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Abstract

Members of the Shewanella genus transfer electrons to metal and actinide electron acceptors such as hexavalent uranium, U(VI), 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 cell surface side of the outer membrane of many Shewanella species, and extending
to the extracellular medium, transfers electrons to U(VI), both in vivo and in vitro when purified. However, it is unclear how the electron
transfer between the terminal heme(s) of the protein and extracellular U(VI) occurs. In particular, the type of interaction between MtrC and
U(VI), and the parameters controlling electron transfer remain to be elucidated. Here, we investigated the kinetics of U(VI) reduction by
S. baltica MtrC in solution for U(VI) complexed with one of five ligands: carbonate, hydroxyl, citrate, nitrilotriacetic acid (NTA) or
ethylenediaminetetraacetic acid (EDTA). We observed two initial reaction rates, one more rapid for U-citrate, U-NTA and U-EDTA, and
another slower for U-carbonate and U-hydroxo. By combining Nuclear Magnetic Resonance spectroscopy and M,-edge High Resolution X-ray
Absorption Near Edge Structure spectroscopy, we attributed these differences to the type of interaction between the U-ligand complex and
MtrC, i.e., probably electrostatic interaction with the ligand of U-EDTA, hydrogen bonding to the ligand of U-citrate and U-NTA, and covalent
bonding with U-carbonate and U-hydroxo. We also demonstrate the persistence of U(V) in the U-carbonate system when interacting with
MtrC. Overall, we showed that the mechanism of electron transfer depended on the chemistry of the soluble U(VI) complex serving as the
substrate.
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Introduction ring, known as hemes, embedded in the polypeptide scaffold. The
heme Fe centres exist in one of two oxidation states, either reduced
Fe(II) or oxidized Fe(III), and electron transfer occurs by switching
between these states.

On the cell surface of Shewanella species, such as S. oneidensis
strain MR-1 or S. baltica strain OS185, the MtrCAB porin com-
plex embedded in the outer membrane allows electron transfer
from the periplasm to the extracellular medium. 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 a B-barrel porin protein
MtrB and MtrC sits on the top (Edwards et al., 2020). This porin-
complex facilitates electron transfer from the periplasm to the cell
surface via direct heme-heme contact between MtrA and MtrC,
and MtrC is a terminal reductase that delivers electrons directly to
electron acceptors (Marshall et al., 2006; Shi et al., 2006; Hart-
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Uranium is an actinide that is encountered in the environment
mainly in two stable oxidation states: U(VI) under oxidized condi-
tions and U(IV) under reduced conditions. The electron transfer
allowing U(VI) to be reduced to U(IV) can be performed either
abiotically by a wide range of ferrous iron- or sulfide-bearing
minerals (O’Loughlin et al, 2003; Scott et al, 2005; Veeramani
etal, 2011, 2013), or biologically (Lovley et al., 1991, 1993; Francis
et al, 1994; Bargar et al, 2008; Bernier-Latmani et al, 2010).
Dissimilatory metal-reducing bacteria are capable of delivering
electrons to metals (e.g., Fe or Mn) as well as radionuclides (e.g.,
U). In particular, Shewanella oneidensis MR-1 transfers electrons to
U(VI) via c-type cytochromes (Marshall et al., 2006). These cyto-
chromes consist of iron (Fe) centres surrounded by a porphyrin
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Within the MtrCAB complex, heme 5 of MtrC is oriented
towards MtrA and electrons flow from MtrA to MtrC. Three out
of ten MtrC hemes are exposed to the extracellular medium
(Edwards et al., 2012a, 2015). These are hemes 2, 7 and 10. Heme
2 and 7 are binding sites for a second outer-membrane decaheme c-
type cytochrome, OmcA (Shi et al., 2006), or binding sites for flavin
molecules (Edwards et al., 2012a, 2015; Watanabe et al., 2017) that
shuttle electrons to electron acceptors. Heme 10 is expected to be a
favourable 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 cyto-
chromes and is probably the rate-limiting step in the overall mech-
anism of electron transfer (White et al., 2013). Several studies have
described the electron flow in multiheme c-type cytochromes and
characterized the process step by step. For instance, scanning
tunnelling 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, tunnelling spectroscopy
(Wigginton et al., 2007a), was applied to measure the conductance
of MtrC and OmcA (Wigginton et al.,, 2007b). 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 (Breuer et al., 2014).
Furthermore, an alternative method to describing electron transfer
within c-type cytochromes was derived from the Marcus theory for
redox reactions (Pirbadian and El-Naggar, 2012). The Marcus
theory describes the parameters which may influence electron
transfer during redox reactions and enables the computation of
electron tunnelling rates in biological systems; i.e., the rates at which
electrons hop from one redox centre to the other (Marcus and Sutin,
1985). These parameters include AG’, the free energy of the reac-
tion, AG" the free activation energy, ) the nuclear reorganization
energy upon electron transfer, Hp, the electronic coupling of the
redox couple donor/acceptor, and the temperature.

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 iden-
tified for the binding of MtrC and OmcA to solid iron substrates
such as iron oxides (Fe,O;) (Lower et al, 2007), and hydrogen
interactions invoked as the binding mechanism. In MtrF, a positively
charged pocket around heme 6 and 7 was identified and proposed to
interact electrostatically with the negatively charged surface of Fe,05
(Fukushima et al, 2017). As for soluble iron substrates, hydrogen
bonds were invoked in Fe(III)-citrate and Fe(III)-NTA binding to
the undecaheme c-type cytochrome UndA of S. oneidensis MR-1
(Edwards et al, 2012b). In the case of U, the only evidence of
interaction with a c-type cytochrome was demonstrated theoretically
by density functional theory calculations (Sundararajan et al., 2008).
In that study, U(VI) binds covalently to the carboxylic group of an
amino acid residue, probably 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.

In addition, interactions between electron acceptors and c-type
cytochromes were evidenced by NMR spectroscopy. In particular,
the region of paramagnetically-shifted resonances in 'H-1D NMR
spectra is directly sensitive to changes in the chemical and elec-
tronic structures of the heme groups. Therefore, perturbations of
the signal in the paramagnetic region upon the addition of inter-
acting small molecules can be used to assign binding to specific
heme groups. As an example of direct pertinence to our study,
"H-1D NMR spectra of c-type cytochromes from S. oneidensis

https://doi.org/10.1180/gbi.2024.10 Published online by Cambridge University Press

Margaux Molinas et al.

MR-1 collected in the presence of various electron acceptors pro-
vided information on the interaction between the proteins and their
electron acceptor and the specific location of the interaction site
(Paquete et al., 2014; Neto et al., 2017; Ferreira and Salgueiro, 2018).

Here, we study the interaction between U(VI) and MtrC from
Shewanella baltica OS185 (henceforth MtrC baltica) and seek to
understand the controls on the electron transfer rate, including the
impact of U(VI) speciation. To that end, we chose to investigate a
series of environmentally relevant ligands: carbonate, hydroxyl,
citrate and the aminocarboxylate compounds nitrilotriacetic acid
(NTA), ethylenediaminetetraacetic acid (EDTA) and, for a subset
of experiments, diethylenetriaminepentaacetic acid (DTPA)
(Fig. S2). The latter three ligands can be used to extract heavy
metals and radionuclides from soil (Tandy et al., 2004), due to their
chelating properties. We suggest that the type and strength of
interaction of MtrC baltica with the U-ligand complexes correlate
with the associated rate of reduction and govern the speciation and
potential persistence of the U(V) intermediate. The latter contrib-
utes to determining the reduction rate. In addition, studying the
reduction rate is crucial to understanding the isotopic fractionation
behaviour of U in the environment. In fact, different electron
transfer rates have been shown to lead to distinct isotope fraction-
ation behaviours (Brown et al., 2023).

Experimental methods
Site directed mutagenesis in MtrC baltica

Plasmid DNA (pBAD-202D TOPO) carrying a gene encoding a
soluble version of MtrC, referred to as mtrCsol and originating
from Shewanella baltica OS185, was kindly provided by Marcus
Edwards. Five mutants of mtrCsol were generated by site-directed
mutagenesis. Single point mutations were introduced to mutate the
distal histidine (H), bound to the Fe atom of the heme, to a
methionine (M). 5-end phosphorylated primers were designed
with the forward ones carrying the point mutations (CAT for
histidine substituted by ATG for methionine) (see Table S1 for
primer sequences). Individual plasmids containing the five versions
of mtrCsol were amplified by Polymerase Chain Reaction (PCR)
using the phosphorylated primers with Phusion™ Hot Start Il DNA
Polymerase (ThermoFisher) (Table S2). The resulting linear PCR
products were circularized by ligation and transformed into Escher-
ichia coli DH10B cells. Plasmids from single colonies were purified
and the mutations in the mtrC gene were verified by Sanger
sequencing (Microsynth) (see Table S3 for primer sequences).
The resulting plasmids containing mtrCsol with mutations were
introduced into Shewanella oneidensis MR-1 AOMC (lacking all
outer membrane cytochromes) (Molinas et al., 2023) by electro-
poration and the presence of plasmids with specific mutations
verified by sequencing of re-isolated plasmids.

MtrC purification and reduction

MtrC purification

In addition to MtrC baltica, some experiments were conducted with
MtrC originating from S. oneidensis MR-1 (hereafter MtrC MR-1).
Soluble recombinant protein MtrC MR-1, including a 6xHis tag,
was expressed in the double mutant AomcAAmtrC strain of
S. oneidensis MR-1 LS331, kindly provided by Liang Shi. Soluble
recombinant protein MtrC baltica was expressed in the double
mutant AmtrBAmtrD strain S. oneidensis MR-1 LS527, kindly
provided by Marcus Edwards.
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MtrC MR-1 was purified as previously described (Brown et al.,
2023; Molinas et al., 2023). For MtrC baltica, Terrific Broth media
(Text S1) containing 30 pg/ml kanamycin was inoculated with
10 mL/L of an overnight culture, grown in LB (prepared from
Sigma-Aldrich LB Broth mix) with 30 pg/ml kanamycin at 30°C
in a shaking incubator (140 rpm). At an ODgg of 0.5, the culture
was amended with L-arabinose to a final concentration of 1 mM to
induce expression of mtrC and incubated overnight at 30°C, shak-
ing at 140 rpm. The supernatant was collected by centrifugation at
6000xg. The supernatant was concentrated to about 100 mL using a
Vivaflow®200 cartridge (Sartorius) with a 30 kDa cut-off, connected
to a peristaltic pump. The concentrated supernatant was dialyzed
against a 20 mM HEPES at pH 7.5 to remove salts. The dialyzed
supernatant was loaded onto a Hiprep 16/10 Q column, equili-
brated in 20 mM HEPES at pH 7.5, and a salt gradient (0 to 500 mM
NaCl) of 30 column volumes was applied in order to elute the
protein. Then for either MtrC MR-1 or baltica, the fractions con-
taining soluble MtrC were pooled, concentrated and gel-filtered
using a Superdex 200 HiLoad 16/600 column pre-equilibrated with
150 mM NaCl, 20 mM HEPES at pH 7.5. Following elution and
concentration, the purified MtrC migrated as a single band on a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel with an apparent mass of 75 kDa and 65 kDa for MR-1
and baltica, respectively (Text S2). The concentration was measured
by BCA assay (Pierce™ BCA Protein Assay Kits, Thermo Scientific).

The experimental procedure for the purification of the 5 MtrC
baltica mutants H208M, H292M, H497M, H643M and H607M
follows the same steps as described above for Wild Type MtrC
baltica. The purified MtrC baltica mutant proteins migrated as a
single band on an SDS-PAGE gel with an apparent mass of 65 kDa
(Fig. S3), except for H497M.

MtrC reduction

MtrC reduction was performed in an MBraun glovebox filled with
N,, under the anoxic condition as previously described (Brown
et al., 2023; Molinas et al., 2023).

Preparation of the ligand stock solutions

For the organic ligand stock solutions, an appropriate amount of
citrate, NTA, EDTA or DTPA was dissolved in a buffer, composed
of 100 mM HEPES and 50 mM NaCl at pH 7.5 (buffer A), to a final
concentration of 10 mM for citrate and 60 mM for NTA or EDTA.
The pH was adjusted to a value of 7.5 using a 10 M NaOH solution.
The solutions were either kept oxic for oxic experiments or flushed
with N, to remove the O, and kept under anoxic conditions in an
N, MBraun glovebox.

For the oxic carbonate stock solution, NaHCOj; salt was dis-
solved in buffer A to a concentration of 1 M, minimizing the
headspace of the stock vial. For the anoxic carbonate stock, the
NaHCO; salt powder was first degassed with N, then introduced
inside the glovebox and dissolved in buffer A. Equilibration was
allowed for 48h.

Kinetics of reduction of U-ligand complexes with MtrC

In the glovebox, working solutions of reduced MtrC baltica or
U(VI)-ligand were prepared. The U(VI)-ligand working solutions
were prepared by diluting the appropriate volume of an 18 mM
uranyl(VI) chloride anoxic stock in the freshly prepared ligand
stock solutions. Uranium speciation was modelled using the Minegl
software (details are provided in the results section). The redox
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status of MtrC baltica hemes was investigated before the experi-
ments by UV-vis spectroscopy to confirm they were reduced. Equal
volumes of the working solutions of reduced MtrC baltica and
U(VI)-ligand were mixed so the initial concentration of reduced
MtrC baltica and U(VI) were both equal to 100 pM. The sampling
consisted of collecting a volume of the reaction mixture after 5s, 15s,
30s and 120s and loading it immediately onto the ion-exchange
chromatography resins to separate U(VI) from U(IV) (Molinas
etal.,2021,2023; Brown et al., 2023). U was subsequently measured
in each fraction by ICP-MS. The concentration of MtrC baltica was
quantified by the BCA assay in the reaction mixture. For each
ligand, these reactions were performed in duplicates.

Uranium quantification

Uranium concentration was measured by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS 7900, Agilent) for both filtered
supernatants and samples eluted from the ion-exchange chroma-
tography test. Dilutions to a range of 1 to 10 ppb of U were
performed in a matrix of 1% HNO; prior to analysis. All samples
were measured in technical duplicates.

1H-1D NMR

NMR experiments were performed at 25°C on a Bruker spectrom-
eter operating at 500 MHz ('H) equipped with a CPTCI cryoprobe
and an AvanceNEO-500 console. 'H spectra were acquired with an
experiment tailored for the detection of paramagnetically shifted
resonances: pre-saturation during a relaxation delay of 0.1s using a
hard pulse of around 9 ps and a fast turnover with a total recycle
time of 0.33s. FIDs were processed through FFT with 50 Hz of line
broadening. All acquisition and data processing were performed
with Bruker’s Topspin 4.0.

Samples of oxidized MtrC baltica with U(VI)-ligand complexes for
'H-1D NMR

Prior to the NMR measurements, the buffer of an aliquot of purified
oxic MtrC baltica was exchanged for pure D,O (pH 7.5) using
30 kDa cut-off centrifugal concentrators (Amicon Ultra-15, Merck
Milipore). The concentration of MtrC baltica in the D,0O stock was
evaluated by the BCA assay. Identically, a stock of U(VI)-chloride in
solution was evaporated and the obtained U(VI)-Cl was dissolved
in pure D,O to a final concentration of 40 mM. Immediately before
the measurements, working solutions of oxic MtrC baltica in D,0O
and U(VI) in D,O were prepared. MtrC baltica was diluted to a
concentration of 60 pM using 100 mM HEPES and 50 mM NaCl in
pure D,O (pH 7.5). The various U(VI)-ligand solutions were
prepared to a concentration of 240 pM U(VI) by diluting the
appropriate amount of U(VI)-chloride stock solution in a 60 mM
solution of ligand (carbonate, NTA, EDTA, citrate) prepared
in 100 mM HEPES and 50 mM NaCl in pure D,O (pH 7.5). Then,
equal volumes of oxic MtrC baltica and U-ligand working solutions
were mixed, so that [MtrC baltica] = 30 uM and [U(VI)] = 120 pM.
The obtained mixture was placed in an NMR tube.

Samples of MtrC baltica mutants for *H-1D NMR

Prior to the NMR measurements, the buffer of an aliquot of each of
the 5 purified oxic MtrC baltica mutants was exchanged for 100 mM
HEPES and 50 mM NaCl in pure D,0O (pH 7.5) using 30 kDa cut-off
centrifugal concentrators (Amicon Ultra-15, Merck Milipore). The
concentration of MtrC baltica in the D,0O stock was evaluated by BCA
assay. 0.5 mL was inserted in an NMR tube and analysed.
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M4 -edge HR-XANES (high energy resolution X-ray absorption
near-edge structure) spectroscopy

U(Vi)-ligand reacted with reduced MtrC MR-1

Inside a glovebox, equal volumes of a working solution of 1.2 mM of
U(VI) in 60 mM ligand (carbonate, NTA or EDTA) and 600 uM of
reduced MtrC (MR-1 or baltica) were mixed to initiate the reaction.
Consequently, the initial concentrations were 600 pM of U(VI) and
300 uM of MtrC MR-1. Aliquots were collected at distinct time
points (carbonate: 30s, 1min, 2min, 5min and 20min; NTA and
EDTA: 15s, 30s and 60s) and placed in a —20°C pre-cooled metallic
sample holder designed to fit into a N,-flushed cryostat. The sample
holders were sealed anoxically and kept frozen until measured.

Size-exclusion chromatography (SEC) purified mixtures of U(VI)-
carbonate and U(VI)-NTA reacted with reduced MtrC baltica for
XANES

In order to investigate the oxidation state of U complexes bound to
the purified reduced MtrC, we used size-exclusion desalting columns
that are ordinarily designed to desalt a protein solution or to
exchange a protein buffer. Tests were performed under oxic and
anoxic conditions reacting MtrC with five U(VI)-ligand complexes,
where the ligands are water (hydroxyl), carbonate, NTA, EDTA and
DTPA (concentrations summarized in Table S4). The experimental
methods are described in Text S3 and Text S4 for oxic and anoxic
conditions respectively, and the results of the tests between MtrC
MR-1 and the four U(VI)-ligand complexes carbonate, NTA, EDTA
and DTPA are described in Text S5. The amount of U recovered in
the fractions under oxic or anoxic conditions is reported in Fig. S4
and Table S5 and Fig. S5 and Table S6, respectively. Moreover, under
reduced conditions, U(VI) and U(IV) were separated by IEC for
fraction F1 and the combined fractions F2 to F7 (Table S7).

A week ahead of the reaction, the 40 kDa size-exclusion resins
(Zeba® Spin Desalting Columns, Thermofisher Scientific) were
degassed and introduced into the MBraun glovebox. They were
conditioned by 3 washes with buffer A. In the glovebox working
solutions of 1.2 mM of U(VI) in 60 mM ligand and of 600 uM
reduced MtrC baltica were mixed to initiate the reaction. After
15 minutes, 50 uL were loaded onto the size-exclusion columns and
spun for 1.5 min at 3,500xg. The first fraction, containing MtrC
baltica, was eluted and 20 pL were directly transferred into a pre-
cooled (to —20°C) metallic sample holder designed to fit into a liquid
N, cryostat. The sample holders were sealed anoxically and kept
frozen until measured. U was quantified by ICP-MS.

U M,-edge XANES

Although three experiments (U(VI)-carbonate with MtrC MR-1,
U(VI)-NTA/U(VD)-EDTA with MtrC baltica, and SEC purified
U(VI)-carbonate/U(VI)-NTA with MtrC baltica) were performed
at different beamtimes, the settings of the beamline were similar for
all three.

The U My-edge (3.726 keV) HR-XANES was used to elucidate
the oxidation state of U in the above-mentioned experiments.
Spectra were collected at the station for actinide science (ACT) at
the CAT-ACT beamline at the Karlsruhe Institute of Technology
Light Source, Karlsruhe, Germany. The CAT-ACT beamline is
equipped with a Johann-type X-ray emission spectrometer
(Zimina et al., 2017). The incident beam was monochromatized
by a Si(111) double crystal monochromator (DCM) and focused
onto the sample to a spot size of about 1 mm x 1 mm. The X-ray
emission spectrometer consists of four Si(110) crystals with a 1 m
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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 UO, reference was used to
calibrate the spectra. The main absorption maximum was set to
3.725 keV. The sample cells were placed in a liquid N, cryostat with
an insulation vacuum around the sample cells to minimize beam
damage while maintaining anoxic conditions. The X-ray spectrom-
eter 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 combin-
ation fitting (LCF) using the ATHENA software (Ravel and
Newville, 2005). The spectra obtained were modelled using the
references U(VI)-carbonate/U(VI)-NTA, U(V)-iodide and U(IV)
O,, for which spectra were also collected and analysed in the same
manner. The goodness of fit was evaluated with two statistical
parameters, the R-factor and the reduced y’, which were minimized
by the fitting algorithm.

Results

All experiments and their corresponding conditions, figures, tables,
or descriptions are listed in Table 1.

Kinetics of U(VI) reduction

We investigated the reduction rates of the c-type cytochrome MtrC
baltica from S. baltica OS185 exposed to various U(VI)-ligands
complexes to better unravel how U(VI) speciation impacts its
reduction.

Reduced MtrC baltica, with all hemes in the Fe** valence state,
was reacted with U bound to the following series of ligands:
carbonate, hydroxo, citrate, NTA, EDTA (Fig. 1). The starting ratio
of protein to U is reported for each reaction mixture in Table S8,
along with their respective concentrations. Experiments with the
U(VI)-ligand complexes were performed in duplicate, and the
values in Table S8 correspond to the average of the measurements
for both experiments. The ratio U:MtrC was adjusted to be close to
1, for consistency across reactions (1.17 + 0.11 for carbonate, 1.15 +
0.05 for hydroxo, 1.15 + 0.06 for citrate, 1.17 + 0.02 for NTA, 1.24 +
0.1 for EDTA). Uranium speciation was modelled under the con-
ditions of reaction (100 mM HEPES and 50 mM NaCl, pH 7.5)
using the software Minegl (Table S9) and applying the thermo-
dynamic data reported in Table S10. The ligand concentration was
adjusted to 30 mM so a 1:1 Uiligand complex dominates the
speciation with the aminocarboxylate ligands NTA and EDTA.
For NTA, the predominant species predicted is the 1:1 U:ligand
hydroxo complex, UO,(OH)NTA?* (97.6%) (Table S9), using
thermodynamic values from De Stefano et al. (2006). Regarding
EDTA, we ran the speciation calculations using two sets of thermo-
dynamic constants. With the logK values published in De Stefano
et al. (2006), we obtained UO,(OH)EDTA®™ (94.9%) as the dom-
inant species. With thermodynamic data published by Hummel
et al. (2005), we obtained UO,EDTA? as the dominant species
(100%) (Table S9). For carbonate, at a concentration of 30 mM, a
mixture of the di-carbonato UO,(CO;),> (33.3%) and tri-carbonato
UO,(CO5);* (66.7%) species were observed (Table S9). For citrate at
a concentration of 5 mM, of mixture of the mononuclear species
UOycit™ (73.8%) and of the binuclear species (UO,) ¢ty (26.2%) is
predicted to form (Table S9). The concentration of citrate was set to
5 mM because, under these conditions (100 uM U(VI)), the speciation
is independent of the ligand concentration. Finally, according to the
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Table 1. List of experiments and corresponding figures, tables, or supplementary texts.

Experiment Figure(s)/table(s)/text(s)

Experimental conditions

Minelg modelling of U-ligand
complexes

Fig. S2, Table S9, Table S10

[U(VI)] =100 uM
[ligand] = 30 mM, [citrate] =5 mM
pH 7.5, 100 mM HEPES and 50 mM NacCl

Kinetics of reduction U(VI)-ligand
complexes by reduced MtrC baltica

Fig. 1, Fig. 2, Table S8

[U(VI)] =100 uM

[reduced MtrC baltica] = 100 uM
[ligand] = 30 mM, [citrate] =5 mM

pH 7.5, 100 mM HEPES and 50 mM NaCl

Kinetics of reduction of U(VI)-ligand
complexes by reduced MtrC MR-1

Fig. S9, Fig. S10

[U(VI)] = 100 uM
[reduced MtrC MR-1] =
[ligand] = 30 mM
pH 7.5, 100 mM HEPES and 50 mM NacCl

100 puM

Purification of MtrC baltica point
mutation mutants

Fig. S3, Table S1, Table S2, Table S3

pH 7.5,20 mM
HEPES, 150 mM NaCl

NMR on MtrC baltica mutants Fig. 3, Fig. S6 [oxidized MtrC baltica mutants] = 30 uM
pH 7.5, 100 mM HEPES and 50 mM NacCl
NMR on oxidized form of MtrC baltica Fig. 4, Fig S7 (VI)] = 120 uM

reacted with U(VI)-ligand complexes

[U
[oxidized MtrC baltica] = 30 pM

SEC chromatography on MtrC MR-1
reacted with U(VI)-ligand complexes in
oxic and anoxic conditions

S4, Table S5, Table S6, Table S7

Text S3, Text S4 Text S5, Fig. S4, Fig. S5, Table

HR-XANES on reduced MtrC MR-1

reacted with U(VI)-carbonate Table S12.A

Text S7, Fig. 5 and Fig. S11, Table S11 and

[ligand] = 30 mM, [citrate] =5 mM

pH 7.5, 100 mM HEPES and 50 mM NacCl
[U(V1)] = 150 uM

[oxidized/reduced MtrC baltica] = 150 uM
[ligand] = 30 mM

pH 7.5, 100 mM HEPES and 50 mM NaCl
[U(V)] = 600 uM

[reduced MtrC MR-1] = 300 uM
[carbonate] =30 mM

pH 7.5, 100 mM HEPES and 50 mM NacCl

HR-XANES on SEC treated reaction
mixture of reduced MtrC baltica
reacted with U(Vl)-carbonate

Text S7, Fig. 6, Table S12.D, Table S13

[U(V1)] = 600 uM
[reduced MtrC baltica] =
[carbonate] =30 mM
pH 7.5, 100 mM HEPES and 50 mM NacCl

300 uM

HR-XANES on reduced MtrC baltica
reacted with U(VI)-NTA S14

Text S7, Fig. 7 and Fig.S13, Table S12.B, Table

[U(V)] = 600 uM
[reduced MtrC baltica] =
[NTA] =30 mM

pH 7.5, 100 mM HEPES and 50 mM NaCl

300 uM

HR-XANES on reduced MtrC baltica

reacted with U(VI)-EDTA Table S14

Text S7, Fig. S12 and Fig. S14, Table S12.C and

[U(VI)] = 600 uM
[reduced MtrC baltica] =
[EDTA] =30 mM
pH 7.5, 100 mM HEPES and 50 mM NaCl

300 puM

latest updates of the thermodynamic database (Palmer et al., 2003),
the dominant hydroxo complex predicted is UO,(OH);™ (99.8%)
(Table S9).

Once the reactions between reduced MtrC and the abovemen-
tioned complexes were initiated, four time points were taken at 5 s,
155,30 s and 120 s, and analysed for the U oxidation state to resolve
the rate of reduction (Fig. 1). The U oxidation state was determined
by ion-exchange chromatography as reported in previous work
(Molinas et al., 2021, 2023; Brown et al., 2023), allowing separation
of U(VI) from U(IV) via an anionic exchange column. Three phases
were identified, and second-order kinetic models were used to
describe the two first phases: phase 1 from 0 s to 5 s and phase 2 from
5st030s (Figs 1 and 2). The kinetic constants for each reaction were
extracted from the slope of the regression line (Tables in Fig. 2).
Interestingly, we noticed two groups of reaction rates in the first 5 s of
the reaction (Fig. 2a). On the one hand, complexes of U(VI) with
citrate, NTA and EDTA presented very rapid reaction rates, with
kinetics constants of 0.0019% .57, 0.0022% ".s" and 0.0027% *.s™*
respectively (Table in Fig. 2a). The reaction reached 48.9%, 52.8%

https://doi.org/10.1180/gbi.2024.10 Published online by Cambridge University Press

and 57.2% of completion, respectively, within 5s. On the other hand,
complexes of U(VI) with carbonate and hydroxyl were reduced at
slower rates, with 2" order kinetics constants of 0.0003% '.s™* and
0.0002% .5, respectively (Table in Fig. 2a). The reactions displayed
12.4% and 9.9% reduction after 5s, respectively.

From 5 s to 30 s (Fig. 1), three different behaviours were observed.
Indeed, U(VI)-EDTA reduction is the fastest with a reduction rate of
0.0019% 57!, followed by U(VI)-NTA with a reduction rate of
0.0002% ‘.5 (Table in Fig. 2b). The complexes of U(VI) with car-
bonate, hydroxo and citrate have comparable slower reduction rates,
0.00003% .57, 0.00007% .5 and 0.00008% ".s™", respectively.

After 30s, the reduction rate is slower for all U(VI)-ligand
complexes. The kinetics constants follow a similar order compared
to that observed from 5 s to 30 s.

We conclude here that the reduction rate depends on the
U-ligand complex chemical characteristics. Four overall behaviours
were identified over the 120s reaction time: (i) slow for carbonate
and hydroxo, (ii) initially fast then slow for citrate, (iii) initially fast
then moderate for NTA and (iv) fast for EDTA. In particular, the
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Figure 1. Redox reactions between reduced MtrC baltica and U(VI)-carbonate
(turquoise), U(VI)-hydroxo (green), U(VI)-citrate (purple), U(VI)-NTA (orange) and
U(VI)-EDTA (red). Time points were obtained at 5s, 15s, 30s and 120s. Reaction
progress is characterized by the percentage of the reduction product U(IV) (%U
(IV) reported on the y-axis) formed over time, determined by ion exchange
chromatography. lon exchange chromatography allows the separation of U(VI) and
U(IV) oxidation states. The concentrations of reactants were: [U(VI)] = 100 uM and [MtrC
baltica] =100 uM. Ligand concentrations are the following: [carbonate] = [NTA] = [EDTA]
=30 mM and [citrate] = 5 mM. For the U(VI) hydroxo complexes, the ligands are hydroxyl
groups (Table S9 and S10). The buffer contained [NaCl] = 50 mM and [HEPES] = 100 mM
at pH 7.5. Three phases were identified to describe the reaction kinetics, a first phase
(blue), second phase (red) and third phase (green).

A
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initial rates of reduction of U(VI)-carbonate and U(VI)-hydroxo
complexes were an order of magnitude lower compared to those of
U(VI)-citrate, U(VI)-NTA and U(VI)-EDTA.

Localization of MtrC baltica heme groups by *H NMR
spectroscopy

The region spanning 14 to 35 ppm of the "H-1D-NMR spectrum of
MtrC baltica displays the paramagnetically shifted signals arising
from H atoms of the heme groups in their Fe(III) form, reporting
directly on the geometric and electronic structures around these
atoms. We sought to localize the heme groups most likely to engage
in an interaction with electron acceptors. To that end, we first
designed 5 mutants of MtrC baltica wild type, each mutant har-
bouring a single mutation (histidine (H) to methionine (M)) in close
vicinity to a specific heme: H208M (heme 2), H292M (heme 5),
H497M (heme 7), H643M (heme 9) and H607M (heme 10). Such a
mutation results in the alteration of the local chemistry around the
heme, allowing the assignment of specific regions of the "H-1D-
NMR spectra to individual hemes, as done by Neto et al. (2017).
Spectra for mutants of heme 2, 5, 9 and 10 are displayed in Fig. 3,
and that of the mutant of heme 7 is shown in Fig. S6. Compared to
other mutants, MtrC H497M (heme 7) migrated on the SDS-page
gel as a sharp band with a size of around 30 kDa, instead of 64 kDa,
where a minor band was observed (Fig. S3). The protein might be

2" order kinetics - Os to 5s

= 0.015 T T T T T
o
o
= 0.01 7 ligand R a(w's?
A carbonate / 0.0003
S hydroxo / 0.0002
5 citrate / 0.0019
NTA / 0.0022
§ 0.005 EDTA / 0.0027
=
0 —-ﬂ—-'l'-sl’===l_-—@
0 1 2 3 4 5
Time (s)
B 2" order kinetics - 5s to 30s
- T T T T T
0.06 - 5
o
=)
= ligand R? a(%'sh)
TL0.04 - T carbonate 0.743 0.00003
S hydroxo 0.998 0.00007
= citrate 0.995 0.00008
2 NTA 0.999 0.00020
£ 0.02 4 EDTA 0.988 0.00190
0 __..__@__.,._—._.—@

Figure 2. Second order kinetics fitted to the two first phases
observed in the reactions described in Fig. 1 between
reduced MtrC baltica and U(VI)-carbonate (turquoise), U(VI)-
hydroxo (green), U(VI)-citrate (purple), U(VI)-NTA (orange)
and U(VI)-EDTA (red): (a) 0 sto 5s; (b). 5s to 30 s. The
linear regression for each U-ligand complex is displayed in a
dotted black line, along with R? and the coefficient o of the
regression line, corresponding to the kinetic constant of
these reactions.

https://doi.org/10.1180/gbi.2024.10 Published online by Cambridge University Press

10 15 20

Time (s)

25 30

-carbonate

-hydroxo
——citrate
—NTA
—EDTA


http://doi.org/10.1180/gbi.2024.10
http://doi.org/10.1180/gbi.2024.10
http://doi.org/10.1180/gbi.2024.10
http://doi.org/10.1180/gbi.2024.10
https://doi.org/10.1180/gbi.2024.10

Geo-Bio Interfaces

,
"
I 4!
\'& ’ /\"‘f o 1 “\
A v » A Vs ) .
a v - A\ 0 )
RVAN ] J\\/\.\“’; "o NN\ [
s v / -
5 AN 2! W A, L
x ! Wloa
’
\ { "
N n O

] n
Y A
"

VNS,

(0
] ~ 0

A 0 \
' PR Vil '

'
AT .

o

ra \

AT WA \
Ve /

'
'

i \‘f\

al o

' \

"% Heme 9 (H645M)

Heme 10 (H609M) Figure 3. Paramagnetic region of the *H-1D-NMR spectra of
oxidized MtrC baltica and mutants H208M, H292M, H643M
and H607M. The mutations correspond to the replacement of
an axial histidine bound to the hemic iron by a methionine for
hemes 2, 5, 9 and 10, respectively. The spectra of wild-type
oxidized MtrC baltica is displayed in black at the bottom of
the graph and as a dotted line along with the spectra of those
of MtrC baltica mutants to clarify the impact of the mutation
on the local chemistry of the hemes. Observed shifts or
missing resonances are highlighted on the graph in light
pink. The table below the figure summarizes the chemical
shifts observed for MtrC baltica wild type and the four

Heme 5 (H294M)

= Heme 2 (HZ10M)

WT

chemical shift (ppm)

& (ppm)

Wild type 3425 3345 324 310 2687 2436 2351 2187 27 2134 1979 1937

AB = 5(Wild type) - & (ppm)

mutants. The chemical shifts highlighted in grey correspond
to signals which appeared to be perturbed upon the
interaction of oxidized MtrC baltica and the U(VI)-ligand
complexes. The bottom part of the table reports A8
between the signals of the MtrC wild-type and that of the
mutants. The colour code indicates the magnitude of A3 as
described in the legend below the table. The minimum

1889 1858 17.96 1755

Heme2 0 / z B 135 -009 009 041 -019 _-0.06 _ 053 NN -0.05 BN i L -009  threshold for a relevant shift was set to |0.05] ppm. Hence,
HemeS 0  -008 0  -0.01 -002 019 D0/ L0 _-02 IO/ 004 -007 002 0 [ 067 0.04 - . ; .
Heme§ 0 /00 003 o1 00z -001  -0.01 -0.02 DO -0.03 007 001 004 -014 0.06 0.04 -0.03 the highlighted A3 values evidence regions where chemical
Hemel0 0 L 007 2.02 -0.06 -0.01 -0.06 -0.07 -1.24 -0.07 0.93 I /! 0.16 r I -0.06 interactions may take place
0<x<]0.05l signals impacted by the U(VI)-ligand complexes The chemical shifts in red in cells marked with / indicate that
10,051 <x < 10,11 X . e } s .
101] <x < 0.5] issing signals a signal corresponding to a specific chemical shift in the wild-
:“If" "I‘ “I‘ type spectrum could not be identified in the mutant
1] «x <|1.5]
sl spectrum.

sensitive to gel migration, partly degraded, or the mutation has
perturbed the proper folding or structural organization of MtrC
H497M. Hence for completeness, we retained MtrC H497M in the
SI, but we will not consider it further nor draw any conclusion from
the observed NMR spectrum (Fig. S6).

The NMR spectra of the four mutants shown in Fig. 3 clearly
display peak shifts and changes in the paramagnetic region com-
pared to that of the MtrC baltica wild type. These perturbations in
the NMR signals are reported in the Table of Fig. 3. MtrC H208M
(heme 2) lacks peaks in the 17 ppm — 21 ppm region at 17.96 ppm,
18.58 ppm, 18.89 pm and 19.79 ppm, and also in the 30 ppm —
34 ppm region at 31.01 ppm, 32.4 and 33.65 ppm, pointing that
those were related to the chemistry around heme 2 (Table in Fig. 3).
As for MtrC H292M (heme5), the resonance at 18.58 ppm is
missing, and the region between 21.5 ppm — 25 ppm is affected
by the mutation with missing peaks at 21.7 ppm, 23.51 ppm and
24.36 ppm (Table of Fig. 3). MtrC H643M (heme 9) lacks the peaks
at about 21.87 ppm and 33.65 ppm (Table in Fig. 3). Finally, the
MtrC H607M (heme 10) spectrum displays changes in the region
from 17 ppm — 20 ppm with resonances missing at 17.96 ppm,
18.58 ppm 19.37 ppm and 19.79 ppm, as well as in the 30 ppm —
35 ppm region at 33.65 ppm (Table in Fig. 3).

NMR of MtrC incubated with U-ligand complexes

Paramagnetically shifted NMR resonances from heme H atoms also
serve to investigate protein-ligand interactions (Paquete et al., 2014;
Neto et al, 2017; Ferreira and Salgueiro, 2018). We collected 'H
NMR spectra of oxidized MtrC baltica incubated with selected
U(VI)-ligand complexes and investigated which NMR resonances
changed upon ligand addition. The information was interpreted
based on the assignment of heme signals achieved above by col-
lecting NMR spectra of the mutant proteins. Potential interactions
between MtrC baltica and the U(VI)-ligand complexes are expected
to manifest through peak shifts in the corresponding spectra
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compared to the reference U-free MtrC baltica. Meaningful per-
turbations were attributed to chemical shifts variations above a set
threshold of 0.05 ppm, which corresponds to twice the threshold
used in a previous study (Paquete et al., 2014), in order to minimize
uncertainty and focus on the salient features of the interaction
between U complexes and MtrC baltica.

Spectra were collected on mixtures of 30 uM of oxidized MtrC
baltica and 120 pM U(VI) in the appropriate ligand solution:
30 mM carbonate, 5 mM citrate, 30 mM NTA or 30 mM EDTA
(Fig. 4 and Fig. S7). The variations in chemical shifts Ad between the
unreacted MtrC baltica spectrum and those from the various reac-
tion mixtures are reported in the table in Fig. 4.

As a control, for each of the five ligands, a mixture of oxidized
MtrC baltica and the ligand solution (same concentration as above)
lacking U was investigated to probe the potential impact of the
ligand itself on the MtrC baltica NMR signal. In addition, to verify
the impact of the ionic strength of the medium on the MtrC baltica
NMR signals, oxidized MtrC baltica mixed with 90 mM NaCl was
studied (Fig. 4). A split of the main peak at 21.7 ppm, and a slight
shift of two peaks at 23.51 ppm and 24.367 ppm were observed with
40 mM additional NaCl (90 mM total) compared to MtrC baltica
with the buffer (Table in Fig. 4). This observation suggests that the
ionic strength of the solution impacts the above-mentioned signals.

When incubated with U(VI)-hydroxo, four significant peak
shifts were observed at 17.96 ppm, 18.58 ppm, 21.87 ppm and
23.51 ppm, suggesting that the complex interacts with MtrC baltica
(Table in Fig. 4).

For the carbonate system, the ligand alone provoked peak shifts at
18.58 ppm, 19.79 ppm, 21.7 ppm, 21.87 ppm and 23.51 ppm. However,
the amendment of U(VI)-carbonate led to a stronger splitting of the
peak at 21.7 ppm, a larger shift at 18.58 ppm and an additional shift at
24.36 ppm (Fig. 4). Hence here the addition of U, induced additional
perturbations compared to that of the carbonate ligand alone.

Regarding the citrate system, the ligand-only condition induced
shifts and splits of peaks in the region between 17 ppm — 19 ppm at
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J T\ MeC + 30mM NTA + 120 uM U(VI)
MtrC + 30mM NTA

-t - - - - 1%

——-—;-—-18.58ppm

MtrC + 5mM citrate + 120 uM U(VI)
MtrC + BmM citrate
I

[
I
|
|
: MtrC + 30mM carbonate + 120 uM U(VI)
|

|
[
[
|
|
|
[
! MtrC + 30mM carbonate
[

!

|

MtrC + 120 pM U(VI)

MtrC + 90mM NaCl

11 1 1 1 MtrC
I | [, X K |
chemical shift (ppm)
5 (ppm)
MtrC 34.25 33.65 32.4 3.0 30.3 26.87 24.36 23.51 21.87 21.7 21.34 19.79 19.37 18.89 18.58 17.96 17.55
AD = §(MtrC) - 3 (ppm)
90mM NaCl 0.000 0 0 -0.09 0.12 0.1 -0.17 -0.15 0 0.18 0 0.08 0 0.05 0.08 0 -0.1
120pM U(VI)-hydroxe  0.000  -0.02 0 0.01 -0.03 0.02 -0.01 -0.06 -0.05 0 0.04 -0.04 0 0 0.05 0.15 0
30mM carbonate 0.000 -0.03 0.03 -0.04 0.01 0.03 -0.03 -0.06 -0.17 0 -0.04 0.05 0.03 0.02 0.07 0 -0.02
120 uM U(VI)-carbonate 0.000  -0.01 -0.01 -0.05 0.03 0.02 -0.25 -0.08 -0.08 0.94 0 0.06 0.03 0.02 0.26 -0.04 -0.02
5mM citrate 0.000 0 0 -0.01 0.02 1] -0.49 -0.04 -0n 1.37 0.02 0.01 0.03 0 0.44 0.07 0
120 uM U(VI)-citrate 0.000 -0.03 -0.01 0.03 0.01 0.01 -0.53 -0.1 -0.1 2.8 0.03 0 0.02 0 0.59 0.1 -0.01
30mM NTA 0.010 -0.03 0 -0.03 0.03 0.01 -0.31 -0.07 -0.04 0.77 0.01 0.07 0.03 0.02 0.22 0.01 -0.04
120 uM U(VI)-NTA 0.020 -0.05 0.01 -0.02 0.03 0.05 -0.25 -0.05 -0.04 0.59 0.06 0.03 0.03 0.01 0.24 0 -0.03
0+<x<[0.05]
10.05] <x <[0.1]
[0.1] <x <[0.15]
10.15] < x <]0.2]
>10.21

Figure 4. Paramagnetic region of the *H-1D-NMR spectra of oxidized MtrC baltica exposed to U-ligand complexes or ligands in a buffer containing [NaCl] = 50 mM and [HEPES] =
100 mM at pH 7.5. NMR was used to decipher potential chemical interactions between U-ligand complexes and oxidized MtrC. Eight reaction mixtures, described on the right-hand
side of the graph, were investigated. For each U-ligand complex, spectra of the mixture between ligand alone and oxidized MtrC baltica were recorded for reference. The spectra of
MtrC baltica (black) correspond to the reference against which other conditions are evaluated for peak shifts. The spectra of MtrC baltica in 90 mM NacCl (grey) reflect how ionic
strength may impact chemical shifts of MtrC baltica spectra. Observed shifts are highlighted on the graph in light pink and chemical shifts of these events are reported on the top of

the graph and marked with a dotted black line.

The table below the figure summarizes the chemical shifts observed for MtrC baltica (first line). The chemical shifts highlighted in grey correspond to signals which appeared to be
perturbed upon the interaction of oxidized MtrC baltica and the U(VI)-ligand complexes. The bottom part of the table reports A3 between the signals of MtrC and that of the reaction
mixture in the presence of the various ligands and U(V1)-ligand complexes. The colour code indicates the magnitude of Ad as described in the legend below the table. The threshold
for a relevant shift was set to |0.05| ppm and above. Hence, the highlighted AS values evidence regions where chemical interactions may take place.

17.96 ppm and 18.58 ppm, respectively, and in the region 21 ppm —
25 ppm at 21.7 ppm, 21.87 ppm and 24.36 ppm, respectively. When
U(VI) was added, larger shifts were observed at 18.58 ppm,
21.7 ppm and 24.36 ppm, and an additional shift at 23.51 ppm
(Fig. 4). Thus, the addition of U had an impact on the perturbation
of the NMR signal caused by the ligand alone.

With NTA, shifts at 18.58 ppm, 21.7 ppm, 21.87 ppm and
24.36 ppm were observed. The addition of U(VI)-NTA did not
result in further perturbation, suggesting that U does not interact

https://doi.org/10.1180/gbi.2024.10 Published online by Cambridge University Press

directly with the protein in the vicinity of the MtrC baltica hemes
(Table of Fig. 4).

Finally, as for NTA, EDTA induced a shift at 18.58 ppm,
19.79 ppm, 21.7 ppm, 23.51 ppm and 24.36 ppm (Table of
Fig. S7). However, the addition of U(VI)-EDTA did not further
impact the NMR signal (Table of Fig. S7).

Opverall, the addition of U(VI), ligand, or U(VI)-ligand com-
plexes impacts defined signals or groups of signals of the paramag-
netic region of MtrC baltica’s NMR spectrum. Indeed, we observed
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that for U(VI)-carbonate and U(VI)-citrate, the addition of U(VI)
further alters the heme signature relative to that obtained with the
ligand alone. As for the aminocarboxylate ligands, NTA and EDTA,
the ligand itself seems to significantly impact the NMR signals,
however, the addition of U(VI) does not induce additional changes.

U speciation determined by M,-edge HR-XANES

Due to technical difficulties, My-edge HR-XANES data were
acquired with MtrC MR-1 for the carbonate system, while for
others (NTA and EDTA), MtrC baltica was used. MtrC MR-1
and MtrC baltica are both decaheme c-type cytochromes and
function as terminal reductases at the cell surface of Shewanella
species. They share 46.6% of identity (Text S6), and the main
structural regions are conserved across the two proteins. In particu-
lar, the 4 characteristic domains, two beta-barrels and two alpha-
helix domains, overlap (Edwards et al, 2015, 2020) (Fig. S8). In
addition, the heme chains inside the protein scaffolds align perfectly
(Fig. S8). Kinetics of reduction showed similar features when
MtrC MR-1 (Fig. S9 and S10) or MtrC baltica (Fig. 1 and 2) were
incubated with U(VI)-ligand complexes where the ligand was
either carbonate, citrate, NTA, EDTA or DTPA. Hence, we expect
that the observations from the My-edge spectra for MtrC MR-1
with U(VI)-carbonate can be extended to the reaction between
MtrC baltica and U(VI)-carbonate.

U speciation during reaction of U(VI)-carbonate with reduced MtrC
MR-1

U(VI)-carbonate was reacted with reduced MtrC MR-1 and the
progress of the reaction measured after 30 s, 1 min, 2 min, 5 min
and 20 min of reaction using ijon-exchange chromatography
(Table S11) and M,-edge HR-XANES spectroscopy (Fig. 5). The
former does not resolve U(V) and provides an indication of the
progress of the reduction. In contrast, My-edge HR-XANES pro-
vides direct evidence of U(V). Over time, the spectra shifted to
lower energies, towards the U(IV)O, standard white line (Fig. 5,
Table S12.a), consistent with the ion-exchange chromatography
results. These spectra were fitted using linear combination fitting
(LCF) (Fig. 5) with U(VI)-carbonate, U(IV)O, and U(V)-iodide
(a proxy for U(V) species) as references. The fits revealed the
persistence of U(V) as 52.97 + 0.04% U(V) and 42.92 + 0.02%
U(IV) were obtained for the 30 s timepoint, and 334 + 0.01%
U(V) and 64.1 = 0.01% U(IV) at 20 min (Fig. 5). Moreover, we
ensured that the fits were robust by comparing them to a model that
uses only U(VI) and U(IV) as references and established that the
presence of U(V) as a reference yields a vastly better fit (Fig. S10 and
Text S7).

To investigate the amount and speciation of U associated with
the protein, the reaction mixture was purified after ~15 min using
SEC to separate the protein from the aqueous phase and ~9% of the
total U was found to be bound to MtrC baltica (Table S13.b). In
addition, ion-exchange chromatography of the entire sample
reports among the 80% of reduced species, 52.8% of U is in
U(IV) form after 16.5 min (Table S13.a). We used My-edge
HR-XANES spectroscopy to determine the U oxidation state of
protein-associated U (Fig. 6). The white line of the spectrum is at
3.72719 keV, close to that of U(VI) (Table S12.d). However, the
feature indicated by a black arrow in Fig. 6 at 3.72625 keV infers the
presence of reduced oxidation states. The best fit was obtained with
all three references, yielding 18.8 + 0.01% U(VI), 40.18 + 0.02%
U(V) and 41.01 £ 0.02% U(IV) (Table in Fig. 6). Thus, U(V) is a
significant contributor to the speciation of protein-associated U.
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Figure 5. Ms-edge HR-XANES spectra of the reaction between reduced MtrC MR-1 and
U(VI)-carbonate as a function of time. The concentrations of reactants were: [U(VI)] =
600 uM and [MtrC MR-1] = 300 uM in a buffer containing [carbonate] = 30 mM, [NaCl] =
50 mM and [HEPES] = 100 mM at pH 7.5. Timepoints were taken after 30 s (purple), 60 s
(lavender), 2 min (dark green), 5 min (turquoise) and 20 min (clementine). The reference
spectra used to interpret the data are U(VI)-carbonate (red), U(V)-iodine (pink) and U(IV)
0, (blue). The two dotted lines correspond to the whitelines of U(IV)O, on the left, and
that of U(VI)-carbonate on the right. Whitelines of the spectra are reported in
Table S12.a. LCF fits are displayed as dotted black lines on the top of the M;-edge
HR-XANES spectra obtained. The fits were obtained by considering contributions from
U(VI)-carbonate, U(V)-iodide and U(IV)O,. The black arrows point at spectral features
associated with U(V) reduced species. Statistical parameters and results of the fit are
summarized in the table below the figure.

U speciation during reaction of U(VI)-NTA or U(VI)-EDTA with
reduced MtrC baltica

U(VI)-NTA and U(VI)-EDTA were reacted with reduced MtrC
baltica and the U speciation measured after 15 s, 30 s and 60 s using
My-edge HR-XANES spectroscopy (Fig. 7 for U(VI)-NTA, and
Fig. S12 for U(VI)-EDTA). The progression of the reaction was
also followed by ion-exchange chromatography Table S14.

For U(VI)-NTA, the LCF fit with three references, U(VI)-NTA,
U(V)-iodide and U(IV)O,, resulting in 51.58 + 0.03% U(V) and
28.76 + 0.01% U(IV) at 15s (Fig. 7) and 51.07 + 0.03% U(V) and
34.34 + 0.01% U(IV) at 60 s (Fig. 7), suggesting that reduction
proceeds slowly for these timepoints as observed with the kinetics
data (Fig. 1 and Fig. 2). This suggests that U(V)-NTA may form
transiently during the reduction of U(VI)-NTA by reduced MtrC
baltica. The spectrum obtained for the 30 s timepoint is noisier
because of technical difficulties encountered at the beamline. The fit
provided is not statically as robust as those of the 15 s and 60 s
timepoints (Table in Fig. 7), hence we will not draw conclusions
regarding this result.
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Energy (keV) Energy (keV)
% U(VI) % U(IV) R factor Reduced Y
carbonate 15min 18.8 = 0.01 40.18 = 0.02 41.01 = 0.02 0.0051 0.7470
carbonate 15min U(VI)-U(IV) 29.98 = 0.01 70.02 = 0.014 0.0153 2.2419

Figure 6. LCF fitting results (red) compared to the data (dotted black) for the M,-edge HR-XANES spectra obtained on the SEC purified mixture after 15 min of reaction between
300 uM reduced MtrC baltica and 600 uM U(VI)-carbonate at pH 7.5. The fits were obtained by considering contributions from U(VI)-carbonate, U(V)-iodide and U(IV)O, (a), or
contributions from U(VI)-carbonate and U(IV)O, (b). The black arrows indicate presence of reduced species. Statistical parameters and results of the fit are summarized in the table

below the figures.

Similarly to the U(VI)-carbonate system, we probed the amount
and speciation of protein-associated U. While 97.7% of U was in
U(IV) form after 16.5 min (Table S13.a), only 0.36% of the total U
was bound to MtrC baltica (Table S13.b).

Interestingly, for the EDTA system, 81.43% U(IV), which cor-
responds to about 90% of reduced species in case U(V) is also
present, was obtained by ion-exchange chromatography after
2.5 min of reduction (Table S14). These data are confirmed by
spectroscopic results only when the U(V) reference is included in
the model. Indeed, after 60 s, we observed 23.28 + 0.04% U(VTI), 59.18
+0.05% U(V) and 17.54 + 0.02% U(IV) (Fig. S12), totalling about 80%
of reduced species. For both the U-NTA and U-EDTA systems, the
transient formation of U(V) could account for the data observed.

The fits obtained for U-NTA and U-EDTA systems were com-
pared to a model that uses only U(VI) and U(IV) as references and
established that the presence of U(V) as a reference provides a better
fit (Fig. S13, Fig. S14 and Text S7).

Discussion

We investigated the reduction mechanism of various U(VI)-
complexes by the c-type cytochrome MtrC from Shewanella spe-
cies. We combined reduction kinetics, NMR spectroscopy and
M,-edge HR-XANES spectroscopy to get insights into the molecu-
lar mechanism of electron transfer and to identify factors control-
ling the electron transfer rate.

The reduction kinetics results showed that the reduction rate of
U(VI) by MtrC depends greatly on its speciation (Fig. 1). Com-
plexes such as U(VI)-carbonate or U(VI)-hydroxo displayed slower
initial (0 to 5s) reduction rates (0.0003% “.s~! and 0.0002% *.s7",
respectively) than U(VI)-citrate, U(VI)-NTA or U(VI)-EDTA
(0.0019% ".s7", 0.0022% ".s" and 0.0027% '.s7") (Fig. 2a). In the
following step of the reaction, the U(VI)-EDTA reduction rate
(0.0019% ".s™') was 3 orders of magnitude higher than those of
U(VI)-carbonate (0.00003% ‘.s7), hydroxo (0.00007% *.s7),
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citrate (0.00008% '.s™'), for which the reaction slows down
(Fig. 2b). Except for the U-EDTA system, only the U-NTA system
seems to show a significant forward reaction between 5 s and 30 s
with a reduction rate of 0.000 2% .5

As described in the results section, we identified four behaviours
across the U(VI)-ligand complexes based on reduction rates from
0 to 5s and from 5s to 30s: (1) slow for carbonate and hydroxo;
(2) fast then slow for citrate; (3) fast then moderate for NTA; and
(4) fast for EDTA.

Interestingly, the reduction rate for the U(VI)-NTA and U(VI)-
EDTA complexes follows the trend observed with Fe(III)-NTA and
Fe(III)-EDTA, but the rates are slower. Indeed, Wang et al.
observed that MtrC MR-1 could reduce Fe(III)-EDTA™ more rap-
idly than Fe(III)(OH)NTA™ (second order rate constant 0.7207 and
0.286 uM s, respectively) (Wang et al., 2008). This order in the
reactivities with Fe(III)-ligand complexes EDTA > NTA was also
observed by Ross et al. (2009) for MtrC, and for the purified
undecaheme c-type cytochrome UndA (Shi et al, 2011) for which
the rate of reduction of Fe(III)-EDTA was about 100x more rapid
than that of Fe(III)-NTA.

The substantial impact of speciation on the U(VI) reduction
rate could arise from several possible mechanisms: (1) U-ligand
complex stability could impact the reduction rate, as the thermo-
dynamic barrier to reduction may be higher for high-stability
complexes (Grenthe et al, 1992; Palmer et al, 2003; Hummel
et al., 2005, 2007); (2) ligand exchange kinetics could play a role
if the complex dissociates prior to reduction; (3) steric hind-
rance due to the large size of some complexes could impair access
to the protein site of electron transfer (Marcus and Sutin, 1985);
and (4) differences in the electron transfer mechanism across
U(VI)-ligand complexes could result in distinct reduction rates.
Explanations (2) and (3) can be discarded because they are
not supported by the data (EDTA has slow ligand exchange
kinetics and is one of the largest complexes but has the highest
reduction rate).
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3.72 3.73 3.74 3.75
Energy (keV)
% UVI) % U(V) % U(IV) R factor Reduced x*
155 19.65 = 0.03 51.58 + 0.03 28.76 = 0.01 0.010 0.721
30s 10.75 = 0.04 33.02 + 0.05 56.23 = 0.02 0.022 1n
60s 14.59 = 0.02 51.07 = 0.03 34.34 = 0.01 0.008 0.462

Figure 7. M,-edge HR-XANES spectra of the reaction timeline between reduced MtrC
baltica and U(VI)-NTA. The concentrations of reactants were: [U(VI)] = 600 uM and [MtrC
baltica] =300 uM in a buffer containing [NTA] = 30 mM, [NaCl] =50 mM and [HEPES] =
100 mM at pH 7.5. Timepoints were taken after 15 s (dark green), 30 s (turquoise), 60 s
(orange). The reference spectra used to interpret the data are U(VI)-NTA (red), U(V)-
iodide (pink) and U(IV)O, (blue). The two dotted lines correspond to the whitelines of
U(IV)O, on the left and that of U(VI)-carbonate on the right. Whitelines of the spectra are
reported in Table S12.b. LCF fitting are displayed in dotted black line on the top of the
Mg-edge HR-XANES spectra obtained. The fits were obtained by considering
contributions from U(VI)-carbonate, U(V)-iodide and UO, (top panel) or contributions
from U(VI)-nta, U(V)-iodine and U(IV)O, (bottom panel). Statistical parameters and
results of the fit are summarized in the table below the figure.

There is no obvious correlation between U-complex stability and
reaction rate

First, we consider the impact of the complex stability constant. The
formation constants of the calculated dominant U(VI)-ligand com-
plexes are ordered as follows: logK(U(VI)O,(OH);") = -20.25 +
0.42 (Palmer et al., 2003) < logK(U(VI)O,(OH)NTA®") = 2.39 +
0.04 (De Stefano et al., 2006) < logK(U(VI)O,cit™) = 8.96 + 0.11
(Hummel et al, 2007) < logK(U(VI)O,EDTA™) = 13.7 + 0.2
(Hummel et al., 2007) < logK(U(VI)O,(CO;),%") = 16.94 + 0.12
(Grenthe et al, 1992) < logK((U(VI)O,),cit,”) = 21.3 + 0.3
(Hummel et al., 2007) < logK(U(VI)O,(CO3);*) = 21.60 + 0.05
(Pashalidis et al., 1997) (Table S9 and S10). Our initial hypothesis
was that the greater the logK, the more stable the U(VI)-ligand
complex and the slower the reduction by MtrC baltica. However,
within the experimental condition set, the initial reaction rates were
ordered as follows Kinjcai(EDTA) > KinitiatNTA) > Kipiear(citrate) >>
K initai(carbonate) ~k jpia(hydroxo). Therefore, there is no obvious
correlation between formation constant and reaction rate.

The reaction rate is related to the nature of interaction between
U(VI)-complexes and MtrC

To probe the influence of the electron transfer mechanism on the
reduction rates across the different U(VI)-ligand complexes, we
first investigated the chemical interactions between the U(VI)-
ligand complexes and MtrC baltica, which could explain the
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difference in reduction rates. Signals of the paramagnetic region
of the NMR spectra (between 14 ppm and 35 ppm) illuminate the
local chemistry around the hemes.

We attempted to attribute specific features of the MtrC baltica
NMR spectrum to individual hemes, to help pinpoint the site of
interaction. We used site-directed mutagenesis to replace one of the
two axial histidines bound to the Fe centre of heme 2, 5, 7, 9 and
10 by a methionine, as previously done for OmcA (Neto et al.,
2017). We observed that for each mutant, a few peaks in the
paramagnetic NMR spectra were affected (Fig. 3). This suggests
that the overall protein structure is probably conserved with proper
folding. In particular, we could attribute certain regions of the
spectra to the studied mutated hemes, which narrows the inter-
action site possibilities. Probably the spectral region
between 17 ppm and 20 ppm results from contribution of hemes
2, 5 and 10. The signal around 21.7 ppm and those around
23.51 ppm and 24.36 ppm are related to heme 5. The region
between 30-34 ppm could represent signatures from hemes 2, 9
and 10. Interestingly, it is in regions attributed to heme 5 and 10 that
most of the influences by ligands and U(VI)-ligand complexes were
reported (Table 2). These two solvent exposed hemes are reported
to function as an electron entrance (heme 5) and an electron exit
(heme 10) when MtrC baltica is incorporated in the MtrCAB
complex across the outer membrane of S. baltica. We expect a
similar behaviour in MtrC MR-1, the structure of which resembles
closely that of MtrC baltica with 46.6% of homology and identical
positions of the hemes in the protein scaffold (Text S6 and Fig. S8).
In bacterial cells, heme 5 is not solvent-exposed, hence no inter-
action with the electron acceptor is expected whereas here, with the
purified protein, interaction with the substrate is possible.

Table 2. Summary of the main chemical shifts observed by NMR when oxidized
MtrC baltica was reacted with the different U(VI)-ligand complexes (Fig. 4), and
corresponding heme number based on the results presented (Fig. 3).

U(V1)-ligand complexes Main chemical shifts (ppm) Attributed heme

U(VI)-hydroxo 17.96 heme 10/2
18.58 heme 10/5/2
23.51 heme 5
21.87 heme 10
U(VI)-carbonate 18.58 heme 10/5/2
19.79 heme 10
21.7 heme 5
24.36 heme 5
U(VI)-citrate 17.96 heme 10/2
18.58 heme 10/5/2
21.7 heme 5
24.36 heme 5
U(VI)-NTA 18.58 heme 10/5/2
21.7 heme 5
24.36 heme 5
U(VI)-EDTA 18.58 heme 10/5/2
21.7 heme 5
24.36 heme 5
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We observed three principal types of behaviour in the inter-
action of MtrC baltica heme regions and U(VI)-ligand complexes.
In the first type, the ligand alone has limited impact on the NMR
signal, while the presence of the U(VI)-ligand complex results in
clear shifts (Fig. 4). This was observed for U(VI)-hydroxo and
U(VI)-carbonate. In the second type, the ligand impacts the
NMR signal and addition of U(VI)-ligand enhanced this effect.
This was the case for U(VI)-citrate. Finally, in the third case, the
ligand itself has great impact on the NMR signal, and the addition of
U(VI) does not induce further changes. This behaviour was
observed for U(VI)-NTA and U(VI)-EDTA.

Interestingly, for U(VI)-carbonate and U(VI)-hydroxo which
are reduced initially at a slower rate than the other U(VI)-ligand
complexes (Fig. 1 and Fig. 2), the NMR signal is perturbed upon
addition of U to the system (Fig. 4). This suggests that U(VI)-
carbonate and U(VI)-hydroxo may interact with MtrC baltica
(covalently or via hydrogen bonding) through the U atom in the
vicinity of hemes 5 or 10, effectively shedding the ligand to bind
the protein. This assumption is supported by the size-exclusion
chromatography data, showing U bound to the protein in the
U-carbonate case (Fig. 6 and Table S10). In addition, upon
reduction of U(VI)-carbonate by MtrC MR1, 60.64% of U in
the form of U(IV) remains bound to the protein (Fig S5.c and
Tables S6 and S7). We infer that reduced U potentially precipi-
tates around the terminal heme, which could slow down reaction
progress.

Regarding U(VI)-EDTA and U(VI)-NTA, for which the most
rapid kinetics are observed (Fig. 1 and Fig. 2), the NMR data suggest
that the interaction occurs via the ligand (Fig. 4), thus the U-ligand
complex remains intact. Finally, in the case of U(VI)-citrate, for
which initial fast and then slow reduction rates were observed
(Fig. 1 and Fig. 2), both the addition of citrate and U influenced
the NMR signals (Fig. 4). Possibly, both the ligand and the U atom
bind in the vicinity of hemes 5 or 10.

In the above-mentioned case, for citrate and NTA ligands,
hydrogen bonds may form between the ligand and residues close
to hemes 5 or 10 (Fig. 3). Indeed, Edwards et al. observed hydrogen
bonds between citrate or NTA and the undecaheme c-type cyto-
chrome UndA upon co-crystallization with Fe(III)-citrate and
Fe(III)-NTA (Edwards et al, 2012b). They observed that the
Fe(III)-citrate trimer complex associates via hydrogen bonding to
an arginine in the vicinity of heme 7. In addition, the Fe(III)-NTA
dimer associates with UndA close to heme 7 via hydrogen bonding
between a carboxylic group and the guanidinium group of an
arginine and the backbone nitrogen of a serine and a lysine
(Edwards et al., 2012b).

Regarding the EDTA system, the NMR results are comparable to
those of NTA, although U(VI)-EDTA reduction displays a faster
reduction rate. We cannot exclude that U(VI)-EDTA could bind
through the ligand via hydrogen bonds, as suggested for U(VI)-
NTA and U(VI)-citrate. However, in Edwards et al.’s work, Fe(III)-
EDTA could not be co-crystallized with UndA (Edwards et al,
2012b), unlike Fe(III)-citrate and Fe(III)-NTA. Therefore, the
authors concluded that a weaker interaction could take place with
UndA residues, such as electrostatic interaction. We could extend
these results to the observed fast reduction rate of U(VI)-EDTA by
MtrC where electrostatically interaction via the ligand could take
place and allow rapid electron hopping.

Moreover, for organic ligands such as citrate, NTA, and EDTA,
the reaction progression is probably facilitated by favourable com-
plexation constants of the U(IV) products (Table S10). Indeed, the
logK values of U(IV)-citrate, U(IV)-NTA and U(IV)-EDTA are
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high: 19.46 for U(IV)(cit),>", 15.6 + 0.8 for UIV)-NTA, 28.6 + 1.6
for U(IV)-NTA, and 29.5 + 0.2 for U(IV)-EDTA(aq). Furthermore,
the presence of strong organic ligands such as NTA and EDTA
inhibited the precipitation of U(IV) after reduction of U(VI)-NTA
and U(VI)-EDTA by MtrC MR-1 (Fig. S5.b and S5.c, Table S6
and S7), confirming previously reported results (Ganesh et al,
1997; Haas and Northup, 2004; Suzuki et al, 2010), probably due
to their high logK values (Table S10).

Role of U(V) in the mechanism of interaction between MtrC and
U-ligand complexes

In addition, the formation of a stabilized U(V) intermediate may
contribute to slowing down the reduction reaction. The role of
U(V) was investigated by M,-edge HR-XANES spectroscopy,
which allowed us to resolve the U oxidation state in reactions
between reduced MtrC and U(VI)-ligand complexes.

For carbonate, My-edge HR-XANES data evidence the forma-
tion and persistence of U(V) in association with the protein (Fig. 5).
This U(V) intermediate must have a close interaction with MtrC
otherwise, it would spontaneously disproportionate in carbonate
buffer at pH 7.5 (Kern and Orlemann, 1949). Moreover, we showed
that U(IV) formed upon reduction of U(VI)-carbonate remains
associated with MtrC (Fig S5.c).

Regarding U(VI)-NTA, the M,-edge HR-XANES data suggest
the potential formation of U(V) in the first minutes of the reaction
(Fig. 7, and Fig. S13) but not its persistence (Table S14). As for the
U(VI)-EDTA data set, although it is noisier than that of U(VI)-
carbonate or U(VI)-NTA, transient formation of a U(V) intermedi-
ate is not excluded (Fig. S12 and Fig. S14). Therefore, the reduction
of the aminocarboxylate complexes U(VI)-NTA and U(VI)-EDTA
could proceed as previously described for the aminocarboxylate
complex U(VI)-dpaea, for which two successive one electron trans-
fers occur (Molinas et al., 2021, 2023).

Proposed mechanism of electron transfer from MtrC baltica to
U(Vi)-ligand complexes

As summarized in Fig. 8, we propose three distinct mechanisms of
U(VI) reduction by MtrC, depending on the ligand. This model
emerges from the four distinct reduction kinetics reported here,
combined with the three types of behaviours observed by NMR
spectroscopy, and taking into consideration previous studies
(Edwards et al., 2012b).

In the case of U(VI)-carbonate or U(VI)-hydroxo complexes,
exhibiting slower reduction rates, we propose that covalent bonding
to the U atom to a site in the vicinity of a terminal heme occurs, as
reported by Sundararajan et al. (Sundararajan et al., 2008). How-
ever, we cannot decipher whether, over time, the reduction is
slowed down or the reduction process is inhibited due to the
accumulation of reduced solid U species in close vicinity of the
electron transfer sites.

Regarding U(VI)-NTA, the rapid initial reduction rates stem
form weaker interaction with MtrC involving the ligand. We posit
that U(VI)-NTA can approach a terminal heme via hydrogen
bonding, as reported for Fe(Ill)-citrate and Fe(III)-NTA
(Edwards et al., 2012b). Two electrons can be transferred from
the terminal heme to the U complexes, following the mechanism
described for U(VI)-dpaea (Molinas et al., 2021) and the formation
of transient U(V). The reduced form of U remains complexed due
to its affinity to the same ligands, resulting in soluble complexed
U(Iv).
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Figure 8. Summary of the observed factors which could regulate electron transfer rate between reduced MtrC baltica and the U(VI)-ligands complexes studied in this work. For U(VI)-
carbonate and U(VI)-hydroxo, slow reduction rates were observed and are attributed to a stronger interaction with the reduction site of the protein, promoting potential covalent
bonding. Stabilization of the U(V) intermediate could also lead to a decrease in the overall reduction rate. As for U(VI)-NTA, the interaction with the MtrC reduction site occurs with
hydrogen bonding via the NTA ligand. For U(VI)-EDTA, for which the fastest reduction rates were observed, electrostatic interaction could take place allowing rapid electron hoping.
For U(VI)-citrate, possibly two mechanisms are observed depending on the speciation. We propose that the mononuclear complex behaves as U(VI)-carbonate and U(VI)-hydroxo,
with a covalent interaction between the U atom and residues of MtrC around the terminal heme; whereas the binuclear complex behaves as U(VI)-NTA, for which interaction
probably occur via hydrogen bonding of the ligand to MtrC. In addition, the presence of the strong organic ligands citrate, NTA, or EDTA allows for rapid removal of the U(IV) product
from the reduction site. The MtrC baltica (6QYC) structure was fetched from the Protein Data Bank (PDB).

As for U(VI)-EDTA, which displays the fastest overall reduction
rate, we propose that the ligand interacts electrostatically with
residues in the vicinity of the terminal heme, as previously sug-
gested (Edwards et al., 2012b), allowing two successive electrons to
hop to U(VI).

Interestingly, U(VI)-citrate displayed a rapid initial reduction
rate, which slowed down and behaved then similarly to that of
U(VI)-carbonate and U(VI)-hydroxo complexes between 5s and
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30s of reaction. In addition, the NMR signal indicated an impact
from the addition of U in this system. We propose that U(VI)-
citrate can bind residues around the terminal heme through hydro-
gen bonds via the ligand, but also via the U atom, namely for the
mononuclear U(VI)-citrate complex, UO,cit, for which the U atom
is accessible in the equatorial plane. We propose that the binuclear
complex, (UO,),cit,” interacts exclusively via the ligand as the U
atoms are shielded by the two ligands.
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Conclusion

U(VI)-ligand complexes show varying modes of interaction with
MtrC

In this study, we investigated the parameters which may influence
the reduction rate of U(VI) by purified c-type cytochrome MtrC
from two Shewanella species. We first concluded that the reduction
mechanism is highly dependent on speciation. We observed that
reaction rates were grouped in two clusters, one with more rapid
initial rates observed with U(VI)-citrate, U(VI)-NTA and U(VI)-
EDTA, and one with slower rates, comprising U(VI)-carbonate and
U(VI)-hydroxo. Clearly, the hypothesis of a correlation between
logK and reduction rates does not hold here, since U(VI)-EDTA
was reduced more rapidly and has one of the higher logK of the
series. However, we propose that the nature of the interaction, the
persistence of the U(V) intermediate and the aqueous chemistry of
the U(IV) species control the electron transfer rate. We propose
that hydrogen bonds may form between U(VI)-citrate, U(VI)-NTA
or U(VI)-EDTA complexes and MtrC baltica, whereas, covalent
bonding between the U atom and MtrC baltica governs interactions
with U(VI)-carbonate or U(VI)-hydroxo.

Limits of the experimental study and outlook

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 condi-
tions, under which the protein receives a continuous flow of elec-
trons 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 mem-
brane. In addition, several electron exits may be available and
energetically accessible in the isolated MtrC, as there are four
solvent-exposed hemes in the structure of MtrC hemes 2 and
7, and hemes 5 and 10 (Edwards et al, 2015). These are probably
not as readily accessible in the membrane-associated protein. More-
over, 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 is already known for MtrF, a homologue of MtrC
(Breuer et al., 2012; Edwards et al., 2017).

Future studies should target the binding strength, 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 interaction 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 regions to better grasp the
mechanism of electron transfer.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1180/gbi.2024.10.
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