

Figure 4:1. Molecular structures of protonated aminocarboxylate ligands NTA, EDTA, and DTPA

Ligand [MtrC] (uM) std dev [MtrC] [U] (uM) std dev [U] [U])/[MtrC] std dev [U]/[MtrC]
NTA 138.87 24.06 134.60 10.63 0.98 0.09
EDTA 115.6 11.37 157.3 11.4 1.36 0.01
DTPA 121.06 0.59 156.12 2.27 1.29 0.03
carbonate 150 / 137 / 0.91 /

Table 4:1. Average concentrations in U and MtrC, and their ratio for duplicate reactions between MtrC and U-ligand (ligand = NTA, EDTA, DTPA,

carbonate) under oxic (MtrC oxidized) and reduced (MtrC reduced) conditions (described in Figure 6).

Carbonate - [U] = 150uM, [HCOs'] = 15mM

Species UO,(CO3)* UO,(CO3)s*
Speciation (%) 56.3 43.5

NTA - [U] = 150uM, [NTA] = 15mM

Species UO:NTA UO,(OH)NTAZ (UO2)3(OH)**
Speciation (%) 2.38 90.3 7.27

EDTA - [U] = 150uM, [EDTA] = 15mM with De Stefano et al. 2006

Species UO2EDTA* UO2(OH)EDTA® UO: (H)EDTA"
Speciation (%) 6.31 93.3 0.06

EDTA - [U] = 150uM, [EDTA] = 15mM with Hummel et al. 2005

Species UO.EDTA* UO: (HEDTAY)

Speciation (%) 100 0.06

DTPA - [U] = 150uM, [DTPA] = 15mM

Species UO,DTPA* UO(H)DTPAZ UO; (H2)DTPA-
Speciation (%) 91.1 4.28 4.58

Table 4:2. U speciation calculated using Mineq| for U(VI)-ligand complexes at pH 7.5, with 50mM NaCl, and 100mM HEPES
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The speciation was evaluated under the conditions of reaction (pH 7.5 in a buffer containing 100mM HEPES and 50mM
NaCl) using the software Mineql (Tables 4.2 and 4.3). For NTA and DTPA, the predominant species is the 1:1 U:ligand
hydroxo complex, UO2(OH)NTA? (90.3%) and UO2DTPA3 (91.1%). Regarding EDTA, we ran the speciation calculations
using two sets of thermodynamics constants. With the logK values published in De Stefano et al.’®, we obtained
UO(OH)EDTA? (93.3%) as the dominant species. However, a recent study suggested that the dominant species for EDTA
would be UO2EDTAZ. Hence, using thermodynamic data published by Hummel et al.1%, we also obtained UO2EDTA? as
the dominant species (100%). Finally, with carbonate, a mixture of the bi-carbonato U02(C03),* (56.3%) and tri-car-
bonato UO2(CO3)s* (43.5%) was observed.

Compound LogK Reference
u(vi)
U(V1)02(COs)2* 16.94 +£0.12 * Grenthe et al. 19926
U(V1)0,(COs)s* 21.60+0.05 * Pashalidis et al 199767
U(VI)O2NTA 8.21+0.02 De Stefano et al. 2006%°
U(VI)O2(OH)NTAZ 2.39+0.04 De Stefano et al. 2006
U(VI)O.EDTAZ 9.81+0.015 De Stefano et al. 2006
U(VI)O2(OH)EDTA® 3.58+0.03 De Stefano et al. 2006
U(VI)O2 (H)EDTA" 15.19 £ 0.02 De Stefano et al. 2006
U(VI)O2 (H)EDTA" 6.9+0.3* Hummel et al. 2005%6
U(VI)O.EDTAZ 11.4+03* Hummel et al. 2005
U(VI)O.DTPA3 11.789 £ 0.01 De Stefano et al. 2006
U(VI)O2(H)DTPAZ 17.861 £ 0.01 De Stefano et al. 2006
U(VI)O2 (H2)DTPA- 22.144 +0.01 De Stefano et al. 2006
u(Iv)
U(IV)EDTA 29.5+0.2 * Hummel et al. 20076
U(IV)NTA 15.6+0.8 Bonin et al. 2009%°
U(IV)NTA2 28.6+16 Bonin et al. 2009
U(IV)DTPA 32.3+0.1 Brown et al. 201213*

*Thermodynamic constants extracted from OECD Nuclear Energy Agency Data Bank
Table 4:3. LogK of aqueous complexes of interest in this work.

Once the reactions between reduced MtrC and the abovementioned complexes were initiated, four time points were
obtained: at 5s, 15s, 30s and 60s, and analyzed for the U oxidation state to resolve the rate of reduction (Figure 4.2.A).
Interestingly, we observed two groups of reaction rates. On the one hand, complexes of U with EDTA and DTPA pre-
sented very rapid reaction rates, with 80% completion reached within 5s. On the other hand, complexes of U with NTA
and carbonate were reduced at slower rates. A second-order kinetic model was used to describe the kinetics of reaction,
and the regression model (Figure 4.2.B). The kinetic constants for each reaction were extracted from the slope of the
regression line. The kinetic constants of the reduction of U complexes with EDTA and DTPA are keota_mtrc = 7.2 nM™.s7?
and korea mtrc = 9.948 nM1.s71, respectively (Table 4.4). These are greater than what was derived for U complexes with
NTA and carbonate, knta_mic = 0.181 nM™.s and Kcarbonate_mirc = 0.198 nM™.s? | respectively. According to the R? values,
second-order kinetics result in a good fit for these reactions (Table 4. 4). The fit for DTPA has a slightly lower R2, which

is certainly related to an outlier point at 10s, but overall, it does not affect dramatically the model.
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Figure 4:2. Kinetics of reaction between MtrC and the U-ligands complexes. A. Timeline of the reactions between reduced MtrC and U-NTA (black),
U-EDTA (pink), U-DTPA (blue) and U-carbonate (yellow). B. Second-order kinetic models of the reactions between reduced MtrC and U-NTA (black),
U-EDTA (pink), U-DTPA (blue) and U-carbonate (yellow). The linear regression for each U-ligand complex is displayed in dotted black line, along with

R? and the coefficient of the line, corresponding to the kinetic constant of these reactions. The obtained equations are ynta=0.000181x+0.010092;

yeota= 0.007272x+0.07351; yprpa=0.009948x+0.019372; Ycarbonate=0.000198x+0.009881.
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MtrC MR-1
ligand k (uM™.s?) R? ligand k (uM.h?) R?
NTA 0.000181 0.997 NTA 0.093 0.86
EDTA 0.007272 0.998 EDTA 0.161 0.85
DTPA 0.009948 0.904 DTPA 0.021 0.95
carbonate 0.000198 0.97 carbonate 0.000033 0.97

Table 4:4. Second-order rates for the kinetics of reactions between the U-ligand complex (ligand = NTA, EDTA, DTPA, carbonate) and MtrC (right),
and MR-1 (left).

431.2 Reaction of strain MR-1 cells with U complexed with NTA, EDTA, DTPA or carbonate.

S oneidensis MR-1 cells were incubated with the four abovementioned U complexes. The reactions with U complexed
to aminocarboxylate ligands were followed by ion-exchange chromatography (Figure 4.3.A-C.). Thus, we observed that
as aqueous phase U(VI) decreases, aqueous U(IV) increases. In addition, the U(VI) concentration remained stable in the
no-cell controls over the experimental time, suggesting active reduction of the abovementioned complexes. As for in-
cubations of MR-1 with carbonate, we observed a decrease in aqueous U(VI) concentration while it remained constant
in the no-cell control (Figure 4.3D.). The kinetics of all reactions were evaluated by fitting a first-order kinetic model. In
our set of experiments, a first-order reaction resulted (Table 4.5) in a better fit than a second-order model (Table 4.4).
The reaction rates extracted from the regression model were ordered as follow from the lowest to the highest: Kcarbonate-
mr-1= 0.013 h'l < korpa-mr-1 = 0.224 h'l< knta-mr1 = 2.3 h™l< kepra-mr1 = 2.6 h'! (Figure 4.4).

A comparison of the rates of reduction of complexed U by MtrC and strain MR-1 cells reveal significant differences in
the values of the rates but also the relative rates across ligands. In both cases, the EDTA complex displays a rapid reaction
rate and the carbonate complex a slow rate. Specifically, for carbonate, the rate constant is the lowest amongst ligands
considered for both MtrC and strain MR-1 cells. DTPA displays the most rapid rate with MtrC but it is slower than EDTA
and NTA with strain MR-1. In contrast, for NTA, we observed a slow reduction rate with MtrC comparable to that of

carbonate, but rapid reduction with strain MR-1, at a rate comparable to that of the EDTA complex.
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Figure 4:3. Incubations of strain MR-1 cells with the U-ligand complexes. U(VI) and U(IV) aqueous concentrations over 24h in incubations of S. onei-

densis MR-1 and no cell controls with A.U-NTA, B. U-EDTA, C. DTPA and D. carbonate (no U(IV) line as the U(IV) product with U-carbonate is not

soluble).
MtrC MR-1
ligand k (s) R? ligand k (h?) R?
NTA 0.007 0.99 NTA 2.3 0.97
EDTA 0.035 0.94 EDTA 2.6 0.96
DTPA 0.057 0.93 DTPA 0.224 0.98
carbonate 0.0074 0.98 carbonate 0.013 0.97

Table 4:5. First-order rates for the kinetics reactions between the U-ligand complex (ligand = NTA, EDTA, DTPA, carbonate) and MtrC (right), and

M

R-1 (left).
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Figure 4:4. Kinetics of reaction between strain MR-1 cells and the U-ligands complexes. First-order kinetic models of the reactions between MR-1
and U-NTA (fuchsia pink), U-EDTA (light pink), U-DTPA (burgundy red) and U-carbonate (salmon pink). The linear regression for each U-ligand com-
plex is displayed in dotted black line, along with R and the coefficient of the line, corresponding to the kinetic constant of these reactions. The ob-

tained equations are ynta=2.306x-0.171; yeora=2.607x-0.074; yorpa=0.224x-0.247; Ycarbonate=0.013x-0.009.

4.3.2 Binding of U complexed with NTA, EDTA, DTPA or carbonate to MtrC

Based on the observation that U(VI)-ligand complex reduction rates fall into two groups when the reaction is catalyzed
by reduced MtrC, we propose that there may be distinct U-MtrC interactions depending on U speciation. For instance,
we hypothesized that in the case of slow reduction kinetics (i.e., carbonate and NTA), the U complex interacts more
closely with the protein, prior to electron transfer, whereas in the case of rapid kinetics (i.e., EDTA and DTPA), the U
atom may come close enough to the heme to allow electron hopping from MtrC to the complex, with little or no binding.
We investigated whether U complexes bind to the purified protein by using size-exclusion columns. MtrC reacted with
one of the U complexes was placed on a size-exclusion column (40 kDA pore size) to trap unbound U and to collect MtrC
along with any U bound to the protein. These experiments were carried out with oxidized MtrC under oxic conditions
to establish the binding of U(VI) to the protein and with reduced MtrC under anoxic conditions to quantify the binding

of the U(IV) product of reduction to the protein.

4321 Binding to oxidized MtrC
The results for the oxic binding tests are summarized in Figure 4.5, Tables 4.6 and 4.7. Fraction F1 includes the protein
and subsequent fractions do not. In the experiment without MtrC, little U was eluted in the first fraction through the
size exclusion columns, suggesting that the majority of free U was efficiently trapped into the pores of the resin beads
(Figure 4.5.A.). The six following washes allowed the recovery of >95% of the total U initially loaded. This confirmed that

we can use this size-exclusion technique to quantify U associated with MtrC. In the case with MtrC, limited binding was
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observed with U(VI) bound in the range of 11% for NTA, EDTA, and DTPA and 14% for carbonate. (Figure 4.5.B, Table
S1).
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Figure 4:5. Oxic binding tests. Distribution of U in the fractions recovered from 40kDa size-exclusion columns in the absence of protein or after reac-
tion with oxidized MtrC. A. In control reactions without protein with U(VI)-NTA, U(VI)-EDTA, U(VI)-DTPA, and U(VI)-carbonate; and B. In reactions
between oxidized MtrC and U(VI)-NTA, U(VI)-EDTA, U(VI)-DTPA, and U(VI)-carbonate for 30min, if present, proteins elute in the first fraction F1

(purple). Fractions F2 to F7 (green) corresponds to successive washes with 6M HCI aiming at washing remaining U out of the size exclusion columns.

Ligand [MtrC] (uM) [U] (um) [U])/[MtrC]

oxic conditions

NTA 129.14 126.6 0.98
EDTA 123.4 120.84 0.98
DTPA 125.79 128.5 1.02
carbonate 135.38 124.40 0.92

reduced conditions

NTA 220.71 171.69 0.78
EDTA 234.13 173 .42 0.74
DTPA 155.42 192.09 1.24
carbonate 147.74 171.69 1.16

Table 4:6. Concentrations in U and MtrC, and the ratio between them for the reactions between MtrC and U-ligand (ligand = NTA, EDTA, DTPA,

carbonate) under oxic (MtrC oxidized) and reduced (MtrC reduced) conditions described in Figure 7 and 8, in the whole reaction mixtures.
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Ligand [MtrC] (uM) [U] (uM) [U]/[MtrC]
oxic conditions
NTA 115.72 13.65 0.12
EDTA 104.7 13.17 0.13
DTPA 116.2 14.13 0.12
carbonate 121.48 18.85 0.16
reduced conditions

NTA 224.54 4.74 0.02
EDTA 217.83 1.90 0.01
DTPA 157.33 4.45 0.03
carbonate 153.02 4.74 0.03

Table 4:7. Concentrations in U and MtrC, and the ratio between them for the reactions between MtrC and U-ligand (ligand = NTA, EDTA, DTPA,
carbonate) under oxic (MtrC oxidized) and reduced (MtrC reduced) conditions described in Figure 7 and 8, in the first fraction F1 eluted from the

size-exclusion desalting columns.

43.2.2 Binding to reduced MtrC

Reactions identical to the ones described with oxidized MtrC were performed under anoxic conditions with reduced
MtrC. In addition to probing the U concentration eluted in each fraction, ion-exchange chromatography was performed
on fraction F1 (the one corresponding to MtrC) and on combined fractions F2 to F7. This allowed determination of the
speciation of U upon reaction with MtrC, and of the oxidation state of U bound to MtrC. The tests without protein gave
similar results to those performed with oxidized MtrC (Figure 4.6 and Table S2). Indeed, most of the U was retained in
the size exclusion column and eluted with the six following washes (Figure 4.6.A.). However, a small amount of U was
eluted in the first fraction, particularly for DTPA and carbonate, probably due to negative charge repulsion with the resin
beads, as DTPA and carbonate complexes have charges -3 and -4, respectively. In the presence of reduced protein, we
observed that, with carbonate, 72% of the U was eluted in F1, suggesting that it was associated with the protein (Figure
4.6.B.). In contrast, the U recovered upon reaction of U aminocarboxylate ligand complexes with reduced MtrC was not
bound to the protein and corresponded overwhelmingly to U(IV) (Figure 4.6.C., Table 4.8).For the carbonate system,
the MtrC-associated U consists of 84% U(IV) (60.5% of the total U) and 16% U(VI) (11.5% of the total U) (Table 8). We
hypothesize that U(VI) found in association with MtrC actually corresponds to U(V) that is disproportionated due to
acidification prior to ion-exchange chromatography separation. If that is correct, U(V) would actually represent 32% of
MtrC-associated U (23% of total U) and U(IV) ~68% of MtrC-associated U (49% of total U). Additionally, ~24% of U re-

covered in fraction F2 to F7 was U(VI), suggesting incomplete reduction of U(VI).

F1 F2 to F7
Ligand %U(VI) %U(IV) %U(VI) %U(IV)
NTA 0.46 3.07 1.78 94.69
EDTA 0.22 1.17 1.63 96.97
DTPA 1.26 1.47 1.93 95.34

carbonate 11.51 60.46 23.69 4.34

Table 4:8. Percent of the total U recovered identified as U(VI) or U(IV) in both the first fraction F1 (in which MtrC elutes) and in the combined subse-
quent fractions F2 to F7 post reaction of reduced MtrC and the U-ligand complexes under reduced conditions. The U(VI) and U(IV) fractions were
obtained by ion exchange chromatography.
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Figure 4:6. Anoxic binding tests. Distribution of U in the fractions recovered from 40kDa size-exclusion columns under anoxic conditions. A. Control

reactions without protein with U(VI)-NTA, U(VI)-EDTA, U(VI)-DTPA, or U(VI)-carbonate; and B. Reaction of reduced MtrC with U(VI)-NTA, U(VI)-
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4.3.3 Speciation of U during reaction of U(VI)-carbonate with reduced MtrC

U(VI)-carbonate was reacted with reduced Mt

min of reaction. The speciation was analyzed by Mas-edge High Resolution X-ray Absorption Near Edge Structure

rC and the U speciation measured after 30s, 1min, 2 min, 5min and 20
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spectroscopy under cryogenic conditions in order to minimize beam damage. As the reaction progressed, the spectra
shifted to lower energies, towards the U(IV)O2 standard white line (Figure 4.7, Table 4.9). In fact, the average white line
is at 3,726.81 eV at 30s and shifts to lower energies, down to 3,726.34 eV at 20min, displaying a downward shift of ~0.5
eV. Additionally, two features indicated by the black arrows at 3,732.6 eV and 3,729.4 eV on the 30s spectra faded as
the reaction time progressed. These spectra were modelled using linear combination fitting (LCF) (Table 4.9). The refer-
ences selected were U(VI)-carbonate, U(1V)O2 and U(V)-iodide as a proxy for U(V) species. The fits revealed 51.2 + 2.1%
U(V) and 46.9 + 1.2% U(IV) for the 1-min timepoint and 33.4 + 2.0% U(V) and 64.1 + 1.2 % U(IV) at 20 min (Figure 4.8A&B,
Table 4.9). Moreover, to ensure that the model fits are robust, a model using only U(VI) and U(IV) as references was
evaluated (Figure 4.8.C.) and the goodness of fit obtained compared to that (ii) using U(V) and U(IV) as references (Table
4.10). The model with U(VI) and U(IV) as references does not properly reproduce the data, as the edge of the fit is shifted
to lower energies and the uranyl characteristic feature at 3,732.4 eV is accentuated compared to the data. (Figure
4.8.C.). In addition, the reduced ¥? of the U(VI) and U(IV)-only model was calculated to be 0.3309, whereas that with
U(V) and U(IV) had a reduced x? of 0.095, pointing to a better fit (Table 4.10). We conclude that U(V) species persist for
up to 20 min upon reaction between U(VI)-carbonate and reduced MtrC. Thus, the results suggest that U(VI) found in

association with MtrC in the carbonate system could well correspond to bound U(V) species.

u(IV)0,

20min

5min

2min

1min

| 30s

3.72 3.725 3.73 3.735
Energy (keV)

Figure 4:7. U Ms-edge HR-XANES spectra of a time course reduction experiment between U(VI)-carbonate and reduced MtrC from 30s to 20min. The
dotted line marks the white line of U(IV)O: at 3.7255 keV as a reference. The two black arrows on the spectra for 30s show features at 3,732.6 eV

and 3,729.4 eV, which fade overtime as the reaction proceeds.
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Sample white line (keV) standard deviation
30s 3.72681 0.00022
1min 3.72666 0.00014
2min 3.72656 0.00018
Smin 3.72657 0.00004
20min 3.72634 0.00014
U(Iv)02 3.72555 0.00004

Table 4:9. Average white line of the U Ms-edge HR-XANES spectra measured in this study

A. B.

I I ! i I I I i
3.72 3.725 3.73 3.735 3.72 3.725 3.73 3.735

—data
—fit

3.72 3.725 3.73 3.735

Figure 4:8. LCF fitting results (red) compared to the data (black) for the M4-edge HERFD-XANES spectra measured on the reaction mixture of U(VI)-
carbonate and MtrC at A. 1 min, and B. 20 min using U(IV)Oz and U(V)-iodine (as a proxy for U(V) species) components; at C. 1Imin using U(IV)02 and

U(VI)-carbonate components.

Sample %U(VI) carbonate %U(V) iodine %U(1V)02 R factor Reduced x?

Figure 4.7 and 4.8

30s 41+1.2 53.0+2.2 429+1.1 0.0061 0.0895
1min 19+1 51.2+2.1 469+1.2 0.0059 0.0953
2min 65+1 40.8+2.1 52.7+1.2 0.0059 0.0855
5min 0.2+1.2 522+24 47614 0.0078 0.1163
20min 25+1 33.4+20 64.1+1.2 0.0058 0.0754

Figure 4.8
1min 26+0.7 / 74+1.2 0.02063 0.3309

Table 4:10. LCF of the Ms-edge HR-XANES spectra for samples described in Figure 4.7 and Figure 4.8 using the references U(VI)-carbonate, U(V)-
iodine, U(IV)O2. We interpret these figures as supportive indicators for the presence of a given U oxidation state, providing qualitative information

about the distribution of the oxidation U states in the samples. The error bars are derived from the linear combination fit algorithm.
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4.4 Discussion

44,1 There is no obvious correlation between U-complex stability and reaction rate.

We chose to work with the selected aminocarboxylate ligands NTA, EDTA, and DTPA. Along the aminocarboxylate series
the formation constant of the calculated dominant ligand-U complex increases with denticity, and likely with the coor-
dination number with U equatorial plane (Figure 4.9). In fact, the stability constants of the aminocarboxylate series for
the dominant species is ordered as NTA < EDTA < DTPA, more precisely logK nta=2.39 + 0.04%° < logK epra= 11.4 + 0.316¢
< logK prea= 11.89 + 0.01%5. As for carbonate, the logK of the bi- and tri-carbonato complexes are higher than that of
U(VI) complexed with DTPA. Our initial hypothesis was that the greater the logK, the more stable the U(VI)-ligand com-
plex and the slower the reduction by strain MR-1 cells and MtrC. Indeed, Brooks et al. observed that U bioreduction is
less favorable when U is complexed with Ca, probably because of a higher complexation constant compared to a similar
species lacking Ca (Ca2U02(C0s)s has a logK of 30.55+0.25'7°, whereas that of [U(VI)02(C0Os)3]*" is 16.94+0.12%1). With
strain MR-1 cells, we indeed observed a trend in the reduction rate as follows: keota_mr-1 = knta_mr-1 > Kptpa_MR-1 > Kcar-

bonate_MR-1. IN addition, as previously demonstrated, the presence of strong organic ligands such as NTA, EDTA and DTPA

inhibited the precipitation of U(IV) 818417 jikely due to their high logK values (Table 3). However, in those studies, the

rate of reduction was not reported as the separation of aqueous U(VI) and U(IV) was not performed.
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Figure 4:9. Structure of some U(VI)-aminocarboxylate ligand complexes. A. B. Structure of [U(VI1)O2(COs)]*. B. Structure of UO2(H.0)NTA(Teleb et
al.2004). C. Structure of UO.EDTA% complex dominant at pH>6 (Kim et al. 2021)*7

Moreover, our results suggest that the complexes of U(VI) with NTA and EDTA showed similar reduction rates, and this
finding is comparable to what was observed by Ross et al., but with Fe(Ill)-ligand complexes'®2. However, despite a larger
difference between the U(VI)-NTA and U(VI)-EDTA logK values than between those of U(VI)-DTPA and U(VI)-EDTA, the
rates of reaction of U(VI)-NTA and U(VI)-EDTA are almost similar, and both greater than that of U-DTPA. Hence, the
correlation between logK values and reduction rates is not sufficient to explain the strain MR-1 cells data.

With MtrC, within the experimental conditions set, we identified two clusters of reaction rates ordered as follows
keota_mtrc = Kptpa_mtrc > knTa_mtrc = Kcarbonate_mtrc. Intriguingly, the two bulkier complexes, U bound to EDTA and to DTPA,
reacted more rapidly than U-NTA and U-carbonate. Therefore, with the purified protein, there is no obvious correlation

between formation constant and reaction rate.
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The results observed with the cells could be explained by the combination of electrostatics and compound bulk. In fact,
both UO2(OH)NTA? and UO2EDTA? complexes have two negative charges while the UODTPA*, UO2(COs3)* complexes
exhibit respectively, 3 and 4 negative charges. The bacterial cell surface is generally negatively charged, hence electro-
static repulsion may reduce the rate of reaction. In addition, the octadentate DTPA ligand likely forms a bulkier complex
with U than the other two aminocarboxylate ligands, and may be inhibited in its access to the enzyme embedded in the
outer-membrane. As for carbonate, the formation of a stabilized U(V) intermediate in association with the outer-mem-
brane c-type cytochromes could explain why the reaction is slower than that with aminocarboxylate ligands for which
the reduction may happen without binding?®3%3!, Nevertheless, the hypothesis of the role of electrostatic interactions

and bulkiness cannot explain the results with purified MtrC.

4.4.2 Interaction between MtrC and the soluble U substrates

Next, we hypothesized that the four U-ligand complexes may vary in the strength of their interaction with MtrC. Hence,
we studied the binding extent of the selected U(VI) complexes with either oxidized or reduced MtrC. Oxidized MtrC
served to delineate the binding of U(VI)-complexes to the enzyme while reduced MtrC was used to establish the extent
of association of reduced U with the enzyme.

We observed no significant difference in the binding of the four U(VI)-ligand complexes under oxic conditions as they
ranged between 10% to 13.6% of U(VI) bound to oxidized MtrC. These results raise the possibility that the interaction
of oxidized MtrC with soluble U substrates is weak, and it is possible that they cannot be identified by size-exclusion.
We could envisage that the strength of the interaction between MtrC and the complexes of U correlates with the reac-
tion rates. Hence, we would expect a weaker interaction with U-DTPA and U-EDTA, which showed the most rapid re-
duction rates, and stronger interaction with U-NTA and U-carbonate.

Interestingly, the results reported above for U(VI) were also observed for the reduction of Fe(lll)-aminocarboxylate lig-
and complexes with the purified undecaheme c-type cytochrome UndA”3, The rate of reduction of Fe(Ill)-EDTA by UndA
was about 100x more rapid than that of Fe(Ill)-NTA’3, In addition, two iron complexes, Fe(Ill)-NTA and Fe(lll)-citrate
were shown to interact with the same region around the heme 7 of UndA?%3. Moreover, Fe(lll)-EDTA could not be crys-
tallized with UndA, whereas Fe(Ill)-NTA and Fe(lll)-citrate were!®, In this study, Edwards et al. observed that a Fe(lll)-
NTA dimer associates with UndA close to heme 7, with the two Fe(lll) atoms localized at 6.2A and 8.3A from the heme
center, respectively. Both dimer NTA molecules interacting via hydrogen bonds between one of a carboxylic group and
the guanidinium group of an Arginine and the backbone nitrogen of a Serine and a Lysine. Thus, the more rapid reaction
of UndA with Fe(lll)-EDTA than Fe(lll)-NTA could be hypothesized to be linked to weaker electrostatic interactions be-
tween the protein and Fe(l11)-EDTA as compared to Fe(lll)-NTA. This is possibly inherent to the ligand properties when
bound to the metal center.

Electrostatic interactions between protein and substrate were also reported by Fukushima et al.1®2. They studied the
interaction of MtrF with the surface of a-Fe203 nanoparticles by protease foot-printing. They identified a positively
charged pocket at the surface of MtrF, close to hemes 6 and 7 where the negatively charged surface of a-Fe20z nano-
particles likely interacts. Moreover, Edwards et al. found that the overall electrostatic charge near heme 7 was positive,
likely attracting negatively charged substrates!®3. These findings further underscore the importance of substrate charge

as one of the parameters influencing the type and locus of protein-complex, and therefore the rate of reaction.
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All considered, we propose that the rapid reaction rates observed for U(VI)-EDTA or U(VI)-DTPA, stemmed from weaker
interactions. We suppose that these two complexes can approach one terminal heme via electrostatic interaction. In
contrast, in the case of U(VI)-NTA or U(VI)-carbonate complexes, exhibiting slower reduction rates, we propose that
binding to a site close to a terminal heme occurs via hydrogen bonding, as reported by Edwards et al. for Fe(l11)-NTA and
UndA. Indeed, covalent binding to MtrC can be excluded as a major factor in the reduction of these four U(VI) complexes
as there were no significant differences in the binding extent of the four U species to MtrC. This assumption is that
hydrogen bonds did not withstand the separation process by size-exclusion chromatography.

With reduced MtrC, U(IV) remained in solution for all three aminocarboxylate ligands while U complexed with carbonate
remained largely bound to MtrC after reaction. We confirm that the strong complexation constant of U(IV) with the
aminocarboxylate ligands (Table 3) ensures the retention of reduced U in solution?3%161% |n contrast, for carbonate,
we hypothesize that while U(VI) binding is limited, pentavalent U may bind to the protein. Indeed, Ms-edge HR-XANES
data evidence the formation and persistence of U(V) in association with the protein. This U(V) intermediate must have
a close interaction with MtrC otherwise, it would spontaneously disproportionate in carbonate buffer at pH 7.5%?2, The
formation of subsequent U(IV) may proceed as Sundararajan et al. described: two U(V) nuclei bound to the protein
disproportionate to U(VI) and U(IV)*?L. We propose that the U(IV) formed remains associated with the protein (Figure
6). The formation of a stabilized U(V) intermediate may also be a parameter that contributes to slow down the reduction

rate of U(VI) to U(IV).

4.5 Conclusion

In this study, we interested ourselves to the parameters which may influence the reduction rate of U(VI) by S. oneidensis
MR-1 and the purified c-type cytochrome MtrC. We first concluded that the reduction mechanism for both strain MR-1
cells and MtrC is highly dependent on speciation. In fact, with strain MR-1 cells, we observed that U(VI)-NTA and U(VI)-
EDTA complexes displayed more rapid reduction rates than U(VI)-DTPA and U(VI)-carbonate. We attribute this differ-
ence to electrostatic, bulkiness, and diffusion limitations. Moreover, with isolated MtrC, reaction rates are grouped in
two clusters, one with more rapid rates observed with U(VI)-EDTA and U(VI)-DTPA, and one with slower comprising
U(VI)-NTA and U(VI)-carbonate. Clearly, the hypothesis of a correlation between logK and reduction rates does not hold
here, since U(VI)-EDTA and U(VI)-DTPA were reduced more rapidly and have the higher logK of the series. However, we
propose that hydrogen bonds may form between U(VI)-NTA or U(VI)-carbonate and MtrC, whereas, electrostatic inter-
actions governed the interaction between U(VI)-EDTA or U(VI)-DTPA and MtrC. Stronger interaction between MtrC and
U(VI)-complexes would slow down the reaction. Other parameters which could substantially influence are the U(VI)-
complexes and MtrC surface charges, the formation of a pentavalent intermediate, observed in the system with MtrC

and U(VI)-carbonate, or structural rearrangement required from U(V) to U(IV) (Figure 4:10).
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Figure 4:10. Schematic representation of the factors which could influentiate electron transfer rate from MtrC to U(VI)-ligand complexes

4.6 Limits of the experimental study and outlooks

We chose to work with purified MtrC, and performed enzymatic assays between MtrC and soluble U complexes. This
system allows us to study specifically the interaction between two molecules, however, the experimental conditions
are far from in vivo conditions, under which the protein receives a continuous flow of electrons when embedded within
the outer membrane of bacterial cells. Hence, MtrC may display distinct redox potentials and redox properties when
isolated or when embedded in the outer-membrane. In addition, several electron exits may be available and energeti-
cally accessible in the isolated MtrC, as there are four solvent-exposed hemes in the structure of MtrC, heme 2,7 and
heme 5,10%% These may not be as readily accessible in the membrane-embedded protein, and may have dinstinct redox
potential when exposed to the solvent. Moreover, we lack information on thermodynamic parameters, namely the
redox potential of the selected U complexes, for U(VI)/U(V) and the U(V)/U(IV) redox couples. These would allow us to
estimate the free energy of the redox reactions between the U-ligand complexes and the terminal hemes. The redox
potential of the terminal hemes are already modeled for MtrF, a homologue of MtrC'74175,

A more in-depth study of the binding strength will be undertaken, namely by investigating the crystallization of the four
U-complexes with MtrC, in order to identify binding regions of U soluble substrates, but also the nature of their inter-
action with MtrC. Alternative methods include Atomic Force Microscopy (AFM) to probe the strength of interaction
between the U-complexes and MtrC, or investigating engineered proteins lacking terminal hemes or electrostatically

altered putative hydrogen bonding regiond to better grasp the mechanism of electron transfer.
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Chapter 5 Conclusion

5.1 Achieved results

This thesis focused on the reduction mechanism of U(VI), and in particular that of U(V) by the metal-reducing bacterium
S. oneidensis MR-1 and its outer-membrane c-type cytochrome MtrC. We sought to provide better insights into the
molecular underpinnings of U reduction. The motives of such a quest are: (i) probing the relevance of U(V) in the envi-
ronmental systems, poorly documented because of its ephemerality; (ii) having better understanding of the processes
underway during the implementation of remediation strategies in U contaminated sites; (iii) paving the way for the
study of the isotope fractionation mechanism of U when undergoing biological reduction at the molecular scale. In fact,
ratios of 238U vs 23°U are employed to evaluate and date anoxic events in geological times; (iv) satisfying some enthusi-

astic scientific curiosity.

As we moved through the observations, we increased the magnification, starting from a bacterial system, transitioning
through a genetically-modified bacterial system, to end with a specific enzyme. This journey allowed us to confirm some

of our hypothesis, to demonstrate some facts, but above all to raise additional questions.

The initial start to our work was the synthesis, achieved by our co-workers at the Group of Complex Chemistry at EPFL,
Radmila Faizova and Marinella Mazzanti, of an aminocarboxylate ligand (dpaea) with the propensity to stabilize ura-
nyl(V) in water at pH 7. In fact, dpaea surrounds the equatorial plan of the U atom, preventing that cation-cation inter-
actions that provoke U(V) disproportionation. As a result of their work, we had access to a compound to carry out further

investigations.

We initiated our work by investigating the reduction of (i) solid-phase U(VI)-dpaea and (ii) aqueous phase U(V)-dpaea
by S. oneidensis MR-1. Using M4-edge XANES, we observed (i) that solid-phase U(VI)-dpaea was being reduced to aque-
ous U(V)-dpaea. Then, we noticed (ii) a 20% decrease in aqueous U(V)-dpaea concentration over 336h upon incubation
with S. oneidneis-MR-1. To discern whether it resulted from disproportionation or from an additional one-electron
transfer, we used a mutant strain of S. oneidensis MR-1, AccmG, lacking the full maturation system for c-type cyto-
chromes. AccmG was impaired in reducing U(V)-dpaea, as its concentration remained stable in solution over the exper-
imental time. Hence, we ruled out the possibility of cell-mediated disproportionation of U(V)-dpaea and concluded that
U(V)-dpaea was reduced by a one-electron transfer. The slow reduction rate of U(V)-dpaea may be attributed to im-
portant structural rearrangements upon reduction Furthermore, the U(IV) products formed were studied by STEM and
two types of non-crystalline U(IV) associated with S. oneidensis MR-1 were identified. Morphology type 1 corresponded
to U dispersed at the surface of the bacteria, which we attributed to non-crystalline U(IV). Morphology type 2 coincides

with U clusters associated to the EPS matrix of the cells. The presence of N in morphology 2 suggests that it may contain
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U(IV)-dpaea:. To better comprehend the formed U(IV) products, EXAFS analysis was recently performed at the Mars

beamline in SOLEIL, but data still require appropriate processing.

We then investigated solid phase U(VI)-dpaea and aqueous phase U(V)-dpaea reduction using two mutant strains of S.
oneidensis MR-1, which we constructed. These strains, AOMC lacking the outer-membrane c-type cytochromes MtrC,
OmcA and MtrF, and AccmG were incubated along with the wild type (WT) on both substrates. AccmG could not reduce
solid-phase U(VI)-dpaea, however AOMC exhibited similar reduction rate as that of the WT. As AOMC lacks outer-mem-
brane c-type cytochromes, we proposed that reduction of soluble U(VI)-dpaea could occur within the cell periplasm of
AOMLC. As the rates of reduction were very similar, we deduced that dissolution of U(VI)-dpaea occurs priors its reduc-
tion, and that it is the limiting step in the reaction. However, we cannot also exclude that MtrA, which terminal heme is
exposed to the extracellular medium in absence of MtrC, could reduce solid phase U(VI)-dpaea. Additional tests using a
mutant strain lacking the outer-membrane c-type cytochromes and MtrA will be investigated to better elucidate this
point. Regarding incubations with U(V)-dpaea, we observed over 74h that U(V)-dpaea concentrations decreased by
12.3% in the WT incubations, 3% with AOMC and 2% with AccmG. These results imply that outer-membrane c-type
cytochromes are involved in U(V)-dpaea reduction to U(IV) species. In addition, when reacting the isolated outer-mem-
brane c-type cytochrome MtrC with U(V)-dpaea, we observed direct electron transfer from MtrC to U(V)-dpaea, con-
firming that outer-membrane c-type cytochromes are involved in U(V)-dpaea reduction. Moreover, when reacting iso-
lated MtrC with aqueous U(VI)-dpaea, about 15uM aqueous U(VI)-dpaea (80% of the initial U(VI)) were reduced in 2
min, whereas 118.6 uM U(V)-dpaea (98.8% of initial U(V)) were reduced in 2min. If U(V) had disproportionated, we
would not have observed that extent of U(V)-dpaea reduction based on the slower rate of aqueous U(VI)-dpaea reduc-
tion. Therefore, we confirmed that U(V)-dpaea is not transformed to U(IV) via disproportionation, but undergoes reduc-

tion by outer-membrane c-type cytochromes.

Last but not least, we undertook investigations of the reactions between the isolated c-type cytochrome MtrC and four
U(VI) complexes: U(VI)-NTA, U(VI)-EDTA, U(VI)-DTPA, and U(VI)-carbonate. Along the aminocarboxylate ligands series,
the ligand denticity, increases with the logK of the U-ligand complex and their bulkiness as follows U(VI)-NTA<U(VI)-
EDTA<U(VI)-DTPA. We hypothesized first that U(VI)-EDTA and U(VI)-DTPA would display slower reactions rates com-
pared to the smaller U(VI)-NTA and U(VI)-carbonate complexes. Indeed, we conjectured that logk and complex size
were parameters which could influence the reduction mechanism. Interestingly, we observed two clusters of reaction
rates: U(VI)-EDTA and U(VI)-DTPA were almost completely reduced after 15s with comparable reaction rates, whereas
U(VI)-NTA and U(VI)-carbonate reached 50% of reduction after 15s, with similar rates. Therefore, we proposed that
there may be differences in the nature of the interaction between MtrC and these two groups of complexes. Our second
hypothesis was that U(VI)-NTA and U(VI)-carbonate interact via covalent or hydrogen bonding with MtrC, likely close to
one solvent-exposed heme, whereas U(VI)-EDTA and U(VI)-DTPA interact via electrostatic forces. To test our hypothesis,
we ran size-exclusion columns experiments, to separate MtrC from the reaction mixture. For oxidized MtrC under oxic
conditions, we did not observe significant differences between the binding extent of the four U(VI)-ligand complexes.
However, under anoxic conditions, we observed that 72% of the U(IV) product was associated with MtrC. We inter-

preted these results as follows: (i) for oxidized MtrC, the similarities observed between the different ligands could be
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linked to an experimental artefact. It is possible that hydrogen bonds formed between MtrC and U(VI)-NTA or U(VI)-
carbonate broke during the separation process; (ii) the binding of U(IV) products to MtrC upon U(VI)-carbonate reduc-
tion suggests that there must be a stronger interaction between U(VI)-carbonate and MtrC compared to the other com-
plexes; (iii) probably, U(VI)-NTA also interacts strongly with MtrC, however, U(IV)-NTA or U(IV)-NTAz have high for-
mation constants, hence it may be more favorable for the soluble U(IV) complexes to form rather than U(IV) remaining
bound to MtrC; (iv) in addition, we captured the formation of a U(V) intermediate by Ms-edge HR-XANES in the car-
bonate system upon reduction of U(VI). It could also be that the U(V) intermediates formed in the carbonate and NTA
systems have longer half-lives than those of U(V) formed in the EDTA and DTPA systems. Overall, our results hint at the
fact that the reduction of U by c-type cytochromes depends on the U species, and that various types of interactions
exist between the protein and U-ligand complexes. In particular, it could be that hydrogen bonding slows down the
reaction rates, and weaker electrostatic interactions enable fast reduction. This would also match the complexes’ sizes
and bulkiness. The bulkier the complex is, the harder it could be to come into close interaction with a binding site in

MtrC.

5.2 Future development

This thesis has opened questions that will require more investigation. It has been a wonderful and captivating journey

which does not have an end yet!

Regarding the work presented in chapter 3, we seek to repeat the mutant experiments to strengthen the data. In addi-
tion, we are intrigued by the reducing power of AccmG after 48h of incubation with iron oxides and 24h with Fe(lll)-
citrate, which we attributed to cell lysis. Hence, we plan to incubate lysed cells of AccmG along with the WT with either

iron substrates but also with U(VI)-dpaea (aqueous and solid-phase) to confirm the hypothesis.

As for chapter 4, additional experiments will be set to bring additional evidence regarding the question of the binding
of U(VI) to the protein. First, series of binding tests with the size-exclusion columns will be carried out with the four
abovementioned complexes, varying the speciation, in order to better grasp the role of U speciation in the U-MtrC
interaction. Moreover, in parallel to the experiments discussed in this manuscript, we started to work on the crystalli-
zation of MtrC reacted with U(VI)-carbonate. Ideally, we would like to crystallize MtrC with the four U-ligand complexes
studied to obtain deeper insights into the molecular interactions between U and MtrC. This could shed light on the
potential binding area for U in MtrC. We managed to crystallize MtrC with U-carbonate, however the resolution of the
diffraction patterns was not high enough (about 5A) for the data to be interpreted. Other strategies to probe the U-
MtrC interactions involve Atomic Force Microscopy, to probe the binding strength between MtrC and the U-ligands
complexes. Alternatively, we could engineer MtrC by modifying the distal ligands of some hemes to increase their redox
potential, rendering less thermodynamically favorable the reduction of U by these engineered hemes. We could hence
envision to engineer heme 2 and 7, involved in electron transfer to flavin molecules, and react the resulting engineered
MtrC with the U-ligand complexes. This would enable us to refine the electron transfer rates and binding interactions.
A variant of this tack is to vary the electrostatics of the region around hemes 6 and 7 to determine whether this modifi-

cation alters the reduction rate of U(VI)-ligands. Further, we would like to probe to U(IV) products structure by EXAFS.
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We are looking forward to progressing in these directions, and further elucidating some of the underpinnings of the

molecular mechanism of the enzymatic reduction of U
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Annex 1 - Supplementary information for chapter 2

This supporting information contains:

TextS1. Experimental method for UV-vis spectroscopy and for the evaluation of cell viability in incubations
of S. oneidensis MR-1.

Text S2. Experimental method for the control experiment of U(V)-dpaea incubations.

Text S3. Correction for the ion exchange chromatography separation test of U(V)-dpaea.

Text S4. Experimental method for the incubation experiments of inactivated S. oneidensis MR-1 cells with
U(VI)-acetate and then with U(V)-dpaea.

Text S5. Comparison of the inactivated cells versus active cells incubated with U(V)-dpaea reduction.

Figure S1. UV-vis spectra of the incubations with U(VI)-dpaea and incubations with U(V)-dpaea through time.
Figure S2. Aqueous Fe(ll) concentration (A) and cell viability (B) through time in incubations with S. oneidensis
MR-1, the deletion mutant ACcmG and a no-cell control with ferrihydrite.

Figure S3. Solubility of solid phases U(VI)-dpaea and of U(IV)-dpaea, measured in WLP medium.

Figure S4. LCF fitting results compared to the data for the 96h supernatant using U(VI)-dpaea and U(IV)-
dpaea? as fitting components.

Figure S5. U Ms-edge HR-XANES spectra of the 150h solid phase shown in black during reduction U(VI)-dpaea.
Figure S6. Ratio of U(VI) and U(IV) recovered after ion-exchange chromatography elution of eight solutions
with varying concentrations of U(V)-dpaea.

Figure S7. Linear regression showing the correlation between the amount of U eluted as U(IV) and the initial
concentration of U(V)-dpaea prior the ion-exchange chromatography elution.

Figure S8. U speciation after ion-exchange chromatography separation of a set of six solutions containing the
same starting ratio of U(IV) and U(VI) but different concentrations, with or without addition of dpaea ligand.
Figure S9. Cell viability in incubations of S. oneidensis MR-1 with A. U(VI)-dpaea over 720h (30 days) and U(V)-
dpaea over 648h (27 days).

Figure S10. Energy dispersive spectroscopy (EDS) performed by scanning electron microscopy (SEM) on the
two types of morphologies described for the U(IV) product obtained upon U(V)-dpaea reduction.

Figure S11. Selected area electron diffraction (SAED) collected for the morphology type 1 of the U(VI) prod-
uct, which corresponds to dispersed small U clusters at the surface of the bacteria.

Figure S12. Selected area electron diffraction (SAED) collected for the morphology type 2 of the U(VI) prod-
uct, which describes U clusters associated with cells.

Figure S13. U speciation in the solid phase (cell pellet) and in the aqueous phase (supernatant) of the controls
and cultures incubated with ‘synthetic’ U(V)-dpaea.

Figure S14. A. U concentration in the inactivated-cells culture supernatants and in the cell-free controls incu-
bated with U(VI)-acetate. B. U speciation in the solid phase and in the aqueous phase of both the inactivated-
cells incubations and the cell-free controls after 69h.

Figure S15. Distribution of aqueous U(V)-dpaea and solid phase U overtime in incubations with S. oneidensis
MR-1, incubations with inactivated cells of S. oneidensis MR-1 and cell-free controls with ‘synthetic’ U(V)-
dpaea.

Figure S16. U speciation in the solid phase (cell pellet) and in the aqueous phase (supernatant) of (A) incuba-
tions with inactivated cells of S. oneidensis MR-1 and (B) cell-free controls, in presence of ‘synthetic’ U(V)-
dpaea.

Table S1. Primers used for PCR and sequencing.
Table S2. Bacterial strains and plasmids used for this study.
Table S3. Composition of Widdel low phosphate (WLP) modified.
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Table S4. Measurements and associated standard deviations for the ion-exchange chromatography separa-
tions of U from aqueous and solid phase samples.
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TextS1. Experimental method for UV-vis spectroscopy and for the evaluation of cell viability in incubations
of S. oneidensis MR-1.

Resting cell experiment with U(VI)-dpaea and U(V)-dpaea were set up as described in the Experimental meth-
ods section. In these batches of experiment, we chose to work with [U(VI)-dpaea]=1mM and [U(V)-
dpaea]=0.8mM for UV-vis detection. For both U(VI)-dpaea and U(V)-dpaea, incubations with cells were done
in triplicates and the no-cell controls in duplicates.

For UV-vis measurements, in an No-atmosphere, aliquots of about 250l of the incubation supernatant were
placed into an air-tight semi-macro screw cap UV quartz cuvette with a light path of 10mmx1mm (Msscien-
tific, Berlin, Germany). The UV-vis spectra were acquired with a Shimadzu spectrophotometer (Shimadzu UV-
2501PC, Suzhou Instruments Manufacturing Co. Ltd., Suzhou, China) in ambient atmosphere, while samples
were kept anoxic in the air-tight cuvette. The wavelengths ranged from 400nm to 800nm. The results are
shown in figure S1A. for incubations with U(VI)-dpaea and on figure S1.B. for incubation with U(V)-dpaea. As
for cell viability evaluation, at selected times, aliquots of 200uL of the incubation supernatant were taken
from 2 replicates. 6 dilutions of each samples were prepared in WLP medium (0x, 10x, 100x, 1000x, 10000x
and 100000x). 50uL of each dilution were streaked on LB agar plates. The plates were incubated overnight
at 30°C. Single colonies were counted manually on each plate. The average calculated at each time point in

both the incubations with and without cells are displayed on figure S9.

Text S2. Experimental method for the control experiments of U(V)-dpaea incubations.

Prior to be incubated on U, the Accm@G strain was characterized and compared to the WT strain using ferri-
hydrite. Fresh ferrihydrite was prepared by titrating 0.5M Fe(lIl)-Cl with 10M NaOH until the pH reached 7.
After 30 minutes of equilibration, the precipitate was centrifuged and washed 5 times with deionized water
(8000 g, 10 min). The total Fe concentration was measured by ICP-OES. S. oneidensis MR-1 and AccmG were
prepared as described in the first paragraph of the Experimental method section before being incubated with
5mM anoxic ferrihydrite for 72h. The starting ODeoo of the incubations was calculated to be 1. The incubations
were maintained in the dark at room temperature, inside the anaerobic chamber. Fe(ll) was measured by
the ferrozine assay and cell viability of both strains was followed by streaking an aliquot of culture on LB agar
plates. The results of AccmG characterization with ferrihydrite are shown on Figure S2. We did not observe
reduction of Fe(lll) by AccmG in the first 48h. The slight reduction observed at 72h can be explained by po-
tential cell lysis and release of reducing metabolites.

Then, S. oneidensis MR-1 and AccmG were incubated using 550 uM U(V)-dpaea as described in the first par-
agraph of the Experimental method section, at a starting cell OD of 1, and with 20 mM lactate in triplicate.

All incubations were kept in the dark for the duration of the experiments.
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Text S3. Correction for the ion exchange chromatography separation test of U(V)-dpaea.

In an Nz-atmosphere, a solution of U(V)-dpaea at 220 uM in 1 mL of deionized was diluted to the following
concentrations: 110 uM, 58 uM, 31 uM, 19 uM, 11 uM, 6 uM 4.2 uM. The eight solutions were acidified and
eluted through the ion-exchange chromatography columns following the protocol described in the Experi-
mental methods section. In addition, four different volumes of the acidified solution prepared with 31 uM of
U(V)-dpaea were eluted. The aim was to test whether the mass of U loaded post-acid treatment for a given
concentration of U(V)-dpaea had an effect on the elution of U(VI) and U(IV).

The results of these tests showed that the mass of U loaded does not affect the amount of U recovered in
the U(VI) and U(IV) fractions. However, we observed that for decreasing U(V)-dpaea initial concentrations,
we recovered decreasing amount of U in the U(IV) fraction after elution (Figure S6). We then established the
correlation linking U(V)-dpaea initial concentrations to the amount of U recovered in the U(IV) fraction, and
we obtained the linear regression to extract the equation expressing %U(IV) as a function of initial mass of
U(V)-dpaea (Figure S7). The best correlation was found using the natural logarithm of %U(IV) and the natural

logarithm of (1-1/(1+ initial concentration of U(V)-dpaea)) as follow :

1
1 + initial concentration of U(V)dpaea

In(%UUV)) « In( 1 — )

We used the latter equation to correct for U(V)-dpaea behavior in ion-exchange chromatography analyses
performed in the reduction experiment of ‘biological U(V)’ (Figure 5) and ‘synthetic U(V)’ (Figure S13) and
the inactive cell experiment (Figure S16) with starting U(V) concentrations of 60uM and 30uM respectively.
We attributed these shifts to residual oxidant (impurities or residual oxygen) in the HCl used for acid-treat-
ment of the sample prior to ion exchange chromatography elution. We observed that, independently from
the initial [U(V)-dpaea], the same mass of U is oxidized (2-3 pg) and eluted with the U(VI) fraction. It would
explain why the effect is exacerbated at lower concentrations. Additionally, we established that the dpaea

ligand does not influence the separation of U(VI) and U(IV) by ion-exchange chromatography (Figure S8).

Text S4. Experimental method for the incubation experiments of inactivated S. oneidensis MR-1 cells with
U(VI)-acetate and then with U(V)-dpaea.

Preparation of inactive cells. S. oneidensis MR-1 was first grown as described in the first paragraph of the
Experimental methods section. The cells harvested after the second incubation step were washed three
times in aerobic modified WLP medium. The washed cells were then incubated in modified WLP medium

aerobically for 48h (at 30°C and 140 rpm shaking speed). This step had the purpose to exhaust the cells of
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electrons, which they deliver to O3 as the electron acceptor. After 48h of aerobic incubation, the cells were
autoclaved (20min at 121°C) and further washed three times in anoxic modified WLP.

Incubations with U(VI)-acetate. Inactivated S. oneidensis MR-1 cells were incubated in anoxic modified WLP
medium in the presence of 400 UM aqueous phase U(VI)-acetate, along with 20 mM of lactate as the electron
donor (in triplicate). A cell-free control was conducted in parallel (in duplicate). The starting ODgoo of the
incubations was calculated to be 1. The incubations were maintained in the dark at room temperature, inside
the anaerobic chamber. Aliquots of the supernatants were obtained at different incubation times and were
filtered through 0.2 um PTFE filters (Whatman, Maidstone, United Kingdom). U concentrations were deter-
mined as described before by ICP-MS. An entire culture was sacrificed after 69h of incubation as described
in the experimental methods for ion-exchange chromatography separation of U(VI) and U(IV) in the aqueous
and the solid phases.

Incubations with U(V)-dpaea. Inactivated S. oneidensis MR-1 cells (not incubated with U(VI)-acetate) were
also incubated in anoxic modified WLP medium in the presence of 50 uM aqueous phase ‘synthetic’ U(V)-
dpaea as described in the paragraph ‘Reduction of U(V)-dpaea’ in the Experimental methods section. Simi-
larly, at specific times, entire cultures and associated cell-free controls were sacrificed, and separation of
U(VI1) and U(IV) was performed by ion exchange chromatography. Results are shown in Figures S14, S15, and

S16, and described in the Results section of the article.

Text S5. Comparison of the inactivated cells versus active cells incubated with U(V)-dpaea reduction.

In order to confirm that the solid phase U(IV) observed in the incubations of S. oneidensis MR-1 with U(V)-
dpaea was the product of an active reduction mechanism, we substituted active cells with cells lacking re-
ducing power (inactivated cells), in an experiment similar to the one described above. The inactivated cells
were first incubated in presence of 400 uM U(VI)-acetate to ensure they lacked the ability to reduce (method
in Text S4). We noticed a 25% decrease in the U concentration in the incubations compared to the no-cell
controls (Figure S14.A.), which we could explain by sorption of U(VI) onto the biomass (Figure S14.B.). We
concluded that the inactivated cells were impaired in their reducing activity. Identical inactivated cells were
then incubated for 312 h (~ 2 weeks) in the presence of U(V)-dpaea as described in Text S4. Even though we
detected a 5% decrease of U(V)-dpaea in the aqueous phase, the extent of that decrease is significantly lower
than that observed in incubations with active cells (about 30-35%) (Figures S15 and S16). The presence of a
very small amount of U(VI) and U(IV) in the solid phase (Figure S16.A.) is attributed to biomass-associated
U(V)-dpaea, likely as an adsorbed species, which undergoes disproportionation upon acidification, prior to
ion exchange chromatography. Therefore, we can exclude disproportionation as a significant contributor to
U(V)-dpaea reduction. This is because spontaneous disproportionation of U(V)-dpaea does not occur in ab-

sence of active cells in either system ‘biological’ and ‘synthetic’. Additionally, the U(V1)/U(IV) ratio is close to
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50:50 after separation of the aqueous phase in the no-cell controls for the ‘biological’ and ‘synthetic’ U(V)-
dpaea experiments, suggesting stable aqueous U(V)-dpaea (Figure 2:5.B. and Figure S14.B.). Finally, we did
not observe a significant accumulation of U(IV) when U(V)-dpaea was incubated with inactive cells (Figure
S15 and Figure S16.A.). In contrast, we observed the substantial accumulation of U(IV) in the presence of
active cells, providing evidence for microbial U(V)-dpaea reduction. Thus, we conclude that S. oneidensis MR-

1 cells are able to reduce U(V)-dpaea to U(IV).
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Figure S1. UV-vis spectra of duplicate incubations (1 and 2) of S. oneidensis MR-1 with either U(VI)-dpaea or
synthetic U(V)-dpaea and associated no-cell controls as a function of time (incubation times indicated in
graphic title). Column A: incubations with U(VI)-dpaea ([U(VI)-dpaeal=1mM); column B: incubations with
U(V)-dpaea ([U(V)-dpaea]=0.8mM). U(VI)dpaea and U(V)-dpaea references are included in the relevant pan-
els but are obscured by the no-cell controls in figures in column A and at t=0h for column B. For the incuba-
tions with U(VI)-dpaea (column A), no absorbance is detected at t=0h, but a spectrum with a maximum at
about 460nm (corresponding to the maxima observed in the U(V)-dpaea reference) is observed at t=24h and
t=72h. This confirms the formation of U(V)-dpaea in the incubation supernatants. In Column B, incubations
with U(V)-dpaea, we observed a slight decrease of the absorbance at 460 nm in the incubations after two

weeks, suggesting consumption of U(V)-dpaea during that time.
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Figure S2. Aqueous Fe(ll) concentration (A) and cell viability (B) through time in incubations with S. oneidensis
MR-1, the deletion mutant AccmG and a no-cell control with ferrihydrite. CFU stands for colony-forming

units.
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Figure S3. Solubility of solid phases U(VI)-dpaea (in red) and of U(IV)-dpaea: (in light blue) measured in WLP
medium (used for the bacterial incubations) over 7 and 8 days, respectively. Solubility measurements were
obtained by dissolving either U(VI)-dpaea or U(IV)-dpaea, powder in WLP medium and measuring the aque-
ous [U] over time by ICPMS. These measurements were initiated with [U(VI)-dpaea]=0.583 g.L! (equivalent
to 1 mM aqueous U if fully dissolved) and [U(IV)-dpaea,]=0.432 g.L} (equivalent to 0.5 mM aqueous U if fully

dissolved).

138



Annexes

- data
e it

VAN

3.72 3.725 3.73 3.735
Energy (keV)

Figure S4. LCF fitting results (red) compared to the data (black) for the 96h supernatant using U(VI)-dpaea
and U(IV)-dpaea; as fitting components. We provided this option of fitting to confirm that the spectra ob-
served for the aqueous U intermediate do not result from a mixture of U(VI) and U(IV) valence states. The fit
above describes poorly the data, with a R factor of 0.119638 and a Reduced x? of 2.248364 compared to a R
factor of 0.0061 and a Reduced x2 of 0.1196 for the fit using U(V)-dpaea as principal component (Figure
2:3.B.).
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Figure S5. U M4-edge HR-XANES spectra of the 150h solid phase shown in black during reduction U(VI)-dpaea.
The references are U(VI)-dpaea (in red), U(V)-dpaea (in pink) and U(IV)-dpaea; (in blue). U(IV)-dpaea, was

used as a reference and likely does not characterize fully the U(IV) phases produced.
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Figure S6. Ratio of U(VI) (red) and U(IV) (blue) recovered after ion-exchange chromatography elution of eight
solutions with varying initial concentrations of U(V)-dpaea. As the concentration of U(V)-dpaea decreases,

the amount of U eluted in the U(IV) fraction decreases.
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Figure S7. Linear regression showing the correlation between the amount of U eluted as U(IV) and the initial
concentration of U(V)-dpaea prior to ion-exchange chromatography. The linear equation shown was used to
correct the data obtained for the reduction experiments of ‘biological U(V)’ (Figure 4) and ‘synthetic U(V)’

(Figure S14), but also the incubation of inactivated cells with U(V)-dpaea (Figure S17).
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Figure S8. U speciation after ion exchange chromatography separation of a set of six solutions containing the
same initial ratio of aqueous U(IV)-citrate and U(VI)-acetate (shown in black, labeled ‘initial’). Three concen-
trations of U were investigated (30 uM in blue, 60 uM in red and 170 uM in green) and for each concentration
selected, two solutions were tested, one amended with dpaea ligand and the other one without amendment.
We observed that the dpaea ligand did not have an effect on the U(IV) and U(VI) fractions collected after

resin elution.
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Figure S9. Cell viability in incubations of S. oneidensis MR-1 with A. U(VI)-dpaea over 720h (30 days) and U(V)-

dpaea over 648h (27 days). The experimental conditions are described in Text S1.
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Figure S10. Energy dispersive spectroscopy (EDS) performed by scanning transmission electron microscopy
(STEM) on the two types of morphologies described for the U(IV) product obtained upon U(V)-dpaea reduc-
tion. The values of elemental composition are displayed in the table below the histograms. The average val-
ues were obtained by averaging the measurements of the two morphology types for two samples incubated
for 2 months and 3 months. The standard deviations for these average values are also displayed in the latter

table. The color code matches columns to their corresponding element in the histogram.
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Figure S11. Selected area electron diffraction (SAED) collected for morphology type 1 of the U(IV) product,
which corresponds to dispersed small U clusters, <200nm, at the surface of the bacteria. Three positions
were selected to perform diffraction analysis and are represented by pink circles. The diffraction patterns

display diffuse rings suggesting that morphology type 1 of the U(IV) product is not crystalline.
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Figure S12. Selected area electron diffraction (SAED) collected for morphology type 2 of the U(VI) product,
which describes U clusters of > 1 Bm associated with cells. Three positions were selected to perform diffrac-
tion and are represented by pink circles. The diffraction patterns display diffuse rings suggesting that mor-

phology 2 of the U(IV) product is not crystalline.
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Figure S12. U speciation in the solid phase (cell pellet) and in the aqueous phase (supernatant) of (A) incuba-
tions with S. oneidensis MR-1 and (B) no-cell controls, in presence of ‘synthetic’ U(V)-dpaea. The U(VI) and
U(IV) fractions were obtained by ion exchange chromatography separation.

The ion exchange chromatography separation cannot directly identify U(V), because the samples are acidified
prior to loading onto the column. Acid treatment is known to disproportionate uranyl(V) to produce equal
proportions of U(VI) and U(IV). Therefore, here, the equal proportions observed for U(VI) and U(IV) in the
supernatant are a proxy for U(V) (result demonstrated by U Ms-edge HR-XANES).
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Figure S14. Incubations of lysed and autoclaved cells with U(VI)-acetate (in duplicate) to confirm their inacti-
vation. A. Aqueous U concentration in the inactivated-cells incubations (pink dots) and in the no-cell controls
(yellow dots), measured by ICP-MS from 0 to 69h. B. U speciation in the solid phase and in the aqueous phase
for both the inactivated-cells incubations and the no-cell controls after 69h. The U(VI) and U(IV) fractions

were obtained by ion exchange chromatography.
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Figure S15. Distribution of aqueous U(V)-dpaea and solid phase U through time in incubations with S. onei-
densis MR-1 (in pink and blue), incubations with inactivated cells of S. oneidensis MR-1 (in purple and blue

green), and no-cell controls (in yellow and dark blue) with ‘synthetic’ U(V)-dpaea.
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A. B.
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Figure $16. U speciation in the solid phase (cell pellet) and in the aqueous phase (supernatant) of (A) incuba-
tions with inactivated cells of S. oneidensis MR-1 and (B) no-cell controls, in presence of ‘synthetic’ U(V)-
dpaea. The U(VI) and U(IV) fractions were obtained by ion exchange chromatography separation. The ion
exchange chromatography separation cannot directly identify U(V), because the samples are acidified prior
to loading onto the column. Acid treatment is known to disproportionate uranyl(V) to produce equal propor-
tions of U(V) and U(IV). Therefore, here the equal proportions observed for U(VI) and U(IV) in the supernatant
are a proxy for U(V) (result demonstrated by U Ms-edge HR-XANES).
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Primer name

Nucleotide sequence (5'-3')°

ccmG_FO
ccmG_RO
ccmG_5'0
ccmG_5'l
ccmG_3'l

ccmG_3'0

GCCGTTTATCGTCGATGGG

AGTCGATAGGCTTGCCATTG
CGGGGTACCGCCAACTCGGTATGATCATC
CTTCTTCATACATTCCCCAATT
AATTGGGGAATGTATGAAGAAGGCAGCATGAGAACACTGACA

CGCGGATCCAAACTTGCGAGAATTACAGCC

2 restriction sites used for cloning are underlined.

Table S1. Primers used for PCR and sequencing.

Strains and plasmids Description Reference
Shewanella oneidensis

MR-1 Manganese-reducing strain (Lake Oneida, NY) [1]
BccmG MR-1 with deletion of ccmG This study

Escherichia coli

WmM3064 Host strain for conjugation (thrB1004 pro thi rpsL hsdS lacZAM15 Lab collection
RP-4-1360 A(araBAD)567 AdapA1341:[erm pir(wt)])

Plasmids

pMQS Mobilizable suicide vector, Kan® (sacB oriT R6K nptll cen6) [2]

pMQS-ccmG pMQS with ccmG deletion construct This study

[1] Myers CR, Nealson KH (1988) Bacterial manganese reduction and growth with manganese oxide as the

sole electron acceptor. Science 240: 1319-1321.

[2] Meibom KL, Cabello EM, Bernier-Latmani R (2018) The small RNA RyhB Is a regulator of cytochrome ex-

pression in Shewanella oneidensis. Front Microbiol 9:268.

Table S2. Bacterial strains and plasmids used for this study.
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Compounds Molar mass (g.mol?) WLP (mM)

CaCl,.2H,0 147.01 0.68
KCl 74.55 6.71
MgCl,.6H,0 2033 2.46
NaCl 58.44 85.56
NH.Cl 53.49 4.67
PIPES buffer (6.1-7.5) 302.37 20

oH 7.3

Table S3. Composition of modified Widdel low phosphate (WLP) medium.

Time (h) % U(IV) aqueous % U(VI) aqueous % U(IV) solid % U(VI) solid

Reduction of U(VI)-dpaea - Figure 2:1.B.

0 0.09 0.69 0.83 98.39

14 18.70 19.85 2.81 58.63

Measure- 24 24.06 25.95 3.01 46.99
ments

(%) 48 33.12 34.05 4.02 28.81

72 31.43 35.54 4.48 28.55

96 37.70 40.53 6.31 15.47

0 5.46 1.98 2.08 2.00

14 1.44 2.09 3.23 1.70

Standard de- 24 5.92 5.84 4.99 3.76
viation

(%) 48 2.13 5.53 2.46 1.92

72 6.12 17.74 6.83 8.12

96 2.51 6.32 2.99 6.14

Reduction of 'biological' U(V)-dpaea - Figure 2:5.A. and 2:5.B.
No-cell samples — 2:5.B.

0 47.01 52.90 0.03 0.06

24 47.01 52.90 0.05 0.04

Measure- 72 47.06 52.85 0.03 0.06
ments

%) 144 47.04 52.90 0.03 0.04

312 47.01 52.93 0.03 0.04

600 46.95 53.01 0.01 0.03
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984 46.51 52.55 0.40 0.56
0 0.99 1.97 4.76 0.94
24 0.22 0.34 1.30 3.15
Standard de- 72 0.75 1.47 1.45 1.48
viations 144 031 0.52 0.69 1.92
(%) 312 1.23 2.46 2.17 1.38
600 0.62 1.16 0.65 1.02
984 1.13 2.21 2.67 2.05
Incubations with S. oneidensis MR-1- 2:5.A.
0 46.67 52.51 0.39 0.43
24 44.90 50.80 3.33 0.97
Measure- 72 43.25 49.13 6.74 0.89
ments 144 41.50 47.19 10.35 0.95
(%) 312 38.41 44.30 15.75 1.85
600 34.91 40.60 23.40 1.09
984 33.54 39.16 25.12 2.18
0 0.84 1.65 1.75 0.97
24 1.10 2.23 1.95 4.75
Standard de- 72 0.49 0.84 1.99 3.91
viations 144 1.56 1.94 13.62 2.21
(%) 312 0.84 1.5 2.36 1.63
600 0.15 0.15 0.12 4.17
984 1.87 2.97 5.87 2.68
Reduction of 'synthetic' U(V)-dpaea - Figure S12.A. et S12.B.
No-cell samples — S12.B.
0 45.96 53.61 0.23 0.20
24 46.11 53.69 0.10 0.11
Measure- 72 46.09 53.73 0.09 0.1
ments 144 46.07 53.65 0.12 0.15
(%) 312 45.91 53.90 0.08 0.10
600 46.05 53.82 0.06 0.07
984 45.43 53.83 0.30 0.44
0 1.63 3.23 2.05 3.11
24 2.24 4.42 3.37 2.34
Standard de- 72 2.63 5.20 2.58 2.49
viations 144 3.36 6.65 3.22 4.15
(%) 312 2.85 5.59 17.01 7.03
600 3.51 6.92 4.07 4.11
984 0.50 0.98 8.16 4.11
Incubations with S. oneidensis MR-1 — S12.A.
0 45.44 52.93 0.66 0.98
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24 43.28 51.04 4.43 1.25

72 40.65 48.48 9.75 1.13
Measure-
144 39.38 47.20 12.32 1.10
ments
(%) 312 36.36 45.04 17.73 0.87
600 31.09 38.91 29.26 0.74
984 27.68 35.67 34.72 1.93
0 1.53 3.05 2.18 3.14
24 0.82 1.65 2.36 4.30
Standard de- 72 1.66 3.41 2.89 4.58
viations 144 2.93 6.13 2.65 3.05
(%) 312 3.45 7.13 2.96 4.23
600 0.50 0.98 1.00 1.82
984 3.90 8.56 3.11 3.92
Inactivated cells and U(V)-dpaea - Figure S16.A. and S16.B.
No-cell samples — S16.B.
Measure- 0 45.44 53.40 0.84 0.32
ments 168 45.97 53.97 0.03 0.03
(%) 528 45.66 54.21 0.05 0.08
Standards 0 0.00 2.12 0.00 0.00
deviations 168 0.00 1.83 0.00 0.00
(%) 528 1.00 1.43 0.00 0.00
Incubations with inactivated S. oneidensis MR-1 — S16.A.
0 45.40 53.21 0.00 1.26
Measure- 24 44.44 52.55 0.41 2.60
ments
%) 168 44.67 52.88 3.51 0.17
528 42.61 51.49 0.08 5.82
0 0.00 1.45 0.00 0.00
Standards 24 2.18 4.02 6.77 7.34
deviations
(%) 168 0.01 0.00 0.00 0.00
528 1.43 0.88 3.24 1.98

Table S4. Measurements (entries in blue) and associated standard deviations (entries in black) for the ion-
exchange chromatography separations of U from aqueous and solid phase samples. The corresponding ex-

periment is indicated in the red box along with the figure number.
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Annex 2 - Supplementary information for chapter 3

This supporting information contains:

Table S1. Primers used for PCR and sequencing for the AccmG construct
Table S2. Primers used for PCR and sequencing for the AmtrC/omcA/mtrF construct.
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Primer name Nucleotide sequence (5'-3")*

ccemG_FO GCCGTTTATCGTCGATGGG

ccmG_RO AGTCGATAGGCTTGCCATTG

ccemG_5'0 CGGGGTACCGCCAACTCGGTATGATCATC

cemG_5'1 CTTCTTCATACATTCCCCAATT

cemG_3'1 AATTGGGGAATGTATGAAGAAGGCAGCATGAGAACACTGACA
cemG_3'0 CGCGGATCCAAACTTGCGAGAATTACAGCC

2 restriction sites used for cloning are underlined.

Table S1. Primers used for PCR and sequencing for the AccmG construct

Primer name Nucleotide sequence (5'-3")” Use
mtrF 5’| CGAGTTAGTTTATTGGATGGACTGCAAACTT Deletion construct
ATTCATAATTCTATCC

mtrF_5°0 CCGGAATTCTCAACGCCTGATTGGTATAGTAC Deletion construct
mtrF_3°0(DD)° GGAAATAGAATTCCCCAAGG Deletion construct
mtrF 3’1 CTTCTTCATACATTCCCCAATT Deletion construct
mtrF_FO TAACCATACATCTGTCGGAC Verification construct
mtrF_RO(DD) GGCTTCCCAATTTGTCCCAA Verification construct

2EcoRl sites used for cloning are underlined.
b EcoRl site in primer mtrF_3’0(DD) and used for cloning is naturally occurring in the genomic sequence amplified

Table S2. Primers used for PCR and sequencing for the AmtrC/omcA/mtrF construct.
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Annex 3 - Supplementary information for chapter 4

This supporting information contains:

Table S1. Percentages of U eluted in the different fractions from 40kDa size-exclusion desalting in oxic conditions.

Table S2. Percentages of U eluted from 40kDa size-exclusion desalting columns in the different fractions in reduced conditions.
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No protein control

Ligand F1 F2to F7
NTA 0.114 99.886
EDTA 0.325 99.675
DTPA 0.691 99.309

carbonate 0.693 99.307

oxidized MtrC

Ligand F1 F2 to F7
NTA 10.663 89.337
EDTA 10.989 89.011
DTPA 10.814 89.186
carbonate 13.552 86.448

Table S1. Percentages of U eluted in the different fractions from 40kDa size-exclusion desalting in oxic conditions, in no protein control (above part
of the table) and in reaction between MtrC and the different U-ligand complexes studied. The last column sums the U in the fractions F2 to F7.

no protein control

Ligand F1 F2 F3 F4 F5 F6 F7 F2 to F7
NTA 0.44 24.93 47.14 20.31 5.33 1.53 0.31 99.56
EDTA 0.75 24.56 40.57 26.26 6.54 1.09 0.23 99.25
DTPA 5.73 65.67 23.15 4.46 0.87 0.10 0.02 94.27

carbonate 4.80 57.32 26.49 9.18 1.87 0.34 0.02 95.20
MtrC

Ligand F1 F2 F3 F4 F5 F6 F7 F2 to F7
NTA 3.52 60.25 21.99 10.54 2.67 0.76 0.26 96.48
EDTA 1.39 33.25 26.06 23.42 12.18 3.08 0.63 98.61
DTPA 2.73 54.65 19.62 15.65 4.90 1.85 0.60 97.27

carbonate 71.97 11.35 10.08 4.88 1.29 0.31 0.11 28.03

Table S2. Percentages of U eluted from 40kDa size-exclusion desalting columns in the different fractions in reduced conditions, in no protein control
(above part of the table) and in reaction between MtrC and the different U-ligand complexes studied. The last column sums the U in the fractions F2
to F7.
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